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1. Prologue

In other words then, if a machine is
expected to be infallible, it cannot also be
intelligent. There are several theorems
which say almost exactly that. But these
theorems say nothing about how much
intelligence may be displayed if a
machine makes no pretence at
infallibility.

Alan Turing, 1947

An unlimited wide space with nebulae, in which stars are pbspace telescopes, which deliver us im-
ages of space and wonders unseen, technical progress, edpahds the limits of mankind: The sky
is not closed and out of reach any more, it has been subduec: #ne steps on the Moon, rovers on
Mars. Researchers are involved in exploring new parts afespgew missions are planned and launched.
Scientists are serving the greater good in protecting omrehplanet from impacts, understanding the
origins of the universe, or being midwives of the explonatad the universe. They follow the insatiable
human longing for the total presence of the outer world anidreaas theen-soj as J.-P. Sartre puts it.
The view from a large enough distance, or at an ideal disaiadesetup, apparently allows to fit the
world in a mathematical theory.

But it is the humarpour-soi which always introduces and spots the imperfect. The dreamlim-
ited space lasted for not even 50 years. The remnants of fgidiog are closely orbiting the Earth, the
unlimited sky has been narrowed by densely spaced junk,isgahearly the traces of human efforts.

With space debris and junk, the morticians in space researgrged. They do not bother about new
stars, bright new missions, but they dig in the trash. A sjied®is researcher has many good arguments
for his research: the importance of finding the sources aaihsliof space debris objects, the need to
protect space assets, the necessity of enabling spaceyfagace missions, and space based research in
the future. But for a true space debris researcher, theqtimteof space assets and assurance of a safe
sustainable use of space is only collateral damage.

As for every researcher, the fascination does not lie in tieame of the research — it may be all
useful, necessary, nice, or dangerous — it is the researelfi iin this case, the debris and trash itself.
Being involved in observational space debris research,d@tven the curiosity and enjoymentaljserv-
ing the messWhat comes out of it, in terms of engineering, mitigatiomt&gies, and services, is only
secondary to the basic research.



1 Prologue

All debris objects are man-made. Although we are their oredhings truly slipped us out of hand.
We cannot blame the problem of space debris on an unknowabbdt or evil demiurge. We are over-
whelmed by the sheer number of objects, by the complexityeafity and its detail richness. It is a
research in the dirt of the laws and theories of physics inahwerld, with all uncertainties, unattain-
ability, measurements errors, and statistics. The ob@etbrought to space and from that very moment
we are busy collecting data, to understand what we have duhennat nature does to our own creation.
As soon as the objects have been let loose, we are busy getliolyl on them again. It reminds us of
the limit of our power, which we were inclined to forget abouhen traveling to the Moon.

The human influence is not neglected as in other branchesiesfcgc— it is the cause of the objects
themselves. Space debris research is research about aatlits laws, by means of the objects, which
we created and about which we deceived ourselves with théatimm, we would fully understand.

Carolin Frih Bern, 28.3.2011



2. Introduction

We have found a strange footprint on the
shores of the unknown. We have devised
profound theories, one after another, to
account for its origins. At last, we have
succeeded in reconstructing the creature
that made the footprint. And lo! It is our
own.

Sir Arthur Eddington, 1920

2.1 Space Debris

In 1993 (and 2001) the International Academy of AstronautiaA) defined the term space debris/orbital
debris in its position paper [39] as follows:

Orbital debris is herein defined as any man-made object, lwhiaon-functional with no reasonable

expectation of assuming or resuming its intended functioany other function for which it is or can be

expected to be authorized, including fragments and paeeti.

This definition represents a significant step to rise awaefar the problem of space debris, which
evolved slowly over the years. Up to the mid-eighties of thetgentury the problem of space debris
and the protection of space environment was only an issug ¥ery small group of experts, sometimes
viewed as exotics in the space community. Nowadays, thdgrobf space debris is no longer not only
an issue in science but has reached awareness of everybalthgdeith space assets and the near earth
space environment. Only about 40 years after the launchedintt satellite Sputnik 1 in 1957 the rem-
nants of the space activities could not be ignored any magewr€2.1 shows the number of launches per
year, from the first launch in 1957. Whereas the total numbkrumches seems to decrease after 1982,
more payload is brought into space by a single launch cordparearlier times. Figure 2.2 shows the
increase of the number of resident space objects, justoatipcts in the following, over the past years,
which are listed in the publicly available catalogue of tH& Strategic Command (USSTRATCOM). This
catalogue is supposed to be complete down to object sizes aEntimeter in lower orbits with altitudes
of several hundred kilometers above Earth’s surface, anth do meter objects in higher altitudes around
36 000 kilometers. As of today the catalogue contains 16 @p¢cts. Figure 2.3 shows a simulation of a
shapshot of the catalogued space debris population arbertgarth in 2009. The population consists of
active space assets, former active satellites, uppersstagd so-called mission-related objects. Among
the latter are e.g., adapters used between two satellieguial launch, bolts, and instrument covers, to
just name a few. But the majority of objects are fragment®ré&tare 203 known historic fragmentations,
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2.1 Space Debris

Figure 2.3: Population of all catalogued space objects ske@m a distance of 15 Earth radii (ESA, in 2009).
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Figure 2.4: Actual and predicted number of major collisionglifferent scenarios (IAA position paper [40]).

most of them due to explosions. Major recent fragmentatioeie due to the Chinese anti-satellite test
in 2007, as well as due to the collision of an active satatiftthe Iridium constellation (Iridium 33) and
Cosmos 2251 in 2009. Fragmentations take place due to agisgtallites, and (unobserved) in-orbit
collisions between space debris objects. If a critical dgmg objects is present, a so-called cascading
effect may be invoked, also called Kessler syndrome: NeghBEpace is populated with more and more
fragmentation objects even if new launches are stopped diatedy, as illustrated in Fig 2.4. Only about
7% of all catalogued objects are active spacecrafts, 93%yaee debris (ESA, 2009).

Due to the large relative velocities of space objects of mdJeélometers per second, even small frag-
ments may cause tremendous damage. A few examples are shdwignd.5. Figure 2.5a shows the
impact of a 0.5 cm aluminum sphere on a solid aluminum cubtl thie relative velocity of 6.5 km/s,
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Figure 2.5: Impacts of small sized space debris (a) impapegrment of a 10mm aluminum sphere on a massive
aluminum cube at relative velocity of 6.5 km/s (EMI), (b) &ojexperiment of 3mm aluminum sphere on a standard
sandwich panel at relative velocity of 6.0 km/s (EMI), (c @h many impacts on the Endeavor Space Shuttle after
return (NASA), (d) number of impacts on the surface of theeWidld Camera-2 radiator of the Hubble Space
Telescope, the majority stems from space debris (Opielp.[68
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Fig 2.5b the impact of a 2mm aluminum sphere on a standardvsemgbanel with a relative velocity
of 6.0km/s. Both of these realistic models of the impact @fcgpdebris on spacecraft materials were
produced by the Fraunhofer EMI in Freiburg, Germany. Fi@ube shows one of the impacts of the
Endeavor Space Shuttle after return, Fig. 2.5d the numbenpdicts on the surface of the Wide Field
Camera-2 radiator of the Hubble Space Telescope. The oadias 15 years in space and has a size
of 2.2x0.8m. A few impacts are also due to micrometeorites,the far majority is caused by space
debris, see [68] for further details.

Near Earth space is subdivided into several regions. Thaitiefi from different sources differ in
details. The following definition is used in the followingrdi, there is the so-called low Earth orbit
region (LEO) up to 2000 kilometer altitude, medium earthitoregion (MEO) from 2 000 to 35586
kilometer, then the geosynchronous Earth orbit region (88586 to 35986 kilometer. The geosta-
tionary transfer orbit region (GTO) is defined by ellipticabits with an apogee in the GEO or so-called
super-GEO (above GEO) region and a perigee in the LEO regiba.distribution of the about 16 000
objects cataloged by USSTRATCOM is shown in Fig. 2.6. Onlyd%ill objects are in GEO orbits. But
despite this small number, the protection of the GEO regiarf Extreme importance. In contrast to the
LEO region, where objects are affected by atmospheric dragyatural cleaning mechanism exists for
the GEO region. The GEO region is used by many operationallisag, due it its unique properties of
one revolution per sidereal day. A collision in the geostary ring, as the one of Iridium and Cosmos
in LEO.

Space object orbits in GEO are mainly influenced by the gativital field of the Earth, but also by
those of Sun and Moon, and, depending on their area to mas{AMR), by solar radiation pressure.
The termA,, of the expansion of the Earth gravitational potential, issua a libration motion of the ob-
jects around the closest stable point either at 75 degree0E465 degree West. The Earth’s oblateness
term, Ay, in addition with the gravitational field of the Sun and thedvidead to a precession of the
orbital plane with a 53 year period (Allan, Cook [2]) arouhé the stable, so-called Laplace plane. The
Laplace plane, which is orthogonal to the axis of angular erxem, has an inclination of 7.5 degrees
with respect to the Earth equatorial plane, its nodal linia direction of the vernal equinox. This leads
to a variation in the inclination of orbits af 15 degrees, T. Schildknecht [78]. The precession of orbital
elements is illustrated by Fig 2.7. The controlled objectsmostly at inclination zero in the geostation-
ary ring, periodically performing so-called station keepmaneuvers, to stay in their intended orbits.
The uncontrolled objects consequently pass the GEO rintaitoing active spacecrafts twice a day.

The research related to the space debris environment helighe sustainable use of space is not war-
ranted. The IADC declared GEO and LEO as so-called proteegidns. This declaration was adopted
by the United Nations. The protected regions are illustrate-ig. 2.8. Special rules apply for the pop-
ulation of protected regions as active mitigation strasgiThe passivation of upper stages to prevent
self-explosion and the post mission disposal rule, askimgfdecay within 25 years after the comple-
tion of the mission for LEO objects to protect the environinéss Liou [55] points out, the removal of
five large objects in key orbits would already have an immaémgmct on the future fragmentation rate.
Technical solutions for active removal are in the plannihgge. As of today no concept for the active
removal of non-cooperative objects with fast spinninggates available.
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GEO: 5% Other: 2%

Figure 2.6: Distribution of catalogued objects in the diéfat orbital regimes (Johnson [41]).

Figure 2.7: Precession of the orbits of geostationary s, the coordinates are right ascension and declination
(Schildknecht [78]).
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Figure 2.8: Protected orbital regions (CNES).

2.2 Optical Observations of Space Debris

The Astronomical Institute of the University of Bern (AlUBgrforms optical observations of space de-
bris in GEO, GTO and other highly elliptical orbits since pten years. Optical observations measure
the apparent brightness of the sunlight reflected by therebdebjects. The brightness of objects cru-
cially depends on the distance of the object to the obsetiverspecific viewing condition, the attitude
motion, the size and reflection properties (including cobdthe observed objects. In order to convert the
apparent brightness (magnitude, calibrated relativeatolgtckground) into an object size, an albedo for
the overall reflectivity of the object is needed. The albedoriknown for objects, for which no material
properties are known. In optical observations range in&tion is only indirectly available after an orbit
determination.

The AIUB performs space debris observations with the ESAc8&aebris telescope (ESASDT) on
Tenerife, Spain, and, owns and operates the Zimmerwald\aisey, Switzerland, with two telescopes,
the Zimmerwald Laser and Astrometry Telescope (ZIMLAT) dimel Zimmerwald Small Robotic Tele-
scope (ZImMSMART). The ESASDT is a one meter telescope on diggnghount, with a Ritchey-
ChrA@tien optic, equipped with a mosaic of four CCD detectors obtaltof 4096 x 4096 pixels.
The field of view (FOV) is 0.7« 0.7 degrees, which corresponds to a pixel scale of 0.6 amdsc The
ESASDT allows observations of objects as faint as magnifde

The Zimmerwald observatory with two the telescopes is dpdran a regular basis. The ZIMLAT tele-
scope is a one meter telescope on a azimuth-elevation foukimwgth a Ritchy-Cretien optic, equipped
with a 2048x 2 048 pixel camera, with a FOV of 0.48 0.43 degrees, and a pixel scale of 0.7 arcsec-
onds per pixel. The ZIMSMART telescope is on a paralacticmhourrently operated with two different
Newton flat-field optics, and cameras, either with a 18 cmtapemwith a FOV of 4.6x 4.6 degrees or
with a 30 cm aperture with 2.0 2.0 degrees FOV. The pixel scales are 4.8 and 3.8 arcsecengiel,
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Figure 2.9: Tasking of the telescopes operated by the AIUB.

respectively. Objects of magnitude 18 with ZIMLAT and ardunagnitude 15 with both ZIMSMART
optics, respectively, may be observed.

All observations of ZIMLAT and ZimSMART and the space delisservations of the ESASDT, are
collected at the AIUB, where all observations are also panthe different sensors are tasked, and or-
bits are determined with the CelMech (Beutler [4]) tool. Ti&nning, observation and analysis scenario
is shown in Fig. 2.9.

ESASDT and ZIimSMART are used in survey and in follow-up mad@LAT only in the follow-up
mode. In survey mode declination stripes of the sky are shrin order to detect objects without prior
information of their orbital elements. The tracking duregurvey can be optimized for different orbital
regimes: In so-called blind tracking mode, the telescopeagking with an apparent velocity typical for
objects in a specific orbital region. Blind tracking is chogeorder to reach the highest integration time
on the least number of pixels during exposure, to increageabito-noise ratio. For detection of new
GEO objects, the telescope is kept in staring mode, so thedmbe rests in an Earth fixed system. In
GTO surveys the telescope is operated with a tracking wglo€i7.5 and 10.5 arcseconds per second.
The detection of objects in those orbital regions is maiimhjted by their brightness, the size of the FOV
of the telescope and the performance of the object imagetn&lgorithms. The FOV together with
the temporal spacing between exposures imposes constaairthe maximum and minimum apparent
velocity of the objects relative to the blind tracking vetgc For the object image linking, a minimum
amount of single object images is needed, to uniquely aassotlie different images of one object and
finally enable a first orbit determination.
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Figure 2.10: Number of correlated (with USSTRATCOM catagand uncorrelated objects in standard surveys
of the year 2008 AIUB at the ESASDT as a function of magnitide.solid line shows the instrument sensitivity
determined from independent calibration measurementdBAl

After the initial detection, so-called follow-up obseraais can be scheduled, to improve and secure
orbits. In follow-up observations, the first orbit is prop#ed and observations are scheduled to track
this specific object to get more observations for an imprawdit. Additional observations can also be
gained with a survey-only strategy. For further details orvey strategy, follow-up and survey only
strategies consult Schildknecht [84], Musci et. al. [63][&nd Herzog et. al.[32]. The entire processing
and orbit determination software was developed in-houtiecaAIUB.

This allows the AIUB to maintain a small catalogue of objegthich are not listed in the USSTRAT-
COM catalogue, which is considered to be complete down toroeter objects in GEO orbits. The
AIUB catalogue includes very faint objects, objects in higgtentricity orbits and high area-to-mass
ratio (HAMR) objects. To further investigate the physichhtacteristics of objects, filter measurements
may be made at ZIMLAT and ZimSMART and spectral measuremantie ESASDT. Additionally,
light curves, that are brightness measurements over tiregpatinely made with ZIMLAT. AlIUB ob-
servations showed that numerous fainter objects, can belfouthat orbital region as well. With the
assumption of an albedo value of 0.8 the objects are suspeztee as small as 10 centimeter. Fig-
ure 2.10 shows the objects detected during the surveys gEde2008. The optical together with radar
and in situ measurements of returned material suggestrbstad of the listed 16 000 objects in the
USSTRATCOM catalogue (as of 2010) 300 000 objects larger ¢ime centimeter are orbiting the Earth.

The AIUB has a fruitful collaboration with the Keldish Insiie of Applied Mathematics (KIAM),
Moscow, Russia. The collaboration includes the exchangabsérvations of very faint objects. The
observations of the Keldish Institute are gained by thertraigonal Scientific Optical Network (ISON),
which consists of 25 optical instruments (as of NovemberO205tarting with facilities in the former
Soviet Union, ISON reached meanwhile a good distributioitsohstruments around the globe.

11
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2.3  Outline

This work addresses the difficulty to identify space objéct&EO and HEO (high eccentricity orbit)
regimes by means of ground based optical observations: ddmification is understood here in the
widest sense, starting with the detection of single obje@ges, over catalogue correlation and orbit
determination including an estimation of the area-to-nmase up to gaining more insight in the objects’
properties through light curve measurements. The aim islteat information related to an object by
investigating all data, which is available via optical alvstions, including orbit and object properties.
The work has been partially published in the papers listedhapter 3, but goes beyond the results pre-
sented there.

Chapter 4 gives a brief overview of the routine processipgipie of the ESASDT.

Starting with single observation frames, which contairargffrom the space debris objects, stars, hot
pixels and so-called cosmic ray events, new cosmic filtersraroduced in Chapter5. The newly de-

veloped filters are compared to the existing filter and theifqggmance is validated. In a next step, a
new algorithm is introduced for linking of single images bétsame object on series of survey frames.
Chapter 6 illustrates the challenges and compares the dithamew algorithm and evaluates their per-
formances.

In Chapter 7 the correlation with external orbital elemestiatogues is investigated. A new algorithm
to perform catalogue correlation without a priori knowledgithin the ESASDT processing pipeline
is discussed and contrasted to the old algorithm. In Sect®he correlation with data in two line
element format (TLE) is studied, especially the data of tIBSURATCOM catalogue. The empirical
determination of differences between propagated ephdeseend optical observations is investigated.
In a second step, Section 7.4, the correlation with ephelegf orbit determinations with observations
of the internal AIUB catalogue is analyzed, with emphasizesjparse data and HAMR objects.

In Chapter 8 the characterization possibilities of lightveumeasurements are illustrated for known and
unknown space objects. The potential of a catalogue of tightes to assist the orbital element catalogue
is discussed.

The results are summarized in Chapter 9.

12
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4. Processing Pipeline

To invent you need a good imagination
and a pile of junk.

Thomas A. Edison

4.1 Overview: The Pipeline

All frames taken during surveys and follow-up observatiwith the ESASDT are processed automati-
cally in real time within the night. The frames pass througit@essing pipeline, to extract exact object
positions, to determine a first orbit and if listed, to find aretation with a catalogue object. This chap-
ter describes the processing steps of the ESASDT procegiiatine. Figure 4.1, 4.2 and 4.3 show the
graphical user interface, which can be used to manuallypersingle steps of the processing and illus-
trates the sequence of algorithms. The processing ursitdast roughly be devided in image processing,
precise astrometry and orbit determination. Details prieskin the following sections are either taken
from theCCD Off-Line Data Processing Software User Man[84l], theFinal Report: CCD Algorithms
for Space Debris Detectigf@1] or extracted directly from the software code.

4.2 Averaged Frame: IPMEDI

In a first step a number gf frames of an observation series are averaged. In the ESASESsINg
the default value op = 9 frames are averaged. Five different averaging methodsvaikable: arith-
metic average, median, and three so-called clipped av&ragecalled clipped median average, clipped
minimum or maximum average. For the determination of thepeld median average, thelower and
the m upper values above the median are averaged. As defaultsvalde2 andm = 2 are chosen;

n = m = 0 results in the unclipped median. For the clipped minimunraye then lowest intensities
are averaged, for the maximum averagethdighest intensities are averaged; the defaultshate 2
andm = 3.

In a final step, the averaged frame is normalized to a chosed »dbue, by default this is set to be
10000 ADU.

In surveys, an object class is tracked with so-called bifadking, in follow-up observations a specific
object is tracked, during the exposure. The telescope @siEpned to the same star field in between
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Figure 4.1: First processing unit list (PUL) of the ESASDT@muatic processing software: Image processing.
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Figure 4.2: Second processing unit list (PUL) of the ESASDibmatic processing software: Precise Astrometry.
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4.2 Averaged Frame: IPMEDI

svy 0gsC: Survey at OGS, part C (orbit, ident.)
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Figure 4.3: Final processing unit list (PUL) of the ESASDT@uatic processing software: Orbit Determination.

17



4 Processing Pipeline

f tracking
__~7 repositioning T sidereal rate

Figure 4.4: Tracking scenario for surveys and follow-up ebstions. In follow-up observations the object is
tracked during exposure, in surveys blind tracking is usednd) exposure. In between exposures the telescope is
repositioned thus on all frames the same star field is disggg$childknecht [78]).

exposures in both cases. Figure 4.4 illustrates that metfib@ averaged frame only shows the star
background and all moving objects are eliminated, becaiigsoobservation strategy of the ESASDT.

4.3 Masking: SSMASK

4.3.1 Mask Generation

In the second step of the processing pipeline of the ESASi&Tso-called mask is generated, which is
used to eliminate stars trails from the frames. The maskrisigeed from the object-free averaged frame
from the first processing step. The output of the maskingistépe mask, that is the averaged reference
frame, in which the star images aret out The mask is based on a so-called symbolic image of objects
(SI0), in which the star traces and background pixels aréeaawnith symbolic pixel values.

The SIO is generated in two parts: First a background is ohéted on the averaged frame. The back-
ground determination is performed in two steps: an initetkground determination and an improved
background determination, which will be explained in detaihe next section. In the second part of the
mask generation, the star images are detected on the agidragee, the identical algorithms are also
used for the object image detection in later processingsst€pis star/object image search is split into
two steps. First, the so-called scanning, the actual deteof star/object images, is performed, then, in
the so-called recognition, the search for all pixels bellogdo a specific star/object image, is performed.

After a first background determination, an improved backgtbis determined interlocked with the
object/star image detection in an iterative process.

In a last step the detected object/star images must passcfieeks: Only traces, which consist of a
minimum number of pixels and a minimum intensity are acakpieobject/star images. As default val-

18



4.3 Masking: SSMASK

ues for the mask generation at least 20 pixels and 50 ADUsegréred.

A pixel border is wrapped around each detected star imagel&wge the mask, to ensure that all star
images are completely covered by the mask. Star images maglightly in pixel size and in the precise
position on the frame due the jitter from one frame to the aextto varying brightness, which is in turn
caused by differences in atmosphere.

4.3.2 Background Determination
4.3.2.1 First Background Determination

Four methods for the initial background determination as&lable in the ESASDT processing. The
first one, simply calledbackgroundn the menu, determines an arithmetic mean value over alpand

a standard deviation under the assumption of a normallalision of the intensity values. The second
option, is calledbackgr & mask First, a reference mask, which must be a priorily availaislsubtracted
from the single frames and then, from those frames an aritbragerage is determined. Normally, no a
priori mask is available. The third and fourth option deterena median value for the background. The
third optionmediandetermines a median over the entire frame. A median filtguéied ton subframes
of the original frame. In the ESASDT processing scheme niyrttze frame is divided inte = 9 sub-
frames. Within each subframe one value with the same subfpirel coordinates anah values around
the median of these values are chosen. In ESASDT processiagiormally set to 5. This procedure is
performed in a loop over all subframe pixels. As a fourth apticalledmedian & sfrm the subframes
are divided in further blocks, usually chosen to have an deiggth of 40 pixels. For each block an
average pixel value is determined. Instead of taken the anadaking each pixel within the subframes,
the median is taken using each block. Thedian & sfrmbackground determination provides the best
results in the determination of an initial background andsed by default in the ESASDT processing.
A background level and a standard deviation are determibd.methodsnedianandmedian & sfrm
efficiently calculate a background level, as long as a foacsimaller tharin — m) /n (in the default case
(4/9 =~ 0.44) is covered by stars or candidate object images. m should be an even number in order
to not introduce a bias in the background determination.

For extremely inhomogeneous frames the background mayteeniaed independently for each sub-
frame. These subframes are nantitab in the current menu, their size may be defined by the user.

4.3.2.2 Improved Background Determination

An improved background is determined in a second step. Theoved background determination is per-
formed interlocked with the object/star image scanningsst@ll pixels detected in the object scanning
steps are removed and a new background is determined on jget/star image free frame. This step
is repeated with the new background as the initial backgitodwo iterations are performed by default,

which is chosen to be sufficient in the ESASDT processing.ofdteally, different background models

might be applied, e.g., polynomials of different degregadi&s have been performed by the AIUB with
three different background models: a linear gradient fionctvith three free parameters, a quadratic
function with six free parameters, and a function of sub&amith a flat background. Currently, no

background model is implemented.
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cross-filter — 2x2-filter 3x3-filter

Figure 4.5: Filter geometries of spatial filters [81].

4.3.3 Star/Object Image Search: Scanning and Recognition

In the first step of the object image detection, the entimmé&anay be transformed by a filter. A so-called
cross-filter,2 x 2 or a3 x 3 filter can be applied. Their geometries are illustrated g &i5. With a pixel
scale of 0.6 arcseconds per pixel, object images are norsaikad over several pixels. The intensity of
the pixels around the center of an object image is increagdiaddilters and their signal to noise ratio is
improved. As a default & x 3 binning is used.

Subsequently, the frame is scanned for pixels above thegbawhkd level plus a user defined- o,
whereasn is a rational number, and is the standard deviation of the background level. The ftegt s
in the object/star image detection is called scanning, €wersd recognition. In both steps the same
algorithms for object/star image detection, which are &ixigld in detail in the next subsection, are used,
but an improved background determination is performed eetwhe steps, after the object image pixels
are removed, which where detected in the scanning stepe keitond step in the current implementation,
the improved background level is used and all objects aréyratected without a priori knowledge from
the object scanning step. For the mask generation, a higiteas/alue is chosen for the object scanning
step compared to the object recognition step, to ensurathawssible pixels of a star/image are added
to the mask2.5 - o for scanning and.7 - o for recognition may be chosen.

4.3.3.1 Object/Star Image Recognition Algorithms

Three different algorithms are available for the objeat/§hage detection, nameliyl, border & fill, and
tree The simplest algorithm, thill algorithm, is illustrated by Fig. 4.6a. The object imagedarsed
row by row and all pixels inside the first and the last pixel ofodject image and the holes in the object
image are filled. Thdorder & fill andtree an initial pixel of the object image is required, determined
with the fill algorithm. It is the pixel with the highest intsity value, given that it is most likely to lie
well within the object image.

The mechanism of theorder & fill algorithm is illustrated by Fig. 4.6b. Starting from thetiai pixel,
which is assumed to belong to the object image, a border Ex@arched by scanning, starting from
the initial pixel, along the row of the initial pixel, untildzkground level is reached for the first time.
Starting from the pixel at which the background value wag figached, a so-called walk-around-the-
border is invoked by testing all adjacent pixels to find cenclbckwise the full border of the object.
After completing of the walk, all pixels inside the bordee aonsidered to belong to the object image.
By construction there are no holes within the object images.

The tree algorithm also starts with an initial pixel. The search fhjext pixels is performed along a
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Figure 4.6: Algorithms for object detection: (a) fill algdiim (b) border & fill algorithm, (c) tree algorithm [81].
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Figure 4.7: Overlap of two object images. The core of the ctijeages is illustrated gray, the border is shaded.

tree like path as illustrated by Fig. 4.6¢. Starting fromittigal pixel the next node pixel is determined.

The user may test for four or eight neighboring pixels to debee the next node within the object image.
Thus, each pixel inside the object images is checked fouigbt 8Bmes. Starting from the node all pixels

are tested in counterclockwise direction, whether thegraglto the object image or not, i.e., whether
they are above the threshold of the background levelplys The full object image is determined when
the node is referring to the initial pixel.

Test showed that theorder & fill algorithm is the most efficient [81].

After the recognition, the center of each object image, lbabet determined. The center of the ob-
ject image determines the precise position of the objedhatobservation epoch. As the center, the
center of the moment of light is determined. No Gaussian fiei$ormed. This allows to determine an
exact center even of distorted object images.

4.4 Object Image Search: SSSEAR

The mask, determined in the previous step, is applied to feanfe in the next step. The masking tech-
nique is illustrated by Fig. 4.8. The stars are not at theipecsame position on each of the frames due
to jitter. The mask may be transformed to fit the exact pasitiof the star field on the individual frame.
A translation by an integer number of pixels or a translattombined with a rotation may be applied.
The transformation may determined from the differencesi@efraw pointing coordinates. Tests showed,
that the raw pointing coordinates are not very precise, wlgad to wrong results in the application of
the transformations. Another option is implemented in tBAEDT processing: The mask is re-centered
according to the brightest star on a subframe area. Bus, sbstved that one single star is not sufficient
for a reliable and correct re-centering of the mask. It isdfare recommended not to transform the
mask. Remark: Sub-pixel transformations are critical guyéng an rotation other than a multiple of 90
degrees to an image. The rotated object image has to be fithiatpixel values again. This process is
called rasterization and can lead to a deformation of thgiral image.

The next steps are the same as those in the previous pragsssin After having subtracted the mask
from each frame a background is determined for each framestakbject scanning is performed, an im-
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Figure 4.8: Masking technique: The upper left picture shthvesstacked reference frame, the upper right one the
mask that was generated out of it. The image in the bottonadefter shows a search frame before the mask was
applied, the bottom right corner the same frame after thekmweas applied. Only the object images, in the case
displayed here, the five geostationary satellites of theaA3luster (Astra A-E), remain on the frame (Schildknecht
[78]).

proved background is determined, and object recognitigeitormed using the improved background.
This time, because a mask is available in the backgroundndigiation, the algorithnbackgr & maskis
chosen.

The default values for the object scanning and recognitierl & - o above background level for both
steps. As opposed to the masking technique no border arberabjects is determined. The options for
the final check, which traces are finally accepted as objeag@nare more elaborate than in the masking
step. A trace is accepted as object images, if it has at le@spiixels, and an overall intensity higher
than 50 ADUs. Additionally, the trace is required to have maire than 50 overlapping pixels with
other traces or 99 pixels touching the mask. Those valuest@ahanged by the user. The overlap of
object/star images is illustrated by Fig 4.7. These cheoksiacessary to minimize the number of false
detections. Only a limited number of detected objects castdmed. In the current implementation the
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largest number is 100. If more objects are detected, théefinbjects are deleted from list of detected
objects. This latter option can be disabled if selected byuter. In this case the detection stops as soon
as 100 objects are detected.

All detected candidate object images are analyzed by a coliiter. In this step, cosmics should be
distinguished from true object images on the single franoeur Bifferent algorithms for cosmic filtering
are available, the contrast filter, the object class filtat avo edge detection filters named Sobel and
Prewitt. The cosmic filters are outlined in Chapter 5. Fordaeection of faint objects the contrast or the
object class filter are recommended.

4.5 Object Image Linking: SSESEL

The single object images on the different frames have tortkedi in the next processing step, i.e., it has
to be decided, which object images on the subsequent fraglesgto the same physical object. This

decision is called object image linking. The linked objecages (and astrometric positions, respectively)
are called tracklet. Object image linking is explained itadlén Chapter 6.

4.6 Matching Star Traces with Reference Stars from a Catalogue:
CCDSTK

The precise astrometric analysis of the frames has to begeécby the identification of the star traces
on the single, non-averaged frames. The identification meds follows: The raw pointing direction of
the telescope is corrected by the mount model. The pixeldoates of the different mosaics of the CCD
of the ESASDT camera are corrected. The correction is nagessnce small gaps between the single
parts of the CCD mosaic occur. In addition, the CCDs of theaitosannot be aligned perfectly parallel
to each other. The actual orientation of the parts of the indsaach other and the gaps are captured in
a so-called mapping model.

A reference star catalogue is selected. As star catalodpeeddtrographic and Tycho (ACT), the Po-
sitions and Proper Motions (PPM), the Fifth Fundamental5};khe Carlsberg Meridian (CMC), and
Guide Star Catalogue (GSC) catalogue are available. Pauld€¥SC is selected, since it has the highest
precision in general. The mount model corrected pointingheffirst frame of the observation series
is determined. The catalogue stars, which should be vigibthis pointing direction in the FOV are
marked on the observation frame. It can be chosen, in whidninale interval catalogue stars should
be marked on the observation frame, standard values are 1@ sower limit and 12 or 13 for the upper
limit. In addition, it can be chosen to explicitly not displeertain catalogue stars. For the GSC catalogue
this exceptions are not necessary and all stars are showefayld

In general, an offset can be observed between the cataldagueasitions and the actual positions of
the star traces on the frame. A manual user input is requitridsgprocessing step, estimating the offset
between the catalogue star position and the apparent@ositithe corresponding star traces displayed
on the frame.
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4.7 Precise CCD coordinates of stars: CCDCEN

The precise coordinates of the catalogue stars, which areaghan the observation frame are stored. A
selection can be made, in which reference system the presmeéinates may be saved. For the trans-
formation of the catalogue coordinates into the choserrarée system a pole file has to be available.
The output coordinates are usually generated in stand@@0J2

One may overwrite the coordinates of the stars in CCD andstialecoordinates in the different out-
put files and to correct the manually applied offset in the G©©brdinates.

4.7 Precise CCD coordinates of stars: CCDCEN

The catalogue stars as marked on the frames, have to beglyecéntered on the star traces on the
frames, after they have been roughly centered by the manpat bnly so far. The star traces on the
frames have to be detected precisely and their center hasdetbrmined.

Therefore the star traces on the single frames have to betel@éteThe background determination is
described in Section4.3.2. As default, tiiedian & sfrmalgorithm with nine subframes are chosen,
within each subframe average values of squares with an edgghl of 70 pixels are calculated. Five
pixel values around the median are averaged for the detatimmnof the median background, with two
iterations. For the star image scanning and recognitioh thi¢ new background, a threshold value of
2.8 - o is selected. The same value is chosen for the star imagenigoogstep. For scanning and
recognition, the spatial filters and object recognitioroalfyms, explained in Section 4.3.3 may be used.
By default the3 x 3 spatial filter and thévorder & fill algorithm are used. A border pixel size of one
pixel is selected. Additionally, the criteria of the minimunumber of pixels, the minimum intensity and
the maximum number of objects are defined. The default vatesl2 pixels, 10 ADU, and 100 objects.

At this step, the precise pixel coordinates of the star tranal the catalogue coordinates are known.
The decision, which star trace corresponds to which catal@tar is based on the following procedure:
A search circle of 50 pixels around each catalogue staripositvhich is marked on the observation
frame, is defined. The corresponding star trace is searcisatkithe area of this search circle. Two dif-
ferent criteria may be selected to determine, which of pbgshany star traces inside the search circle
is the trace corresponding to the catalogue star. Eithdsrigatest star or the trace with the coordinates
closest to the catalogue star coordinates is selected.rArat® is not accepted as corresponding to the
catalogue star if it has more than 50 overlapping pixel witbther star or object trace.

4.8 High Precision Astrometry: AMETRY

Precise celestial coordinates have to be determined fatdtexted objects. For this purpose a transfor-
mation has to be established between the CCD coordinatée stars on the fame and the correspond-
ing catalogue coordinates. The pixel coordinates and ttedogme coordinates are transformed into a
common plane. For precise astrometric measurement of terwda object at least one star has to be
available. More than two stars should be on the frame for anrate and reliable determination of the
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4 Processing Pipeline

astrometric positions of the objects. The program can be tseither determine parameters with calli-
bration measurements, or to determine astrometry with fixeshder estimation of very few parameters
only in the processing of regular observations.

The transformation is determined iteratively. A weight nieyassociated with each parameter of the
transformation. A common scale may be estimated. The ssalsually temperature dependent and
does not have a constant value. For the orientation of the @l@ie the parameter for camera orien-
tation as well as for the derotator and an offset of the deptaay be estimated. The symmetric and
the antisymmetric part, which may be weighted differentlyaracterize the affine transformation. The
separation of these parameters may only be determined inaded calibration measurements, under
ideal conditions and with sufficiently large number of refere stars displayed on the frames. The sym-
metric affine transformations accounts for astigmatism apossible non-orthogonality of the axis of
the CCD coordinate frame. This estimation may be distoséttn an overall scale is determined. The
antisymmetric affine transformation accounts for a rotatibthe CCD frame. An over-parameterization
is likely if the camera orientation parameter are to be deitezd at the same time.

Higher order terms may be estimated to account for the tiie@entering or a radial distortion caused
by the telescope optics, which affects the optical path efrlys. They should only be determined by
dedicated calibration measurements.

The CCD array parameters are determined by calibration unements. They are associated with the
mapping model. It has to be specified, if an horizontal pomtr an equatorial pointing was used to
acquire the observations, to be able to estimate a parafoetesrrecting the pointing direction. Hori-
zontal pointing should be used for blind tracking, equaldor sidereal tracking.

In addition, it has to be specified, if the coordinates shdndddetermined for the stars, for the auxil-
iary stars or for the moving objects (relative to the stakigagund).

A common scale, the camera orientation and the pointingctiliire are estimated in routine process-
ing, equal weights are applied. Additional options are: paeameter for the pointing direction may
be chosen to determined once for the whole observationsseriseparately for each single frame. The
tracking scenario during the observation series has to eeiffgd, if the parameter is only estimated
once per observation series. It is far more precise to daterthe pointing for each frame separately,
which is chosen by default.

The camera orientation may be determined once for all frammese for everyn hours (in this case
a number fom has to be chosen), once for each series of frames, or oncadbrfiame.

A default number seven iterations are chosen for the pamrdetermination process.
The output of the precise astrometry step are the preciselioates of the stars displayed on the obser-

vation frames. The reference system, in which the cooréiate stored may be chosen. For a satellite
a geocentric coordinate system, for a minor planet the leatgcic coordinate system may be chosen.
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4.9 Determining Apparent Object Magnitudes: CCDMAG

4.9 Determining Apparent Object Magnitudes: CCDMAG

The apparent magnitudes of the objects on the frames aravdets in the next processing step. The
apparent magnitudes of the stars are known from the referesialogue and were extracted and saved
by the program CCDSTK. A so-called magnitude mapping isrdgteed: On each observation frame
the ADU intensities on the frames are associated with thargmp catalogue magnitudes. The apparent
magnitudes of the unknown objects displayed on the frame®eastimated with this magnitude map-
ping of the stars. The elevation value under which the objext observed and the magnitude value of
the object image on each frame is stored. The station catetirand the mount model are needed as
input to determine the elevation.

4.10 Determination of a Circular Orbit: ODCORD

A circular first orbit is determined from two astrometric jimms of the observed objects with the routine
ODCORD. The procedure of circular orbit determination waseaioped according to the algorithms
of the CelMech program system (G. Beutler [4]), details ost farbit determination can be found in
Section 7.4.

4.11 Improved Orbit Determination without Perturbation:
ODIORD

The program ODIORD is used to determine an improved orbiiferthan two observations of an object
are available. A priory orbital elements have to be avadlablo perturbations are applied, only the main
term of the Earth gravitational potential is taken into agto

ODIORD allows to constrain one or several of the estimatethehtsE; to a priori elements, by
introducing (linear) pseudo-observations of the type:

E;,—Ey=0 (4.1)

with a weighto g, /o i, for each of the elements to be constraineg, is the a priori rms of the observa-
tions, o g, the user defined rms of the orbital element. A weight of zeresfikhe orbital element to the a
priori value. For the short tracklets observed during areolagion series, the eccentricity is constrained
to zero and the perigee may be defined, e.g., to coincide détnade.

The user may select between Keplerian elements and nonlairglements to parameterized the orbit.
The Keplerian elements should be transformed to non-saingtiements to avoid that orbital elements
become indeterminate in the parameter estimation process.

The orbit improvement is performed using the least-squasthaod, seven iterations are the default value

in ESASDT processing. The least square procedure was gedklccording to the algorithms of the
CelMech tool, more details can be found in section 7.4.
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4 Processing Pipeline

4.12 Catalog Correlation: ODIDNT

The orbits previously determined of the tracklets of linlkesirometric observations, may now be cor-
related with an orbital element catalogue and its propagephemerides, respectively. The catalogue
is expected to be provided either in osculating elementa tré two line elements (TLE) format. Two
independent correlation methods can be chosen: the sqadint-wise correlation based on the astro-
metric positions and velocities of the observed objectdchvis independent of an orbit determination
of the detected tracklets, and a correlation based on bdddments. For point-wise correlation station
coordinates of the observing sites are required.

Both algorithms have several empirically determined thoéb values. The threshold values define cor-
relations with the catalogue of four different qualities.cérrelation of quality one is assumed to be a
successful identification of the observations with a catadoobject. The correlations of lower quality
are correlations, which do not fulfill all criteria to qualifor an identification with a catalogue object.
All correlations of all qualities are displayed as inforioatfor the user.

Details concerning the catalogue correlation are providéghapter 7.

4.13 Selection of Correlated Objects: ODISEL

This program lists the names of the successfully identiflgdais in the output file of the processing.

4.14 Distance and Phase Angle Corrections of Object Magnitudes:
ODMAGN

The apparent magnitude may be corrected for the observedtsbjThe user may decide to correct for
the phase angle only, or for phase angle and distance, whiskailable via first orbit determination of the

tracklets, or to perform no corrections at all. For the reitecproperties either a stable plate, a tumbling
plate or a sphere may be assumed. For a sphere the phase etepeisdlinear, for a plate, the phase
angle dependency follows the cosine law. For the calculadibthe tumbling plate a mean exposed
effective area is assumed. Details concerning differdogédd and reflection models are provided by
T. Schildknecht [77]. For the distance correction the statioordinates are needed.

4.15 Generate Processing Output: CCOGET

The last processing step creates an overview of the progesaiput. All tracklets with their associated
names, internal names and the correlation informationiaptaed in the so-called observation-list-file.
Due to contamination with cosmics, normally all detectians deselected. A manual check to select the
valid tracklets is required.

To check the detected objects and to help the decision oftbe subframes of every detected object
image are generated. The object images of each trackletaviel@d grouped together. The size of the
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4.15 Generate Processing Output: CCOGET

subframe is defined by the user, values of 28, 64, 128, and 2p6al edge length are available. The
default value for GEO and GTO is 28 pixels.

Tracklets and first orbits are available for all succesgfuéitections at the end of the processing pipeline.
If the correlation with a catalogue was successful, the nahthe identified catalogue object, and its
COSPAR number is provided.
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5. Cosmic Filter

Logisch zu sein ist immer bequem.
Nahezu unmoglich ist es aber, logisch bis
zum Ende zu sein.

Albert Camus

5.1 The Problem of Cosmic Rays

Cosmic rays consist of particles of cosmic origin impingorgthe Earth’'s atmosphere. These particles
are mainly electrons, positron, protons, and muons, botstsall amounts carbon, oxygen, neon, mag-
nesium, silicon, iron and nickel ions do occur. Their eresgiover a wide range up 8o 10?°eV. The
energy spectrum is illustrated by Fig.5.1. At the low endhe spectrum, cosmic rays hit the atmo-
sphere with fluxes of more than one particle per square-npetesecond, at the highest end only with a
flux of less than one particle per square meter and centurg.sdhrces of cosmic rays are solar flares
and supernovae. As additional sources of cosmic rays withenienergies the acceleration of charged
particles in the vicinity of back holes are considered. Socosmic rays are even suspected to stem from
intergalactic shock waves [44].

The vast majority of cosmics impinging the atmosphere doésaach the ground, but interacts with the
atmospheric molecules, leading to so-called shower sffeesulting in the creation of a large amount of
secondary particles. A possible particle shower initiddgcn iron nucleus is illustrated by Fig. 5.2. As
a result of this shower effect, mostly muons reach sea 183! [

If charged particles hit a charged coupled device (CCD)aietghoto-electrons are released punctually
[36]. When the detector is read out, a cosmic ray impact keaveace similar to the one of a photon. Not
all charged particles hitting the detector are actuallyndosays, but may also originate from weakly
radioactive materials used in the construction of the CORedesee e.g. Florentin-Nielsen et al. [18]. In
the current work all charged patrticles resolving photatetas at the detector are subsumed under the
termcosmics

A standard procedure in dealing with cosmics in astronomiaging is, to stack several images. The
cosmics are filtered out because they sirgjular events irregularly spread over the CCD frame. This
technique has the additional side effect that the signabtsenratio of the observed object is increased
[36]. But stacking requires a precise alignment of the franedative to the observed objects. For a suc-
cessful stacking the images have to be aligned relativeetoltfect’s motion, an alignment with the stars
would filter out the object images of fast moving objects. unveys, when searching for new objects,
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Figure 5.1: Flux of cosmic rays as a function of energy (Croai al [11]).
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Figure 5.2: Example of a cosmic ray air shower (Max-Planoktitute Heidelberg).
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5.2 Cosmic Filters

the object’s position on the frame and their exact motionwemenown. Therefore, possible ranges of
object velocities and inclinations have to be assumed amy mifferent stackings of the same frames
have to be checked and the results cross-checked. Such evaelpps suggested and implemented
by T. Yanagisawa at the Mount Nyukasa observatory of thenkggaAerospace Exploration Agency
(JAXA) [95]. This method is computationally intensive arighé consuming and not (yet) feasible for
real-time processing. Real-time processing is requirdsinatasking follow-up observations within the
same night. Additionally, stacking poses limits on the otijeorbits and its apparent movement at a
very early processing step already. Therefore, in the ESA@IDcessing a filter approach is preferred
on the single frames for cosmic rejection. A cosmic filtendtde fast, and allow to distinguish cosmics
from actual object images. As explained in further detatbéction 5.2 a filter approach acting on single
frames is only feasible if the pixel scale is small enoughlkmaafor such a discrimination, i.e., when
the object images and cosmics are displayed over a coupliead$ pn the frame, to allow to determine
distinguishing features. Additional filtering is perforchen series of frames, as gained in surveys, when
the single object images are linked to so-called tracklEtss approach is also feasible at broader pixel
scales. The latter step comes at the cost to impose cerrzits thn the object’'s movement. Details will
be provided in Chapter 6.

5.2 Cosmic Filters

5.2.1 Cosmics at the ESASDT

Figure 5.3 and 5.4 show enlarged images of cosmics and dhjages of different shapes and sizes on
the frame found in surveys of the ESASDT on August 26 in 200gure 5.3a and 5.3b show two object
images, at the size of a few pixels on the frames. The objeatj@® are compared to cosmics of similar
size, Fig.5.3c. Figure 5.3d to 5.3i show the relative intgrextracted directly from the frames of the
object images. The cosmic is shown in x- and y-direction efftame. Figure 5.4 shows an object im-
age of about 90 pixels of a bright object and a cosmic of coaigarsize on the frame, as well as their
relative intensity in x- and y-direction of the frame.

An analysis of several hundred candidates, which couléelle real object images or cosmics, distin-
guished by eyesight, revealed that the main criteria tangjgtsh cosmics from object images is the sharp
edge in the brightness from one pixel to the next. Real olijeages tend to have a smooth transition.
This tendency is also illustrated in the intensity histeiéthe examples in Fig. 5.3d to 5.3i and Fig. 5.4c
to 5.4f. The smoothing in the point spread function resutisnfthe transition of the light reflected by
space objects through the atmosphere, when originally fhemeflections of a real object, in contrast to
cosmics impinging on the CCD frame directly and resolvingtpkelectrons immediately through their
charge.

A cosmic filter on a single frame crucially depends on the Ipsaale of the CCD device, especially
under very good seeing conditions. A scale of 0.6 arcsecpedpixel of the ESASDT leaves a couple
of doubtful events on the frames, which cannot be uniquetp@ated with cosmics or object images
(see Fig.5.3a and 5.3c).

On average between 15 and 100 cosmics are found in a normaysconsisting of eleven frames.
In a minority of cases not real cosmics are displayed, bubkedr single pixels from stars, which were
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Figure 5.3: Two small real non-resolved object images (& &)), one small cosmic (c). (d),(e) relative intensity
of image (a) in x- and y-direction, (f)(g) relative intensitf image (b) in x- and y-direction, (h)(i) relative intetysi
of cosmic (c) in x- and y-direction relative to the CCD framesa
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Figure 5.4: Real larger non-resolved object image (a), argér cosmic (b). (c),(d) relative intensity of image (a)
in x- and y-direction, (e),(f) relative intensity of cosnfi) in x- and y-direction relative to the CCD frame axis.

not correctly covered by the mask on single frames. Thosesca® not specifically distinguished in the
further discussion.

A first cosmic filter for the ESASDT processing, called costrfilter, was developed by Hugentobler
[37]. In the scope of this thesis three different approad¢besosmic filters have been developed, imple-
mented and tested, namely, the so-called object class cdigimi and two edge detection filters, which
are implementations of Sobel and Prewitt edge detectiamstat] to be used as cosmic filters. The filters
are documented here and their performances are compared.

5.2.2 Old Cosmic Filter: Contrast Filter

Cosmics are filtered according to the contrast ratio of tighkest pixel (beay compared to the mean of
the brightness of the four pixels(j) surrounding the brightest pixel in a candidate image byctmrast
filter. The contrast is normalized with the improved backob intensity ) and a noise correction
noise is applied:

i — noise- /o1 —
thresholg= ek~ =222 VIL (5.1)
0.5(isur + noise- \/o3) —

with: oy = o7 + gain- maxX(ipeak o) o3 = o, + gain- max(isur, p) (5.2)

whereo, the standard deviation of the improved background intgnaitd gain value for the camera
gain. The contrast ratio ipdax/intsyr is a simple approximation for the value of the full width atfha
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maximum (FWHM) of the overall intensity function of the casate image. In the current implemen-
tation, a default value of 3.0 for the noise correction and.6fADU for the empirical threshold for the
contrast, is used. Is the contrast higher than the threstablek for the seeing, a candidate is judged to
be a cosmic. The threshold value is determined empirically.

5.2.3 Empirical Method for a new Cosmics Filter: Object Class Filter

The object class filter is based on more than on threshol&v&urely empirical threshold values have
been defined:

threshold = ipeak— p threshold =iy — p threshold = |IpaTI;k (5.3)
FWHM

threshold = ————~ thresholg = FWHM. thresholg = “YHMy 5.4

d FWHM, d o d - (5.4)

whereas, deakis the intensity of the brightest pixekjithe mean of the intensity of all pixel of the object
image, p the improved background intensity, FWHMnd FWHM, an approximation of the FWHM in
x- and y-direction with respect to the pixel coordinates] apy the number of pixel belonging to the
candidate image on the frame.

For the approximate calculation of the FWHM a simple but marecise approach is chosen than in
the contrast filter. The best possible calculation of the BBl obtained using a Gaussian fit as, e.g.,
implemented in the processing software APEX I of the Kdidisstitute of Applied Mathematics, see
V. Kouprianov [49]. A Gaussian fit is computationally interssand relies on a more or less Gaussian
or elongated Gaussian shape of the candidate. The ESASEgsiag explicitly does no Gaussian
fit, because the premise of a Gaussian shaped object trate fraines is not always fulfilled: On the
frames, there are also highly distorted object images wiililgi@al to noise ratio (SNR) close to the detec-
tion limit, where some pixels of the object image are below ltackground intensity (see chapter 4.3.3
for further details on the object detection). A faster anmdmer approach is used for the object class
cosmic filter: All pixels with higher intensities than the ameobject intensity within the candidate are
counted and normalized with the number of pixels of the adatdi This approximation to the FWHM
is evaluated in x- and y-direction.

Five different object classes are defined in dependenceeohtimber of pixels of the candidates on
the frames. For each of the five classes different threshalldes (threshold £ = 1, ..5) have been de-
termined. Currently, the class of very small candidate @bjaages is set to fewer than 20 pixels, small
candidates to 40 pixels, medium to 80 pixels, large candgdtat 100 pixels and the finally to candidates
with more than 100 pixels.

5.2.4 Method of the Edge Detection Cosmic Filters

A completely different approach was evaluated in the twoeedigtection cosmic filters. In their linear
filtering a pixel value is determined as the weighted sumshéighbors. Sobel and Prewitt filters as-
sume that white noise is additive and that the image surfaeebnear. The filters consists of tvgox 3

kernels, requiring 18 calculation steps per pixel. Beca@aseputing time is crucial in real-time process-
ing and because the stars were already rejected by the rgaskimique, the filters are not convoluted
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with the whole image but only with a subframe, containing ¢hadidate image. This so called object
box is the smallest box containing the object plus a one gizeld background border around the object.
The kernel is convoluted with the object box. To avoid bomefécts, an additional padding at the edges
of the object box is needed. The object box is not just extgheeause stars or other object candidates
could reach into this enlarged object box and contaminaedbult. The background values are used to
enlarge the object box by an additional one pixel size boadeund the object box.

Edge detection filters deliver filtered gray-scale imageth Wighlighted edges. To decide whether a
candidate is a real object image or a cosmic, the pixel vadfieise convoluted object boxes are added
up and normalized. Empirical threshold values are detexdchior each of the two filters independently.

The kernels of the Sobel and the Prewitt filter and the coefiisi are of fixed size. What is normally

seen as a drawback in computer science is an actual advamitage using these kernels for cosmic

filtering: The filters remain noise sensitive [96]. This izekent, because the majority of the candidates
investigated are only of a few pixel size. In computer sagesach candidates would be looked at as
noise.

5.2.4.1 Classical Edge Detection: Sobel Filter

The Sobel filter was proposed by Irvin Sobel in 1968 and is drireomost widely used edge detection
filters. The gradient of the pixel intensities on a gray soakege is estimated as the equally weighted sum
of the eight neighboring pixels. The corner pixels are bycidiay,/2 further apart than the central pixel
and their difference vectors are 45 degrees inclined veldt the x- and y- axes of pixel coordinates.
This leads to the following two convolution kernels [12]:

10 -1 1 2 1
Gx=[2 0 -2 Gy=(0 0 o0 (5.5)
10 —1 1 -2 -1

G =G+ Gy? (5.6)

The two kernels are detecting edges orthogonal to theirigmadirection. To achieve rotational invari-
ance, the pixel values of the x- and y- gradient estimatiersammed up.

5.2.4.2 Classical Edge Detection: Prewitt Filter

The Prewitt filter was developed in 1970 by Judith Prewitte Tilter is fitting a quadratic surface over a
3 x 3 neighborhood by a least squares approach. This leads toltbwihg convolution kernels [72]:

~1 0 1 ~1 -1 -1
Gx=|-1 01 Gy=(0 o0 o0 (5.7)
~1 0 1 1 1 1

G =G+ Gy? (5.8)

The gradients in the x- and y-direction are summed up.
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Truth Contrast Obj. Class Sobel Prewitt

detected real object images96 84 85 84 79
cosmics 1527 679 321 917 889
real obj. det. rate 100% 87.5% 88.5% 87.5% 82.2%
cosmic reject. rate 0% 55.5% 79.0% 36.4% 41.8%

Table 5.1: Number of detected object images and cosmicsimbervation series of the ESASDT taken on August
25, 2006: True number of object image and cosmics on the Bame correctly identified object images, cosmics
still present after filtering, rate of correctly identifiethi@ct images and correctly rejected cosmics for four défifer
filters: contrast filter, object class filter, Sobel filter aRdewitt filter.

5.2.5 Performance Comparison

All filters have been implemented in the ESASDT automaticpssing system. They were tuned to be as
conservative as possible. After the tuning based on tensghthe ESASDT 2006 campaigns (January
till July), their performance was tested for the independdiservation night on August 25, 2006, which
was not used in the tuning process. Randomly, ten surveynaigm series and three follow-up series
were evaluated. All detected candidates were checked bgraysvith the help of the two object image
linking algorithms (details on object image linking in Clhaipb). Snapshots of the processing results are
presented in Fig.5.5 to 5.17. Figures 5.5 to 5.14 contairrdhelts for the survey series. The surveys
consisted of 15 frames, spaced by one minute. Figure 5.15libdhow the results for the follow-up
series, which consisted of eleven frames each spaced byc80dse The true object images are marked
by blue boxes. First the number of detected true object imagd detected cosmics without any filtering
are displayed in each caption in parentheses. The numberefctly identified object images and the
number of cosmics, which passed the filter are shown as theficssecond values in parentheses for
different cosmic filters.

Table 5.1 summarizes the results. 1622 candidates wereteldten the single frames. 96 were judged
to be real object images and 1527 were identified as cosmitthough all filters were tuned in the
most conservative way, all filters are identifying objectims as cosmics. About 10 object images were
misinterpreted by the contrast, the object class and thelSittbr; only the Prewitt filter misinterpreted
even 16 object images as cosmics.

Not all filters do misinterpret the same object images as @ssrithe object class filter misinterprets the

bright and large object images with more than 30 pixels (Eig.5.17), or object small object images

with very few pixels, with a high peak intensity (e.g. Ficband 5.16). The latter cases could be as well
cosmics as real object images, by eye inspection they wdgeguto be more likely object images.

The contrast filter algorithm misinterprets mostly the objenages with a small number of pixels, sim-
ilar to the object class filter, as e.g. Fig.5.11 and 5.16 shidwe filter also misinterprets object images
with medium pixel size, see, e.g., Fig. 5.5. Here, the petnaity of this object image is relatively high,

but it clearly is an object image.

The two edge detection filters both seem to correctly idetiki&é obvious object images, which are the
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ones easily judged by eye already, i.e. the bright objects avimedium to large amount of pixel. In
those situations both algorithms give better results tharother two algorithms, see e.g. Fig.5.5. Both
filters are inferior, when dealing with faint object imagésse to the signal to noise level, see Fig.5.10
and 5.14. Whereas the Sobel filter identifies at least patieofdint objects correctly, the Prewitt filter
does not, see Fig.5.11. The Prewitt filter has the highestafatnisinterpreted true object images in the
investigated series.

These rates of falsely rejected possible object imagesthierdnigh. But this also counts candidates
as object images, which have few pixel and, which cannot eetified as cosmics or object images by
eye. In the chosen conservative tuning, those candidatesdshot be identified as cosmics by the filters.

A correctly identification of the true object images is not tnly criterion for the performance of a
cosmic filter, but also the rate of correct rejection of casniThe object class filter has the highest num-
ber of correctly identified cosmics, with a rate of nearly @agent. The contrast filter reaches almost the
same quality, with a rate of about 55 percent correctly teffcosmics. The two edge detection filters
only reject about 40 percent of the cosmics correctly. TheRt filter is slightly superior to the Sobel
filter in this respect
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5 Cosmic Filter

(e) Prewitt filter

Figure 5.5: (a) All detected candidates (10/116), (b) castrfilter (7/52), (c) object class filter (6/23), (d) Sobel
(9/64), and (e) Prewitt (8/71) edge detection filter: SS@:10
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(e) Prewitt filter

Figure 5.6: (a) All detected candidates (5/126), (b) contréilter (5/65), (c) object class filter (5/26), (d) Sobel
(4/78), and (e) Prewitt (3/78) edge detection filter: SS®-10
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(b) contrast filter

HEE ll;gIEE

(c) object class filter

(e) Prewitt filter

Figure 5.7: (a) All detected candidates (12/142),(b) castfilter (11/45), (c) object class filter (12/20), (d) Sobel
(10/72), and (e) Prewitt (10/73) edge detection filter: SEL2.
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Figure 5.8: (a) All detected candidates (5/125),(b) costréilter (5/56), (c) object class filter (4/29), (d) Sobel
(5/70), and (e) Prewitt (5/75)edge detection filter: SS®-12
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Figure 5.9: (a) All detected candidates (4/133),(b) contrélter (4/62), (c) object class filter (4/27), (d) Sobel
(4/80), and (e) Prewitt (4/80) edge detection filter: SS@x15
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Figure 5.10: (a) All detected candidates (8/106),(b) castffilter (7/42), (c) object class filter (8/17), (d) Sobel
(6/69), and (e) Prewitt (6/78) edge detection filter: SS®.15
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Figure 5.11: (a) All detected candidates (8/178),(b) castrfilter (7/83), (c) object class filter (7/52), (d) Sobel
(8/85), and (e) Prewitt (7/91) edge detection filter: SS@&27
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Figure 5.12: (a) All detected candidates (8/130),(b) castrfilter (5/81), (c) object class filter (7/43), (d) Sobel
(7/86), and (e) Prewitt (7/78) edge detection filter: SS®-27
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Figure 5.13: (a) All detected candidates (1/103),(b) castffilter (1/49), (c) object class filter (1/17), (d) Sobel
(1/76), and (e) Prewitt (1/79) edge detection filter: SS®-33
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Figure 5.14: (a) All detected candidates (5/122),(b) castrfilter (5/46), (c) object class filter (5/15), (d) Sobel
(4/76), and (e) Prewitt (4/78) edge detection filter: SS@35
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Figure 5.15: (a) All detected candidates (3/58),(b) costréilter (3/34), (c) object class filter (3/15), (d) Sobel
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(3/37), and (e) Prewitt (2/45) edge detection filter: SSO-11
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Figure 5.16: (a) All detected candidates (12/95),(b) cantffilter (9/32), (c) object class filter (9/21)), (d) Sobel
(9/63)), and (e) Prewitt (9/64) edge detection filter: SSBD-2
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Figure 5.17: (a) All detected candidates (15/89),(b) castffilter (15/32), (c) object class filter (14/16), (d) Sobel
(13/61), and (e) Prewitt (13/69) edge detection filter: SED-
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5.2.6 Conclusions

Three new cosmic filters were developed, implemented, antbaced to the already existing cosmic
filter in the ESASDT automatic processing software. All filteisinterpreted about 10 percent of the
true object images, which were checked by eye and at leastifidd as not clearly cosmics. Only the
Prewitt edge detection filter misinterprets almost 20 paroéthe true object images. When interpreting
these numbers, it has to be considered that in the testet Biglrue object images were determined,
only. The edge detection filters performed well by correitbntifying bright object images of all pixel
numbers. The contrast and the object class filter, howegeinmned well by correctly identifying object
images close to the signal to noise ratio level.

The object class filter was superior to the other filters wittbarect cosmic rejection ratio of nearly
80 percent, the edge detection filter, Sobel and Prewittvetidhe smallest correct rejection rate with
around 40 percent.

The results indicate that the decision whether a candidate dosmic or a real object image should
not only be based on a single criterion, as e.g., the edgetitetdilters do. The object class filter, repre-
sents is the other extreme. It relies on many parameterssatitficult to tune. It also strongly depends
on the specific telescope and camera settings.

For further improvements even more parameters, more casslated selection criteria would be nec-
essary. The effort to tune and maintain such a system woulthbeceptable in relation to the expected
gain.

It is recommended to switch the current top-down to a bottgnapproach. The decision process whether
a candidate is a cosmic or a real object image seems to bebmadxexample for the use of artificial
intelligence. There are identifiable regularities and t@asts, on which a decision is based. In a learn-
ing process so-called expert knowledge could be transfdoan intelligent system [94]. The actual
implementation would have to show, whether it really is aplenextbook case. But it is believed to be
the most promising and flexible approach for further devalepts.

In the current implementation, it is recommended to use trméc filters in dependence of the ob-

ject class to be detected. For bright objects, the edgetamiditers are recommended. For faint objects
as they are searched for with the ESASDT, the contrast orlifeeioclass filter should be used.
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6. Tracklet Linking of Object Images on
Observation Series

The human understanding is like a false
mirror, which, receiving rays irregularly,
distorts and discolors the nature of things
by mingling its own nature with it.

Francis Bacon

6.1 The Problem of Tracklet Linking

Candidate object images were identified on single framebséivation series. It now has to be decided,
which of the (possibly many) object images detected on tferdnt frames of an observation series
stem from the same object. Such object images are linkedheigo so-called tracklets. A tracklet in
a strict sense is a list of observation epochs and positielenging to the same object. Subsequently,
the term will also be used to label the linked object imagesnef object on the frames of an observation
series, from which the exact positions will be extractedubsequent processing steps.

The movement of an object over the frames of observatioeséinot known in surveys. The bright-
ness of object images can moreover vary considerably frarframe to the next within the observation
series. Brightness variations of uncontrolled objecty @e¥eral magnitudes may occur within short
time intervals. Details concerning rapid brightness vemies are studied in Chapter 8. Figure 6.1 shows
subframes containing the images of the same object on elifférames of an observation series, spaced
by 30 seconds. Not only the brightness but also the overafieslof the object does not necessarily have
to remain the same over all frames of an observation seriezalkSshaped object images can disintegrate
into several disconnected traces on single frames, wheobjleet images are close to the signal to noise
level. Thus object images do therefore not necessarilyappédéook the samei.e., they do not always
have the same appearance on the frames.

Single frames may still be contaminated by cosmics, whichewmt successfully filtered out on the

Figure 6.1: Five images spaced by 30 seconds of the samet aijeerved with the ESASDT in January 2006.
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6 Tracklet Linking of Object Images on Observation Series

single frames, see Chapter5. The cosmics, which are ragddisitibuted over the single frames, are
seen as single object images in the linking process. Thiptcates the decision, which object images
belong to the same object, because more candidates fonkhark available. A high coverage of object
images of the same objects is crucial in the process of ssfttdgacklet linking. This is in particular
true, when the contamination by cosmics is heavy and/or wheimages of many different objects are
on the frames of the series.

6.1.1 Boundary Conditions for Tracklet Linking at the ESASDT: Survey
Scenarios and Coverage

Series of 15 to 30 frames spaced by a time interval of one mibatween each exposure are taken in
surveys of the ESASDT. When observing GEO objects the tepesis in staring mode, for GTO objects,
the selected GTO classes are tracked in right ascensiorabitht 7.5 and 10.5 arcseconds per second
during exposure, in so-called blind-tacking. Follow-upie® consist of 11 frames spaced by 30 seconds
between exposures. The expected motion of the object lsstaduring exposure. Surveys and follow-up
observations are processed with the same processing sefwd, therefore, also with the same linking
algorithm. In follow-up observations, the motion of the edis is known and this information could be
used. But when follow-up observations are processed wilséime algorithms as surveys observation
series, objects may be (re-)detected, even when largedliffes between the calculated ephemerides
and the observations occur, due to poor orbital informationaddition, not only objects are detected,
which are followed-up, but also all other objects, which nbaypresent on the follow-up frames. New
objects are often detected in follow-up observations WithESASDT.

Between two and three object images for GEO objects and drtaur to six for GTO objects near
the apogee are present in search surveys with the ESASDTESASDT has a field of view (FOV) of
0.7 x 0.7 degrees, two declination stripes are scanned in parallet. nimber of frames per hour, the
time available for each exposure, and the data rates for Gi€2ts for a two and threefold coverage
with the ESASDT are provided by T. Schildknecht [78]. Tahtk éontains the equivalent data for GEO
objects for a full fourfold coverage. Tests, performed with ESASDT, showed that a spacing of only
21 seconds, which is necessary for a full fourfold coverag@ot a sufficient time span for a reliable
re-positioning of the telescope, when two declinationpssiare scanned simultaneously. If only one
declination stripe is scanned, the time for repositionimgdfficient, but only an area of 10.5 square-
degrees per hour can be scanned with the small FOV of the ESABi2refore threefold coverage for
GEO objects is preferred in standard surveys with the ESA®DITthis mode complicates the linking
process. The object image coverage in follow-up obsemstis double because the spacing between
exposures is only 30 seconds.

Figure 6.2 illustrates the image linking process. It shomg frames of a follow-up observation series
of the ESASDT acquired at the night of January 26, 2006. Thecbimages of two different objects
are marked on each frame. Figure 6.2 shows the linked subfamntaining the object images. The
subframes with the successfully linked object images asdymred as one of the standard outputs of the
automatic processing software of the ESASDT.
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Stripes Fr/h Sec./exp. Area/h Data/h
One stripe 86 42 10.5 0.72
Two stripes 172 21 21.0 1.44
Three stripes 258 10.5 31.5 2.17

Table 6.1: Fourfold coverage of GEO objects with ESASDT: bemof frames/hour, time available per exposure,
surveyed area in degre¥sour and data rate in GB/hour for:22 binned frames of a 4k4k CCD mosaic for one,
two, and three declination stripes scanned simultanedE&BA surveys; field of view 0<D.7 degrees).
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Figure 6.2: Four subsequent frames of follow-up series effinerife campaign on January 26, 2006. Two objects
and their images on each frame are marked. In the last pidtuthe right bottom corner the subframes of the
linked objectimages, which were found on all eleven franfiélseofollow-up series are shown.
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6.1.2 Tracklet Linking in Different Processing Schemes

For the problem of object image linking several solutionistexOne is used in the ISON network. The
observation frames of the ISON network are processed wilmtihouse APEX Il software system. The
problem of object image linking is solved currently with fleowing algorithms [50]:

All possible permutations of candidate object images, egbsntly called candidates, of two subse-
guent frames are linked assuming the apparent velocitywloeyd represent is below a threshold limit.
A linear movement is assumed. In addition, tracklets wita candidate are build.

All possible candidates from the third frame are now comthinéth the (one or two candidate) track-
lets found on the first two frames. The deviation from a lingath is calculated for all possible three
candidate tracklets. Those tracklets violating with tiilS a threshold value are rejected. This step is
repeated for all frames of the observation series. APEX4dltha feature that in cases, in which more
than three candidates are linked the apparent motion oftffeetorepresented by those observations can
be compared to a curved pass. The rms with respect to thedcpass can be chosen to be taken into
account, when further possible candidates are linked.

In a next step, the cross-links of object images are elirathatow. A cross-link occurs, if a single
candidate is linked in more than one tracklet. The crodsslia eliminated by choosing the tracklet with
the smallest rms value.

A value of 30 arcseconds per second is chosen as the appa&tenity limit to link the candidates
for the frames of most telescopes in the ISON network. Tegskwhich would represent an object with
an apparent velocity close to the diurnal movement of starsegected. A minimum of five candidates
per tracklet are required. Tracklets with less candiddias the half the number of frames, which the
whole observation series consist of, plus one are rejected.

The Apex Il algorithm produces false links of only around peecent of all tracklets linked in the ISON
network. There are numerous telescopes with a large fieldewf generating several hundred object
images per frame within the ISON network. The computatidnatien of the algorithms is moderate,
wide field telescope series of five to seven frames requisetlem a few seconds processing time on a
normal multi core PC.

Other processing systems, e.g. the one used for the Itgdaresdebris telescope, use a different ap-
proach [69]. They observe only objects, which are known ira@logue and the tracklet linking is
skipped. The single observations are correlated diredtly thie catalogue positions. The observations,
which are correlated to the same catalogue object, are atitmtty linked, as well. The procedure does
not allow to detect new objects. In addition, as it will bewwhdn Chapter 7, the catalogue correlation is
less reliable, when apparent velocity information is n&etainto account. Apparent velocity informa-
tion can be inferred directly from the candidate epochs arsitipns of linked tracklets; it is not available
without tracklet linking prior to catalogue correlation.

58



6.2 Old Algorithm: Tracklet Linking with Pseudo-Inclinati and Apparent Velocity Limit

6.2 Old Algorithm: Tracklet Linking with Pseudo-Inclination and
Apparent Velocity Limit

The former algorithm for tracklet linking of the ESASDT wasvgtloped by Fridez and Hugentobler [38].

The candidate object images on two subsequent frames ammeddo belong to the same object, if the

apparent drift and pseudo-inclination, calculated fromttho positions, and the brightness contrast of
the two images are below certain threshold values.

The overall brightness determined directly from the baclgd corrected frames of the different object
images in ADU are used, for the calculation of the intensdgtcast. In the processing of the ESASDT,
a value of 100 percent is used as a default threshold value.

The raw pixel coordinates of the observations at tiendt,, are transformed into right ascension/declination
(a/8) and azimuth/elevatiorug /el) using the pointing direction of the telescope for the extiin of

the apparent drift and pseudo-inclination limits. Thisng@rmation contains errors, because the pre-
cise astrometry is not performed yet and the pointing acyuoé the telescope is limited to about one
arcsecond. The apparent drtand pseudo-inclinatioti are determined as the following:

V(azg —az1)? + (el —ely)?

D:
(ta — 11

(6.1)

52 — 61 )
(g — 1) cos(d1)
A maximum drift limit of 15 arcseconds per second and a marininclination limit of 25 degrees are

chosen as default values for GEO objects. These allow talialobject images of the majority of GEO
objects.

I = arctan ( (6.2)

The procedure is repeated for all pairs of two subsequemtefsavithin the observation series. Tracklets
with apparent velocities close to the diurnal movement afssare rejected. Currently, a movement of
less than eight arcseconds during the observation seiigsnsfied as movement of stars.

6.2.1 Limitations of the Old Algorithm

The old algorithm for object image linking only uses the mmfiation of two subsequent frames to de-
cide, which object images belong to the same object. Mone tiva object images are linked, if the
apparent velocity and pseudo-inclination of an objectesgented by the second object image (already
linked with the first object image) and third object imagelzew the threshold value. Itis not checked,
if the pseudo-inclination and velocity values represettigdhe first two object images is similar to the
pseudo-inclination and apparent velocity representethé&gécond and the third object image. This may
lead to a successfully linked tracklet, which consists ofé¢hor more object images, which would rep-
resent rapidly changing inclination and apparent velogitjpes from the first two object images to the
subsequent object image pairs. A link with cosmics, whichewt correctly recognized by the filter, is
likely. Tracklets of objects, with a large pseudo-inclioatand/or a large apparent drift rate, cannot be
linked and therefore the objects although present on tmeefsaremainedndetectedLarger thresholds
lead to an unacceptable increase of false links. If singjeabbimages are missing on frames, either
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because they are covered by a star trail or because the signaise ratio is too low for detection, the
images before and after the gap cannot be linked in one &ackhe algorithm is working its way from
lower to higher pixel coordinates. If a link to a candidatetib@ subsequent frame has been found, this
link is final. No check is performed, whether an alternatpuessibly better link with a candidate exists.

It is an advantage of the old algorithm that it only has thteeghold values, which can easily be tuned
for new telescopes and observation setups. No furtheratistis on the direction of movement are
made. The old algorithm and the new one are compared in &dcto

6.3 New Algorithm: Tracklet Linking

The new algorithm uses the information on all frames to libjeot images. In a first step, two random
object images on two consecutive frames are consideredetimrarily linked. An absolute value of
the velocity and the direction of the velocity vector is edéted directly in so-called normal coordinates.
The standard coordinate system is defined as the tanger piathe topocentric space-fixed celestial
sphere, with its origin in the pointing direction of the t&epe. The pixel coordinates of each frame are
transformed in normal coordinates. In the transformati@go-called mapping model is applied. The
mapping model corrects the pixel coordinates due to theabatignment of the CCD mosaic, it accounts
for the small pixel gaps in between the parts of the mosaicfantheir slight shearing. The mapping
model is specific for the each telescope and detector. Ndyiagphe mapping model leads to clearly
inferior results. The transformation into standard comaitiés allows a tracklet linking independently of
the specific observation scenario of the observation seflibs is not the case, when e.g. using pixel
coordinates directly.

All preceding and subsequent frames are checked for additiobject images, which would, when
combined with the first two object images, represent an ohjét a constant apparent direction of
movement and a constant apparent absolute velocity, watlowed deviation thresholds for the abso-
lute velocity and the direction. The search for additiortgeot images is similar to a so-called first order
Markov chain algorithm, see, e.g., [48] for details. Theitgof the velocity vector define a so-called
allowed region for possible object images on the subseduamie. The frame is skipped, if no candi-
date is detected in the allowed region. The allowed regioecessarily broadened up on the subsequent
(third) frame, if no object image is detected in the allowegion of the preceding (second) frame. This
is called a gap, if further object images can be linked on é&snafter the empty allowed region. A
maximum number of allowed gaps has to be defined. The alloegidn is narrowed down as soon as
an additional object image is detected in the allowed regimany of the subsequent or previous frames.
The velocity vector and its deviation thresholds are uptiainamically. The procedure is illustrated
Fig.6.3.

40 manually selected tracklets, which were linked with tlikatgorithm and manually corrected, were
evaluated in order to find empirical limit values for the @ion thresholds in absolute velocity and di-
rection of velocity. The tracklets where picked randombnfrthe Tenerife campaigns of the first months
of 2006. Only tracklets containing many object images wetected; the average was 4.5 images per
tracklet. The absolute value of the apparent velocity dated from the first two object images be
|vo| and the absolute value of the apparent velocities calalfaten all subsequent object image pairs
within the set bgv;|; the expectation value and standard deviation of the wglalgviation thresholds
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4th frame

1st frame

Figure 6.3: Link of three and four object images on three aout subsequent frames respectively, and the corre-
sponding allowed regions, with and without one missing cttijaages (gap) on the third frame. The limit values
are dynamically updated as soon as a new object image is fiouthé allowed region, in case of a gap the allowed
region is broadened up.

are determined as the following:
(lvil/lvol) = 0.185% 0w, 10| = 0-156% (6.3)

The expectation value and standard deviation of the anglbetween the directions of motion in stan-
dard coordinates of the object represented by the first tygcbhmages and all subsequent object image
pairs within the sets are determined as the following:

(<w) = 0.001rad = 0.063deg

] (6.4)
0w = 0.001rad = 0.063deg

For a normal distribution the determined expectation vahstandard deviation are unbiased estimates
[31]. For the deviation in absolute velocity and in the aaguif velocity a3 - o area around the expecta-
tion values from Eq. 6.3 and Eq. 6.4 are chosen; the devittir@sholds aré|v;|/vo|)iimit = 0.7 percent
and<tv;mit = 0.004 radians. The maximum number of gaps for a tracklet witbandidates is selected
to ben = (m — 2) - 3. In the processing of the ESASDT a linking of three objectgemis accepted as

a valid tracklet, as long as the gap limit is not exceeded.

The algorithm is implemented as the following: after a pnéiary link of object images via the allowed
regions all cross-links are detected. Cross-links aresliokone candidate in two or more tracklets.
Tracklets consisting of more object images are preferred shorter tracklets to resolve cross-link con-
flicts; for the shorter tracklets the preliminary link is umked. In a second run the tracklets, which are
left over from the first run and the newly unlinked ones areckkd again. The two steps are repeated
until all cross-link conflicts are solved. In all test rung further cross-link conflicts occurred in the
second iteration.

For performance reasons, the algorithm links object imagéso steps. In the first step, only tracklets
are linked, which additionally also fall with their appateelocity within a drift and pseudo-inclination

limit. In the second step, all tracklets are linked withousttfier limits. The structure of the algorithm
also allows to perform only one of those steps be perforniedguested by the user.

In order to be able to detect tracklets of objects for whicly awo object images are present on the
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frames of an observation series, a finally step is includedyhich two object images may be linked
from all unlinked object images still left over from the fitato steps, if they fall within the apparent drift
and pseudo-inclination limits. Tracklets of two object oea are accepted, if one of the two object im-
ages is very faint, or, in case both are above a brightnesshbld, if their shapes on the frame resemble
each other. A value of 800 ADU is chosen to distinguish faiobT bright objects. For the resemblance
test, the main axis of the inertial tensor of the two imagesatiowed to deviate by less than 20 percent.

It may be selected to disable the search for two object imagéklets by the user.

The rejection of tracklets with an apparent velocity cldse diurnal motion of stars is taken over from
the old algorithm.

6.3.1 Limitations of the New Method
6.3.1.1 Probability for Random Links

The rate of random links of three or more candidates has beduated for the new algorithm in order
to find the limits of the method. Observation series are assutonsisting of single frames containing
a number ofy candidates. The candidates are assumed to be randomlippudistr over the frame. The
probability of random links of tracklets consistingf candidates is investigated. The allowed number
of gaps is assumed to be A square field of view is assumed. The probability for a randmndidate
linking, i.e., the probability that tracklets are detegtatthough no object is displayed on the frames,
is estimated: For the estimation the candidates of a whalerghtion series are added up in a squared
single frame, called summary frame in the following, withigeg field of view (FOV). The density of
candidates within this summary frame is calculated. The efzall allowed regions for a tracklet with

a given number of images and gaps is determined under thageréhat the whole tracklet (including
gaps) can be displayed in the summary frame. This is in aaccelwith the ESASDT observation
strategy. The probability to find a candidate in the allowegion with the given density of candidates is
evaluated, which leads to the following expression:

- 8 . L\

P< E% (@- o1y /ol - sin(<wimie/2) - g (i -+ ) form>3  (6.5)
Table 6.2 lists the probabilities for random links for difet the numbers of candidates linked in
one tracklet in dependence of the number of total candidatg®sent on each frame and the num-
ber of allowed gaps within each tracklet. The table provides the probabilifiesm = 1,2,3 and
g = 20, 30, 60; these values are realistic for the ESASDT. The probalfitityandom links is only about
6.261072 even if only three candidates object images are linked int@uklet (n = 3), with a maxi-
mum number of allowed gaps ef= 2 and 60 candidates on each frame.

The results are different for wide-field telescopes. Abdifi 8 600 object candidates may be detected
on a single frames of the ZIMSMART telescope. A large pixelescas it is the case at the ZIMSMART
telescope, does not allow to filter cosmics on the single ésnBeries gathered with the ZImMSMART
telescope, consist of five frames only, i.e., implying, ktats with more than five candidates do not oc-
cur. Table 6.3 provides the probabilities for random linkke probability of random links in tracklets of
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6.3 New Algorithm: Tracklet Linking

cand. per cand. per gaps f) Probability (P)
tracklets {n) frame @)

3 20 3 2.0910—3
3 20 2 1.681073
4 20 6 5.2710°7
5 20 9 6.3410~ 11
3 30 3 3.121073
3 30 2 2.541073
4 30 6 1.1910-6
5 30 9 2.1410~10
3 60 3 6.261073
3 60 2 5.0410~3
4 60 6 4.751076
5 60 9 1.71107°

Table 6.2: Probabilities of random linking as a function éetnumber of candidates within the tracklet, the
number of objectimage candidates on each frame, and the ewohillowed gaps for ESASDT. The probabilities
are maximum values for each scenario.

cand. per cand. per gaps f) Probability (P)
tracklet ¢n) frame @)

3 300 2 2.5210~2
3 300 1 1.80103
4 300 1 4.10107°
4 300 2 6.20107°
5 300 0 1.3610~8
5 300 1 421108
3 600 2 5.0410~2
3 600 1 3.611072
4 600 1 1.6310~4
4 600 2 2.4710~4
5 600 0 1.0910~7
5 600 1 3.3710°7

Table 6.3: Probabilities of random linking as a function 6etnumber of candidates within the tracklet, the
number of object image candidates on each frame, and nunfladioaed gaps for ZIMSMART. The probabilities
are maximum values for each scenario. The italic numbershageretical values for observation series with more
than five frames.

only three candidates is of the orderldf-2. For a ZImSMART like setup it is recommended to use at
least four object images for a reliable correct tracklekitig.

In order to also reliably link tracklets of three object ineagnly, even when many candidates are on the
frame, a limit|v|;;m; May be imposed as an additional criterion. Tracklets aectdtl by the velocity
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6 Tracklet Linking of Object Images on Observation Series

cand. per cand. per gaps f) Probability (P)
tracklet ¢n) frame @)

3 20 3 1.371073
3 20 2 9.0610~*
4 20 6 4.7410~7
3 30 3 2.061073
3 30 2 1451073
4 30 6 1.0710~6
3 60 3 4.121073
3 60 2 2.891073
4 60 6 4.271076

Table 6.4: Probabilities of random links as a function of thenber of candidates within the tracklet, the number of
object image candidates on each frame, and the number ofetigaps for ESASDT. In the evaluation a velocity
limit of 15 "/sec was imposed. The probabilities are maximuatues.

limit, if they consist ofm candidates and gaps with:
V2g/(n+m—1) > [vfimit - (t2 — t1) (6.6)

wheng is the edge length of the square field of view d&nd— ¢;) the time interval between subsequent
frames. All other tracklets must necessarily have a lowpaggnt absolute velocity, because otherwise
the object would have run out of the field of view befanet n candidates could be found. The velocity

limit changes the probability for random linking (Eqg. 6.5)the following way:

n
4
L Z (g_Q “(|v)timit - (t2 — tl))z .
=0

(lv1]/lvo] )timit - Sin(<Wiimit/2) - ¢ - (i + 1))m_2 (6.7)

The probabilities for random linking according to Eq. 6.5 lh@en evaluated, with a value for the veloc-
ity limit of 15 arcseconds per second for ESASDT and ZimSMA&IO the their corresponding FOV
of 0.7 x 0.7 and 4.2 x 4.2 degrees, respectively. For ZImMSMART a temporal spacingnef minute
was assumed between the single exposures, the same as EBASDT. Tracklets with five and more
images are not affected by the velocity limit in the ESASD€&rario because of the smaller field of
view. For ZImSMART all tracklets are affected. Table 6.4 &8 summarize the results for ESASDT
and ZImSMART, respectively. The probabilities for randanks$ are significantly decreased. For ZimS-
MART the probability of random links of tracklets with onligree candidates is well beloi®—3.

The following investigation illustrates the problem of dam links without velocity limits: A scenario
of 30 images per frame was assumed for the ESASDT. Figuré6wissthe probability for linking three
and four candidates into tracklets as a function of the nurobgaps allowed. The probability grows
slowly with the number of allowed gaps. The number of gapkadsyever, less crucial for the four can-
didate tracklet than for the three candidate tracklet. f&i@ub shows the probability of random links as
a function of the number of candidates within the trackldte probability of random links rapidly de-
creases with every candidate added to the tracklet. Figarel®ws the crucial dependence on the total
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6.3 New Algorithm: Tracklet Linking

cand. per cand. per gaps f) Probability (P)
tracklet ¢n) frame @)

3 300 2 4.0610~4
3 300 1 2.0110~4
4 300 1 2.291078
4 300 2 6.41108
5 300 0 3.0010°13
5 300 1 2.7910~12
3 600 2 8.1010~*
3 600 1 4.1210~*
4 600 1 9.1510—%
4 600 2 2.4610~7
5 600 0 2.481012
5 600 1 2.2310712

Table 6.5: Probabilities of random links as a function of thember of candidates within the tracklet, the number
of object image candidates on each frame, and the numbelafed gaps for ZIMSMART. The italic numbers
are theoretical values for series with more than five framieghe evaluation a velocity limit of 15 arsec/sec was
imposed. The probabilities are maximum values.
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Figure 6.4: Probability of random links of tracklets of (dirée and (b) four candidate object images as a function
of the number of allowed gaps within the set.

number of candidates on each frame for tracklets with thrdeuw candidates with a maximum of two
and six allowed gaps, respectively. The probability ford@am links of candidates is generally higher
for tracklets with only three candidates. The probabiliy fandom links grows quadratically with the
number of candidates on the frames.

6.3.1.2 Limits Imposed by Assumption of Steady Linear Apparent Motion

The new algorithm links object images based on the assumeficonstant linear apparent motion of the
objects over the frames during the observation series. r&lewbits were analyzed to study the limita-
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Figure 6.5: Probability of random linking as a function ofettnumber of candidate object images in the tracklet
(logarithmic scale).
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Figure 6.6: Probability of random links as a function of thember of candidate object images on one frame,
(a) for linking of three candidates with a maximum numbemas allowed gaps, and (b) for correlation of four

candidates with a maximum number of six gaps.
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6.3 New Algorithm: Tracklet Linking

Name COSPAR Apogee (km) Perigee (km) Incl. (deg)Ecc. Tracklets
Number in 24h

GEO

MSG 2 05049B 35795 35783 0.3184 0.0001 7

Gorizont 33 90102A 35761 35745 12.8753 0.0002 8

Block DM 91010F 35895 35765 12,2318 0.0015 8

GTO

Kiku-6 94056A 38692 8548 14.9243 0.5024 88

Blok DM3 97046D 35871 8503 145544  0.4790 87

Deb ISO 95062C 70316 1213 3.1615 0.8199 90

Chandra 99040D 71514 1808 33.4316 0.8098 91

Rocket (2)

GPS

GPS-10 84097A 21206 20608 62.2247  0.0110 19

GPS-11 85093A 21687 20750 62.9986 0.0170 21

LEO

Vanguard 1 58002B 3839 652 34.243 0.1848 414

Table 6.6: Test objects.

tions imposed by this assumption: Three objects in GEO wediesd, one with zero inclination and two
with inclinations of about 12 degrees. In addition, foureath$ in GTO were studied, two in orbits with
moderate eccentricities ~ 0.5 and two in high eccentricity orbits with =~ 0.8. Two satellites of the
GPS constellation in MEO (medium Earth orbit) are studied ane object in LEO. Orbit information
and identifiers for all objects are provided in Tab. 6.6. Thgegiment was set up in the following way:
For all objects, geocentric ephemerides are determinedaotime interval of 24 hours with a spacing
of one minute. The ephemerides were transformed to the émpac position of the ESASDT. It was
assumed that all objects are visible during 24 hours, hat, the earth is transparent. The topocentric
ephemerides are transformed in so-called standard cabedinA projection center has to be chosen for
the transformation of the celestial coordinates into sdath@oordinates. In a real observation scenario
this center is given by the pointing of the telescope, wieetka observations are mapped from celestial
coordinates to the flat CCD and from there to standard coatefifor the linking. In the simulation, the
topocentric viewing direction of the first ephemerides fiosiis chosen as projection center. An unlim-
ited field of view is assumed in the test setup: no new poinsrgnforced by the object running out of
the field of view. The theoretical telescope is assumed tepesitioned only, each time the algorithm
is not able to connect the next object image to the currenkien (because the linearity condition is
violated (limit of the method is reached)). After repodiiing the object position is again in the center
of the tangent plane of the standard coordinate system égaindinates 0/0).

Only linking in forward direction is performed. If no thirdoect image can be linked, the first two
object images remain linked and are counted as one trackikeifollowing.

Figure 6.7 illustrates the results for the investigatedeotsj in GEO. Figure 6.7a and 6.7b show right
ascension and declination, respectively, as they appedindaopocentric position of the ESASDT for
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tion as observed from Tenerife, (c) x-y coordinates in stadi@oordinate. (d) x- and (e) y-standard coordinates
as a function of time.

68



6.3 New Algorithm: Tracklet Linking

400 10
© 97046D
350 / o 94056A s
@300 B olf
3 S |
= 250 g
S = 5
2 200 £
8 <
§ £ -10
S
£150 8
=] -15
100
50 20 o 97046D
o 94056A
0 -25
0 1000 1500 0 500 1000 1500
time (min) time (min)

(@) (b)

> 97046D
0.1/l ° 94056A Lase®

© 97046D
o 94056A

i\

Y nor.coord.
X nor.coord.

Y nor.coord.
Y
o o
[

\\X

o
%
o
Ll
@
@
@
@
&
A
&
;ﬁé
&
G

-0.15]
-0.2
. = E 025 .
0 0.2 0.4 0.6 0.8 1 500 . 1000 0 500 1000 1500
X nor.coord. time (min) time (min)

(© (d) (e)

250 200

I 94056A I 97046D
200
150
g 150 g
~ ~
g g
= = 100
S S
2100 g
@ @
50
50
0 [0}
0 100 200 300 400 0 100 200 300 400
true anomaly [deg] true anomaly [deg]

) )
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a theoretical observation over 24 hours. Figure 6.7c shbevéiniked tracklets in normal coordinates in
the tangent plane. The first object position of each trac¢piears at the origin of standard coordinates.
Figure 6.7d and 6.7e show the x and y standard coordinatefuastion of time. The tracklets contain
in average 180 object positions, which corresponds to 18@it@s. Independently of the inclination, not
more than eight tracklets for the 24 hour observation haem hermed. The algorithm is able account
for moderate deviations from the linear movement, becausedlocity vector is dynamically updated
during the linking process. Linking fails, if the deviatifiom the linear movement is getting too large
and if the difference from the initially chosen and not ugdaprojection center are affecting the results.

The results of the linking are illustrated in Fig. 6.8 for tB&O objects with eccentricities ef ~ 0.5

and in Fig. 6.9 for the objects with~ 0.8. About 90 different tracklets were linked in all cases. Eher
are huge differences in the length of the tracklets. Formbsiens around the apogee the length of the
tracklets is of the same order as for GEO objects, as Figgeadid 6.9f,g show. For GTO objects with
moderate eccentricities all tracklets with anomalies @&r@®00 and below 50 degrees are longer than 80
minutes. For objects in high eccentricity orbits trackletsger than 150 minutes occur for anomalies
larger than 320 and below 30 degrees.

Figure 6.10 shows the results for the two GPS satellitesw8&at 19 and 21 different tracklets were
created. The apparent deviation from the linear movemestaindard coordinates are smaller for the
GPS satellite than for the GTO objects, which are be due tsrialer eccentricities of the GPS orbits.
The GPS observation tracklets are of comparable lengthadv@nomalies because the eccentricities are
smaller than for the GTO objects. The algorithm is usefulliftking MEO object observations up to
series of about two hours.

Figure 6.11 shows the links of the ephemerides of VanguaadlEO satellite. The algorithm is by
no means optimized for LEO environment. 414 tracklets werméd. For the LEO environment the
algorithm would have to be adjusted. Short observatioresdselow ten minutes can successfully be
linked depending on the anomaly and eccentricity of theatbgyven without additional adjustment. The
algorithm in its present form is however not recommended.E® observations.

6.4 Performance Comparison with the ESASDT

The performance of the new algorithm is compared to that@btti one. The results of two nights of the
Tenerife campaign 2006 (January 26 and August 25) were ssad example. The manually corrected
(") tracklets of the former algorithm were compared with titzeklets of the new algorithm, which were
automatically processed without manual corrections. &kl shows the results.

The new algorithm represents an improvement for all ingastid categories. The third column shows
that the number of correct tracklets increased. Column twaws that, in total, fewer tracklets were
linked. This is due to the fact that the number of wrongly éidkracklets could be slightly decreased.
The large majority of remaining erroneously linked tratklare tracklets that consist of two candidates
only, as the comparison of column two with column five revedlke link over the apparent drift and
pseudo-inclination limit only is even with the additionaljastments is not powerful enough to reliably
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version sets correct correct wrong sets images/ manually  high incli-
sets sets>3im. >3im. correct set corrected nation

old 893 151 112 108 4.11 31% 0

new 781 158 121 2 4.19 0% 5

Table 6.7: Performance comparison of the old and new alforifor object image linking. Two nights of the
Tenerife Campaign 2006 where analyzed with in total 117 nMagi®n series.

link tracklets of two true object images only. Only slightgmovements were achieved.

The new method reveals its strength when linking trackleth three and more candidates. As the
fifth column shows, the number of erroneously linked traiskigith three or more object image candi-
dates was radically reduced. Only two erroneously linkadiliets were created with the new algorithm.
Both were tracklets with three object images, whose rootrsgaare of the first orbit determination was
below 2.5 arcseconds, indicating that a real object wasdodncloser investigation however, showed
traces, which are typical for cosmics. Erroneously linkeatklets with more than three object images
do not occur.

The improvements indicated by column four are significartte iumber of correctly linked tracklets
with three or more candidates is significantly higher for tiegv algorithm. Those also includes track-
lets, which were also formed with the old algorithm, but éstexl of two images only. Column six,

representing the number of images per tracklet, shows tie sffect. The new algorithm links more
object images per tracklet, which improves the quality efsbbsequent orbit determination.

The last column illustrates another advantage of the newritthgn. The old algorithm links only images
of objects with an apparent movement within the drift andupseinclination limits. The new algorithm
links also the images of objects with any constant appargotity and pseudo-inclination rates as long
as at least three object images are available. This resditsiadditional tracklets in only two nights. A
new object class, which was ndétectablebefore because of the limitations of the old tracklet lirkin
algorithm is now accessible for detection.

The new algorithm requires no manual correction of the teask(column eight), a distinct advantage.
With the old algorithm about one third of the tracklets ¢tdld to be manually corrected, because cosmics
and real object images were mixed up within one tracklet @ges of the same object were split into
two different tracklets because of a gap. No manual cooestare needed for tracklets with three and
more object images, the amount of manual corrections foklgts with only two object images could
significantly decreased.

A few examples are provided to illustrate the performancéheftwo algorithms. The examples stem
from the Tenerife campaign of 2006. No manual correctionsew@ade. True object images are marked
with a blue box.

Figure 6.12 shows object images, which vary heavily in isitgnfrom one frame to the next. Whereas
the old algorithm cannot link all object images correcthe hew algorithm solves this difficulty without
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(a) old algorithm

(b) new algorithm

Figure 6.12: Link of object images varying significantly inghtness.

(a) old algorithm

(b) new algorithm

Figure 6.13: Images of the same object are linked in two wffetracklets by the old algorithm because of a gap.

(a) old algorithm

(b) new algorithm

Figure 6.14: A cosmic is linked with object images by the d¢gbethm.

(a) old algorithm (b) new algorithm

Figure 6.15: The new algorithm links more object images ttienold algorithm.

L] -l e] _ __lroees

(a) old algorithm (b) new algorithm

Figure 6.16: The new algorithm links the tracklet of an objaca high inclination orbit.
manual corrections.

Figure 6.13(a) shows two tracklets (second and third tedfktonsisting of object images of the same
object. The old algorithm links the images in two differemicklets because one object image is missing
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(a) old algorithm (b) new algorithm

Figure 6.17: Less erroneous tracklets are linked by the nigwrithm, in addition, images of an object in a high
inclination orbit is linked.

on one of the frames (gap). The new algorithm handles gapBrésdhe images correctly to one track-
let. Furthermore, one additional object image is corrdatked (second tracklet).

Figure 6.14 shows the images of one object, which are splitvin different tracklets (first and last
tracklet (a), first tracklet (b)) by the old algorithm. In teecond tracklet a cosmic is embedded in a
correct tracklet instead of a leaving a gap (object imageveied by a star trail on the frame and was
not detected). The new algorithm handles gaps and in addiib@s not embed a wrong candidate into
the tracklet.

Figure 6.15 reveals that the old algorithm can link only tvijegt images (second tracklet (a)), whereas
the new algorithm links four object images (first tracklef) (bn addition fewer erroneously linked track-
lets occur.

Figure 6.16 and 6.17 illustrate that the new algorithm i abl detect new tracklets. The new track-
lets consists of the images of objects in high inclinatiobitsy which could not be linked with the old
algorithm. The first orbit determination of a circular orbéveals an inclination of 52.99 and 69.97
degrees, respectively, for these objects.

6.5 Conclusions

The new algorithm for object image linking represents aificant improvement compared to the old
one, which has been used in the automatic processing of tAS BS. The number of erroneously linked
tracklets was greatly reduced and only for tracklets with t&ndidate images manual interactions are
required. For the ESASDT, with a worst case scenario of 6didates per frame, three object images
spread over at most five frames are sufficient for a save watikk. A save tracklet link is defined to
have a probability of incorrect linking of candidates ofdl0.5 percent. For frames made by telescopes
with a larger field of view with several hundred of candidateseach frame, four object images spread
over five to six frames are required for a save tracklet ligkiAlternatively a velocity limit can be im-
posed. With a velocity limit of 15 arcseconds per second a gaecklet linking is achieved, even if only
three object images spread over five frames acquired witlacirgp of one minute between subsequent
observations are present.

The algorithm assumes a constant apparent linear moverhéim¢ @bserved objects over the frames
during the observation series, but it accounts for smaliedien from the linear motion, because the ve-
locity vector is updated during an successful linking pssceObject images of observation series of 180
minutes duration with one observation every minute couldumessfully linked in the simulated GEO
object observations. The studied images of GTO objectsdcoelcorrectly linked, when the objects
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were observed around perigee. The performance of the tidgovias comparable to the GEO case if the
observations referred to true anomalies larger than 32@ede@nd below 50 degrees. For GPS satellites
the simulation showed that a correct linking took place fosarvation series shorter than two hours. For

LEO observations a correct linking of object was not possibt observation series longer than a couple
of minutes.
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7. Catalogue Correlation of Optical
Observations

Hell is other people.

Jean-Paul Sartre

7.1 Introduction

The next processing step is the correlation of trackletschvhave been identified on observation series
in the previous processing steps. A tracklet is a series n$alg spaced astrometric positions of one
object. A tracklet normally spans a time interval of a few atés only, which is not sufficient for the
determination of a full six parameter GEO orbit: A one mintitee interval covers only a fraction of
1/1440 of a GEO orbit. For comparison, for a minor planet \sitievolution period of four years, a frac-
tion of the orbit of 1/1440 corresponds to a time interval oé @lay. For a reliable orbit determination for
a minor planet, an orbit determination over a fit interval b§ervations of two weeks is required, which
is about 1/120 of the orbit. For a GEO object, this correspdndh fit interval of 15 minutes. For an ob-
jectin LEO object with a revolution period of 90 minutes, arfterval of one minute is already sufficient.

The tracklet correlation addresses two different taskdchvhre tightly interwoven: One tasks con-
sists of correlating single tracklets directly with eachest in order to decide, which tracklets belong to
the same object. A full six-parameter orbit can be deterthimith the correlated tracklets. These orbits
may be compared using the orbital elements of a cataloguelér to identify the object and/or to update
the six parameter catalogue orbits.

Alternatively, tracklets may be correlated with cataloglsga directly. The catalogue data is either
generated with single tracklets and consists of restrigtbis only, or with a series of already correlated
tracklets, and consists of six parameter orbits. The ctiogl may be performed with restricted orbits
from the single tracklets with the catalogue orbits. Aledively pseudo-observation tracklets are gener-
ated from the catalogue orbits and correlated with the ahdc position of the tracklets. The identified
tracklets may be used to update the catalogue orbit.

The selection, which approach is preferred is tightly ealab the specific observation scenario, which
is followed. Two observation and tracklet correlation soés for the detection of new objects and for a
catalogue development from scratch are outlined here Yari@fhe is the so-calledurvey and follow-up
strategy the other thesurvey-only strategy
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Both methods start with so-called surveys: Declinatioipss of the sky are scanned in order to cover
an orbital region with the available field of view (FOV) of tkelescope. From these frames tracklets
are extracted. In theurvey and follow-up strategy restricted orbit is determined with each detected
tracklet. Follow-up observations are tasked with the imfation of the restricted orbit in real time. The
new tracklet, which is acquired in the follow-up observasipis correlated with the catalogued restricted
orbit. For the tasked follow-up observations the schedubifithe observations in dependence of the
available field of view, is crucial, because only a restdabebit is available. Musci [65],[67] studied the
scheduling of follow-up observations based on a circulat trbit from a single first tracklet for GEO
and GTO objects for the ESASDT with a FOV@f/ x 0.7 degrees. In this setup, follow-up observations
within half an hour are necessary to re-detect the objeiethiglin the follow-up observations. Several
follow-up observations within the first night are necesdaryeliably re-detect the object in the second
night, because the first six-parameter orbit based on theraditsons of a single night has not yet the suf-
ficient accuracy for a reliable re-detection after seveagisd An orbit is obtained using the observations
of two subsequent nights. This orbit allows to re-detectaibiject after two to three days. Alternatively,
follow-up observations for objects with a low area-to-mee every 30 days are sufficient to maintain
a so-called secured catalogue orbit for the object, whildwal re-detection after longer time periods.
All correlations have to be validated by a six-parameteit alftermination after correlation.

Alternatively, the tracklets without specifically taskedservations in aurvey-onlystrategy may be
correlated. Depending on the strategy, tracklets of theesalpject are gained several times within the
night or only every second or third night. The numerous tietskare gained and then correlated with
each other without further information. Prominent solasido this problem are provided by Milani and
Tommei [61],[89]. The starting point for both methods is #ane: Each tracklet contains position and
apparent velocity information. This information may be madailable in the inertial frame and stored

in a four dimensional vector, called attributable [61]. Baand range-rate are then expressed as under-
determined functions of the attributables.

Tommei [89] calculates so-called admissible regions farheaf these attributables. Admissible re-
gions are comparable to a confidence region in classical deérmination. The admissible region is
determined by imposing sensible energy constraints onlibed movements of the object and lim-
iting the orbits of objects to certain orbital region, for iaintracklets shall be correlated, via limits on
the semi-major axis. Numerically generated swarms of &irippace object clouds are generated within
the admissible region in a next step. Using Delaunay trikatigun [13], those virtual swarm objects are
nearly optimally distributed over the admissible regiorar Each object of the swarm an orbit is cal-
culated and propagated. Due to the shortness of the trackietse orbits are erroneous. Tracklets are
correlated, if two criteria are met: The covariances of tHataleterminations overlap and a so-called
attribution penalty is met. The attribution penalty is a swea of how well the different attributes match.
The limit of the penalty function is empirically determinethe whole procedure of tracklet correlation
is recursive: a third tracklet is correlated in the next stgbich is called attribution. Duplicates have
to be removed after attribution, which result from the difat order, in which the same tracklets are
correlated in the recursive course of the method.

Milani [60] proposes a slightly different approach to ctate the attributes. For the different attributes a
two body orbit is assumed, implying a constant angular mauomerand energy. This leads to equations
for range and range rates, which have in general 48 diffey@ntions. Up to eleven solutions are still

present, after removal of unphysical and spurious solstidrhe overlap of covariance matrices is cal-
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Figure 7.1: Sensor distribution of the USSTRATCOM Spacedilance network.

culated for the remaining solutions. Solutions are refidfethey have a penalty function above a user
defined limit. The limit is empirically determined. The peature is used recursively with attribution,
duplicates have to be removed afterwards.

The procedure proposed by Tommei is thought to be valid &mktets, stemming from the same orbital
revolution (same night). The algorithm by Milani should daeato correlate tracklets from different
revolutions. It is probably only limited by the assumptidnadwo-body orbit. A two-body orbit is as-
sumed to be sufficient for low area-to-mass ratio objectsE®@rbits up to ten revolutions (days). Both
tracklet correlation algorithms, the one by Tommei and biakli have been tested with the tracklets of
the surveys with tasked follow-up observations, which Hasen gained by the AIUB with the ESASDT
in 2007. Only the tracklets were provided, no further tagkinformation was given. Both algorithms
were able to correlate a large number of tracklets. Thengss¢heme of the ESASDT with survey and
tasked follow-up observations provides many densely spaaeklets spread over short time intervals.
The data can only be used for a zero hypothesis testing faltjoeithms. Details may be found in [89]
and [60].

Different approaches are feasible, if the main objectivadsa catalogue development from scratch,
but the correlation of tracklets with a known precise, sixgmeter orbital element catalogue. For satel-
lites and space debris, several large orbital elementatptab exist. A publicly available catalogue of
orbital elements is provided by the United States Strat€gimmand (USSTRATCOM). USSTRAT-
COM is one of the ten unified commands of the US Department ééide. Through its Joint Space
Operations Center (JSpOC), it operates a space surveillaemvork of 29 sensors. The locations and
types of the sensors are shown in Fig. 7.1 [90]. The USSTRAVIC@alogue provides orbital data in
the two-line element (TLE) format.
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7 Catalogue Correlation of Optical Observations

The DISCOS database (Database and Information System cidzang Objects in Space) of the Eu-
ropean Space Agency (ESA) is partially based on data supplieUSSTRATCOM [14]. It provides
the data of USSTRATCOM catalogue in TLE format together veitiditional information, e.g., object
type. No additional data with respect to the orbital elemant provided. The USSTRATCOM/DISCOS
catalogue holds as of today the orbital elements of 16 00&ctbpf different quality. It is regarded to be
complete up to an object size of ten centimeter in LEO and ogtemmn GEO. No covariance information
is available through DISCOS/USSTRATCOM.

AlIUB holds a small database of orbital elements of object&E0O and HEO, which are not listed in
the USSTRATCOM/DISCOS catalogue. Many high area-to-mase (HAMR) objects are contained
in the AIUB database.

Different orbital accuracies are required for differentgmses. An accuracy of the predicted catalogue
data of half the FOV is required for observation planningt the ESASDT this would be 0.35 degrees,
which corresponds roughly to 220 kilometers in GEO, abowddteles are required, e.g., for ZIIMSMART.
The accuracy, required to safely identify the cataloguedbjin the observations depends crucially on
the density of the object images on single frames. Sateliitelusters like, e.g., the ASTRA clusters,
have, on average, a spacing of 0.08 to 0.11 degrees on thevatise frames, which corresponds to
roughly 60 kilometers in GEO. This would require an accuratgbout 0.05 degrees, to correlate and
identify the different objects reliably. Clusters curilgntepresent the most dense GEO regions. The
situation is different in other orbital regimes. The accyraf orbit prediction (at least over short time
intervals) must be of the order of 6 arcseconds correspgnidirl.7-10~2 degrees for spectrographic
measurements, to keep faint objects in the spectrograpfosk long enough time period [85]. This
accuracy corresponds one kilometer in GEO. For reliablisam avoidance an even higher accuracy
below the level ofl0—2 degrees (below one kilometer level in GEO) is required.

Specific difficulties are encountered in the catalogue tatiom of optical observations. Only astromet-
ric data can be extracted directly from the observations.ofit determination is necessary to obtain
information concerning the distance to the object. Thik lafcrange data is crucial for catalogue corre-
lation.

The correlation with catalogue data within the ESASDT pssagg is documented in Section 7.2, where
two different algorithms are compared. The algorithms aseld on the orbit determination and predic-
tion methods, as they are already available in the real timegssing of the ESASDT.

Section 7.3 discusses in detail the propagation of USSTRAWDISCOS data with the specific limi-
tations of the TLE format. In Section 7.4 the orbit deterntiorabased on AIUB observations and their
prediction are investigated under various conditions. fieglicted ephemerides are compared to AIUB
observations, correlated with the newly developed algorjtas described in Section 7.2.2.

7.2 Catalogue Correlation in the ESASDT Processing Pipeline

The tracklets, which are found in the processing of obsematof the ESASDT with the automatic pro-
cessing pipeline, are correlated with with external capaés after a first orbit determination of a circular
orbit with the single tracklet has been performed. The ogta for the correlation is assumed to be in

82



7.2 Catalogue Correlation in the ESASDT Processing Pieelin

TLE format or to consist of osculating elements to a specjfiach. No covariance information is avail-
able in the TLE data format. USSTRATCOM/DISCOS cataloguehizsen as external catalogue. The
correlation is performed with that TLE set whose referenoech is closest to the specific observation
epoch.

7.2.1 Old Algorithm: Correlation Using Orbital Elements

The old algorithm for catalogue correlation was developgtUbHugentobler in 1997 [38]. The orbital
elements of the catalogue object are compared to the odddaients of the first (restricted) orbit de-
termination of a single tracklet. The orbital elements, chhinay be used for the correlation are: the
semi-major axis, the eccentricity, the inclination, thghtiascension of ascending node weighted with
the inclination, and the geocentric latitude and/or lamgdgt of the object at the observation epoch. The
longitude and latitude are determined through ephemedalesilated with the catalogue data for the ob-
servation epoch of the first observation within each tracKlée right ascension of the ascending node
of the orbital elements of the catalogue objects is not ptedito the observation epoch. Usually, the
eccentricity, the argument of the perigee and the mean dgamanot used in the correlation process.
Eccentricity and argument of perigee are excluded, beoanigecircular orbits were determined in the
previous processing step. The mean anomaly is not usedjd®ités likely to contain along-track errors.

The correlation using orbital elements is rather succe$sfusEO objects, due to their nearly circu-
lar orbits. It is, however, impossible to correlate orbitghwsignificant eccentricities. Determining
circular orbits for tracklets of objects on highly eccemwibits leads a to significant mis-modeling of all
orbital elements: not only the eccentricity, but also themmotion and as a result the semi-major are
erroneous. For further details consult Musci [63].

The correlation algorithm is based on the differences betwtbe estimated orbital elements and the
catalogue elements. Four quality levels are defined as aumecsfis the correspondence of the elements.
Quiality level one correlations are assumed to be corredtifimtions of the tracklets with the catalog
objects. The allowed deviations in orbital elements hawnletermined empirically.

7.2.2 New Algorithm: Correlation Using Astrometric Positions and Velocity

The new algorithm correlates the observed tracklets wighctitalogue not via orbital elements but di-
rectly using the observed astrometric positions and appasocities, which is independent of a re-
stricted first orbit determination with a single tracklet.

The catalogue objects are predicted and ephemerides ardatall for each observation epoch. The
propagation of USSTRATCOM/DISCOS orbits is discussed ictiBe 7.3, the orbit determination and
prediction with the CelMech tool of the AIUB observations3action 7.4.

The correlation is performed via a nearest neighbour detisThe distance between the observations
and ephemerides are determined in the following values:ahlyalar distance on the celestial sphere, the
along-track distance, the cross-track distance and thie &iegween the velocity directions. All values
are weighted and used to determine the smallest distaratasttne nearest neighbour.
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Figure 7.2: Angular distance between catalogued (A) andceoled (B) position on celestial sphere.

The values are calculated as the following: The cataloghermgrides are transformed in the topocen-
tric system of the observations. The angle between therastrit positions and catalogue ephemerides
is determined and decomposed in an along-track and ctads-tomponent. This decomposition is

performed in the tangent plane on the topocentric celespiaére (so-called standard coordinates [27]),
as illustrated in Fig.7.2. The along-track and cross-trdiskance may be scaled with the topocentric
distance of the catalogue object. The angle between thetidineof movement in the tangent plane is

determined from the astrometric positions and the cata@gphemerides.

Three remarks: The ephemerides are not projected direntth® CCD-frame to compare them with
the astrometric positions (as done by F. Paolillo [69]),edrdependent of the specific observation sce-
nario, which would may not allow to determine apparent vidiles of the observations.

More precisely, the along-track and cross-track distamteden the catalogue and observed astrometric
position could be determined on the (topocentric!) ceddsiphere in projecting the catalogue orbit on
the sphere and calculating the intersection point of thgepted orbit with the great circle though the
measured astrometric positions. Distortions may be inited by the projection of elliptical orbits, and
by the fact that only the topocentric sphere is availableis Tas not been done, since the distances
between observed and catalogued position in along-trackogs-track direction regarded here, are well
below 2 degrees. The difference between the calculatioftat) tandard coordinates or on the celestial
sphere is of the order of half a kilometer for objects in GE§atices at a difference of two degrees:

. . 2°
on celestial sphere in GE% - 27 - 36 000 km = 1256.63 km (7.2)
in tangent plane in GEO: té2°) - 36 000 km = 1257.15km (7.2)
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7.2.3 Implementation and Performance Comparison
7.2.3.1 Implementation of the New Algorithm

Empirical values for the distances have been determinedtindy using USSTRATCOM/DISCOS TLE
catalogue data. The details of are discussed in SectionTh®y are: 0.16 degrees for the angular
distance on the celestial sphere80 kilometers in along-track direction, 55 kilometers ings-track
direction, a deviation of 0.05 millidegrees per second friation in absolute velocity, and of maximal
one degree in angle between the direction of velocity of #talogue and the observed object. Different
weights are applied to the parameters in the correlatioogas) the highest weight is given to the angu-
lar, along-track and cross-track distance, as well as tedlaity angle between the apparent directions
of movement.

In the current implementation, the algorithm selects aatizally the best possible correlation if various
satellite ephemerides are in the vicinity of the observetivia nearest neighbour decision. So-called
gualities are assigned to the correlation with differenalcegue objects. Four different correlation qual-
ities are available. The quality one correlated object saiased as being the correct identification with
the catalogue object. The correlations of lower qualitydisplayed for information for the user. If more
than one catalogue object passes all criteria of quality amadditional consistency check is performed:
only the correlation with the smallest differences is selécall others are de-selected and are only dis-
played for user information.

The correlation algorithm has also been implemented in iheSEIART routine processing after the

successful implementation of the correlation algorithnthimn ESASDT processing,. Details on the pro-
cessing of ZIMSMART data can be found in J. Herzog et. al..[32]

7.2.3.2 Performance Test of the New Algorithm

Three performance test has been made with the new algorihist, he was tested in comparison to the
old algorithm on survey data of the ESASDT, then in correlatihe observations in ASTRA satellite
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clusters, and finally, in the routine processing of the olat@ns of the ZIMSMART telescope.

Per formance Comparison with the old Algorithm: The performance of the old algorithm, which cor-
relates the tracklets using the orbital elements of therohét@tion of a circular orbit of a single tracklet,
is compared to the newly implemented algorithm, corregptiacklets using the astrometric position and
velocities in the tangent plane. The ESASDT campaigns franudry to March 2008 have been repro-
cessed with the new algorithm and compared to the resultseadit algorithm. All tracklets that have
been detected in the campaigns are shown in Fig. 7.4 as adimaftthe averaged apparent magnitude
of the tracklet. The tracklets, which could be identifiedhilie USSTRATCOM/DISCOS catalogue are
marked agorrelated in the figure. The tracklets, which could not be successfidtrelated, are marked
asuncorrelated A larger number of tracklets could be correlated with the alyorithm compared to the
old one, especially in smaller magnitudes. A large numbdramklets remains uncorrelated, especially
in higher magnitudes. This may not be a deficiency of the d@lyor The AIUB tasks the ESASDT
to follow-up the newly detected objects and determinesdiliparameter orbits as soon as additional
tracklets are available. The secured six parameter ovldiieh are determined with the follow-up obser-
vations, allow a reliable correlation with the catalog gsorbital elements. This comparison confirms
that many objects detected by the AIUB are not listed in th& USATCOM/DISCOS catalogue.

Figure 7.5 shows the frequency of detected uncorrelatedcanélated tracklets as a function of the
mean motion in revolutions per day. The mean motion was éed in a circular orbit determination

using single tracklets only. The mean motion of observatiohobjects in high eccentricity orbits are
likely to be mis-modeled. One revolution per day corresaiodcontrolled GEO objects. Far the most
correlated tracklets, which were found by both algorithragena mean motion of one revolution per day.
The old algorithm could correlate only very few trackletfthamean motions significantly different from

one revolution per day, the new algorithm found catalogueatb within all ranges of mean motions.
The plot is consistent with the fact, that the new algoritlsnadtually able to correlate objects in non-
GEO orbits with catalogue objects.

Satdlite Clusters. Satellite clusters are the most densely populated regi@bE®, as of today. The
catalogue correlation of observations of satellite chssighighly demanding, because the angular spac-
ing of the satellites is in the order of the catalogue acgurdte Space Surveillance Network itself
sometimes intermingles observations of satellite clgstes D. Vallado showed [92].

ZIMSMART observes clusters on a regular basis in cataloglhgesidents of the geostationary ring
with low inclinations. Both ASTRA clusters (longitude 2819 degree east), which consist of four and
five satellites, respectively, were observed and cormlaftigh the new algorithm. An orbit was deter-
mined with the tracklets that could be correlated. The sitigicklets can be uniquely assigned to each
other via orbit determination, when the rms in the orbit dataation is below 2.5 arcseconds, as R.
Musci in [64] pointed out. This is even the case for objectedry similar orbits like objects in clusters
[64].

The results of the correlations are shown in Tab. 7.1 for tle @luster (longitude 28 degrees East),

and in Tab. 7.2 for the second cluster (longitude 19 degrast EThe tracklets, which were detected are
assigned the namesH, with n being a consecutive number, referring to the olideghich the tracklets
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Table 7.1: ASTRA Cluster at longitude 28 degrees: Corretatif observed tracklets (T) at three different epochs
[MJD] with rms of the orbit determination; “no cor” means atizer object was on the frames, which could not be
correlated, “-” means no other object was detected on thees.

COSPAR 54887.876 54887.961 54888.153 rms

00054A T3 T4 T1 0.62”
00081A T1 T1 T2 1.41"
98050A T2 no cor -

01025A T4 T3 T3 0.58"

Table 7.2: ASTRA Cluster at longitude 19 degrees: Corretatif observed tracklets (T) at three different epochs
[MJD] with rms of the orbit determination; “no cor” means atizer object was on the frames, which could not be
correlated, “-” means no other object was detected on thees.

COSPAR 54866.052 54866.803 54867.185 rms

96021A T1 T6 T3 2.01
06012A T2 T1 T2 1.41”
99033A T3 T3 T5 1.41”
97076A T4 T2 T6 0.43”
07016A - T5 no cor

were detected on the observation series. The trackletsaserglated with the new correlation algorithm
with USSTRATCOM/DISCOS data, independently for each olet@n series. An orbit determination
of the tracklets assigned to the same catalogue object lesrerhade. Table 7.1 and 7.2 show the obser-
vation epoch of the first observation within each trackleMidD, the rms of orbit determination of the
tracklets which were correlated with the same cataloguecbl arcseconds, and the COSPAR number
of the correlated catalogue object for both ASTRA clusté&shyphen indicates, that no more objects
were detected on the frames of the observation series, adriandicates, that there was at least one
other tracklet detected in the series, which was not cde@laith one of the ASTRA satellites by the
algorithm.

In the first cluster (Tab. 7.1) three of the four ASTRA sateflicould be correlated and the orbit de-
termination was successful. In the second cluster (Tapf@2 of the five ASTRA satellites could be
correlated. The orbit determination was successful, too.

In both cases, orbit determination was also performed witithe tracklets that could not be corre-
lated with a catalogue object. The orbit determination wassnccessful. Orbit determination with the
tracklets, which were not correlated and the tracklets tdlogue objects, for which only one tracklet
could be correlated, were not successful either.

The correlation test with densely spaced space objects,tkegASTRA clusters, showed, that the al-
gorithm performs well even in extreme situations. An impattfactor for the correct correlation is that
a decisions is enforced: Two tracklets on the same frameotd@correlated to the same object, but
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Table 7.3: Correlation differences of two observation kiats (Tracklet 1 and 2), detected in the same observation
series, with TLE ephemerides of the ASTRA Cluster sateditttongitude 38 degrees. The correct correlations are
printed bold. Displayed are the distances in along-trackss-track direction in angular distance on the celestial
sphere, the distances in absolute velocity and the angledsat the apparent observed and computed velocity
angle averaged over all observations within the tracklet.

COSPAR along-track (km) cross-track (km) ang.dis. (deg) loaity angle (deg)

Tracklet 1

96021A -44.340352 16.536518 0.070965 0.087285
06012A -53.942924 23.683406 0.088290 0.103623
99033A -89.884070 40.227332 0.147853 0.132208
97076A -26.053264 2.553318 0.039303 0.133615
07016A -42.586437 1.008498 0.063835 0.103043
Tracklet 2

96021A -27.849129 7.131953 0.043121 0.091336
06012A -37.494544 33.179749 0.074852 0.131215
99033A -73.323011 49.499337 0.132756 0.067809
97076A -9.478112 6.695677 0.017448 0.067840
07016A -26.138171 10.499939 0.042072 0.129454

the best fit is selected if two or more catalogue objects gasstandard criteria for correlation. This
best fit is not only determined by position distances onlythe full velocity vector information is taken
into account, too. An example of the correlation of one olet#n tracklet is displayed in Tab. 7.3. The
correctly correlated object is marked in bold fond. Botheskation tracklets were on the same obser-
vation frames. The correct decision for the correlationhef object 97076A with the second instead
of the first tracklet was cross checked by successfully atbiermination. The velocity information
was necessary as additional information in combinatiom whe position distances to select the best
fit. See Section 7.3.3.1 for further details on the empiritiermination of distances between catalogue
ephemerides and observations, and the velocity angleamcur

Routine Processing of ZImMSMART data: The new correlation algorithm is used in the routine pro-
cessing of ZIMSMART data. All correlations are checked bylbsequent orbit determination. Only
around 2.2 percent of all correlated tracklets were wrorglyelated in the observations between 2008
and 2010. The wrong correlations also include the cormatiith one experimental AIUB catalogue.
This AIUB catalogue contains orbits, which are based on thé& determination using a single tracklet
only or orbits of of poor quality due to long prediction timasd large gaps in the observation data.
Details can be found in J. Herzog [32].

7.3 Correlation with Two Line Element (TLE) Catalogue Data

7.3.1 The Format

The TLE format is a fixed format, which was originally devedopfor punch cards. For every entry a
fixed number of columns is reserved, including decimal point
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Figure 7.6: The two line element set (TLE) format [91]. Shédells do not contain data, S indicates that the
cell is either blank or a sign, eithet, can be displayed, E is the exponent to the base 10. Ecciéptritean
motion derivative and Bstar imply decimal points beforefils digit. The mean motion derivative is divided by
2, the second derivative by 6. The units of the first and sedenigative of the mean motion arev/day? and
rev/day3.

Subsequently each entry is briefly explained [91], [10]:

1. The first number in each row indicates the row number. The fbicmat consists of two rows.

2. The satellite number is the NORAD number. NORAD standsNorth American Aerospace
Defense Command and is a joint organization of the UniteteS&nd Canada. NORAD maintains
an own catalogue of artificial earth orbiting objects, chBTARCAT. NORAD assigns continuous
numbers to objects according to their first observation.dat a valid two line element set the
NORAD number has to be repeated in the second line.

3. The class indicates, if the object is classified or uniflads All publicly available data is unclas-
sified. An empty entry indicates unclassified data.

4. The international launch designator is assigned by thed/mata Center-A for rockets and satel-
lites (and parts thereof) in accordance with the intermafi€onvention on Registration of Ob-
jects launched into outer spac&he World Data Center-A cooperates with the North American
Aerospace Defense Command (NORAD) and the National SpdeacgcData Center (NSSDC)
of the National Aeronautics and Space Administration (NASKe first two digits of the launch
designator represent the year of launch, the launch nunilibabyear, which is counted contin-
uously within one year, and three digits reserved for Isttepresenting the pieces of the same
launch.

5. The epoch displays with the first two digits the year, with hext three digits the day of the
year and after the decimal point the fraction of the day inirdatunits. The epoch starts at UT
midnight and is measured in UTC.

6. The mean motion derivative has an implicit leading detinaént before the first digit. It can be
preceded by a signH). It is already divided by two to be used directly in the cédtion of the
resistance coefficient of the SGP/SDP model. Details on GB/SDP models can be found in
Section 7.3.2.
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7.3 Correlation with Two Line Element (TLE) Catalogue Data

7.

10.

11.

12.

13.

The second derivative of the mean motion can carry a sigmpdnent to the base tes). It

is already divided by six to be used directly in the calcolatof the resistance coefficient of the
SGP/SDP model. It is not used for the SGP4/SDP4 model, itlis\aiid for older SGP models.
Its value is often displayed as zero. Details on the SGP/SBdeta can be found in Section 7.3.2.

. Bstar is a drag-like coefficient in SGP4. It is an adjustiterthe physical quantity of the ballistic

coefficient (B.). Bstar is using a reference value for the atmospheric tengi at the height of

one Earth radius. .
AN Repo
B, = — = 7.3
(CD m) 2 - Bstar (7.:3)

with: ¢p drag coefficient A effective cross-sectional area, mass R, earth radiuspy = 2.461 x
10~5kg/m? atmospheric density at one Earth radius.

Bstar is not a physical quantity but a free modeling paraméte value may not be correlated
to drag effects. This is the case in the presence of satellitreuvers, significant solar radia-
tion pressure, atmospheric perturbations, large third/leffibcts, or mis-modeling of the Earth’s
gravitational field. Bstar may have a negative value.

. The ephemeris type determines the model, with which tihermprides were generated. Space-

track Report Number 3 suggests the following assignmentSGP, 2=SGP4, 3=SDP4, 4=SGPS8,
5=SDP8. The field is blank or filled with a zero for all TLEs usmedside of Cheyenne Mountain
Operations Center (CMOC) of USSTRATCOM. All TLE data is gexted with SGP4/SDP4 in
those cases.

The ephemerides number is a continuous data set numbenriented each time a new data set is
generated. This rule is not strictly followed, however.

The check sum number is a number modulo 10 check sum. ok shhm is calculated as the sum
of all digit entries in the current line, ignoring all lettemplus-signs and decimal points. A value
of 1 is assigned to each minus sign. The majority of errorschvare likely to happen in the TLE
generation process, are detected via the check sum.

The entries in the second row of the TLEs contain the arbliements of the satellite orbit: In-
clination in degrees, right ascension of ascending nodeegregs, eccentricity with a leading
decimal point, argument of perigee in degrees, mean anoimaggrees at the epoch displayed,
mean motion in revolutions per day. Those are mean orbigahehts generated with SGP4/SDP4
for publicly available TLE data. The reference frame is aggedric coordinate system using the
true equator and mean equinox (TEME) of the correspondingtep

The number of revolutions at epoch is represented by fgitsd The revolution is counted from
the ascending node onwards. In NORAD'’s convention, whicdepted for the TLE generation,
the time period from launch till reaching the first ascendiagle is counted as revolution zero.
Revolution one begins, when the first ascending node is eglach

The accuracy of the TLE data is limited not only by the obswnag in the Space Surveillance Network,
or the orbit determination, but also by the number of decidigits available in each field [93]. With

eight decimal places the accuracy of the epoch is only atzuato 0.0004 seconds. An object in a
circular LEO orbit at an altitude of 400 km has a velocity db Km/s, it therefore moves by about 3m

91



7 Catalogue Correlation of Optical Observations

in 0.0004 seconds. A GEO object in a perfectly geostatiomanjt has a velocity of about 2.6 km/s.
The error introduced in the position is of the order of oneaneThe eccentricity is specified by seven
decimal places. This introduces an error of the order ©fade corresponding to two meters for a GEO
orbit. The inclination and right ascension of ascendingenark only accurate to four decimal places,
with a simple estimation of the semi-major axis times théimation angle, an estimated error of 6 meters
in LEO and of around 35 meters in GEO can be calculated. Suohseaire simply introduced by the
TLE format.

7.3.2 The Propagators: SGP4/SDP4 and SGP8/SDP8

The development of the Simplified General Perturbation (8@&tel for orbit determination and prop-
agation started in the 1960s and became operational in I8ff& iSpace Detection and Tracking Sys-
tem (SPADATS) Center, located in Colorado Springs, Coloradurther improvements (SGP4/SDP4,
SGP8/SDP8) and adjustments to the different orbital regimere developed and implemented in the
1980s. The description of the different models are takem frtbots [35] and Vallado [91].

The first semi-analytical model, called SGP, is based onwledifferent astrodynamic solutions for
the equations of motion of a near-Earth satellite due to ®es7],[8] and Kozai [51], both developed
in 1959. The gravitational field is represented only by theatdarmonics up to degree five. For the
development of the propagator theory the long- and shoidgierterms, which do not have the eccentric-
ity as an explicit factor, are adopted from Brouwer’s salntiFrom Kozai the convention relating mean
motion and semi-major axis was adopted. The solutions istoamed into non-singular coordinates to
avoid the singularities for small eccentricities and inations close to zero degrees; this approach was
based on a work by Arsenault et al. [3]. An atmospheric dragehbas been included, based on the
ideas of King-Hele [47]. In a semi-empirical approach thiectfof drag on the mean motion is rep-
resented as a quadratic time function, where the coefficiae parameters in the orbit determination.
The time rate of the change of eccentricity is based on thengstson that the perigee height remains
constant as the semi-major axis diminishes.

A first enhancement was performed in implementing an amallytather than an empirical drag model.
A simplified version of the work by Lane and Cranford [52] wagpiemented. The simplification con-
sists of modeling only secular effects of drag. The modehm#n as SGP4. It replaced SGP as the sole
model for the US satellite catalogue maintenance since.1979

In 1977 an extension of the model was implemented for sedaleep space modeling (SDP4) in the
existing SGP4 routines. The approach was based on the wdBowynan [6], who modeled the influ-
ence of the lunar and solar gravity and the resonance effédte Earth’s tesseral harmonics. It was
incorporated as a first order model. In the 1980s a furtheeldpment leading to the SGP8/SDP8 was
performed. Deficiencies in the re-entry prediction of démgybjects of the SGP4/SDP4 models were
mitigated by a closed-form solution based on general trefdsbital element evolution near re-entry.
The SGP4/SDP4 models are, however, still used without ¢xcefor the generation of publicly avail-
able TLEs of USSTRATCOM.

The mathematical foundation of the SGP4/SDP4 model andghatiens are published in Hoots [35].
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7.3.3 Correlating Predicted USSTRATCOM/DISCOS Ephemerides with AIUB
Observations

The TLE format contains no covariance information. No ddddl information concerning the data
accuracy are provided by USSTRATCOM/DISCOS. The accurddheorbit determination itself, as
well as of the predicted orbits is unknown. So-called irsiicrerrors, of the data, have been investigated
e.g., by T. Flohrer [15]. Snapshots of the TLE catalogue waken and state vectors were generated
from the TLE data sets in this investigation. These 24 hoalestectors were used to determine an
orbit. The distances of the determined orbit with respe¢h&TLE state vectors, which were used in
the orbit determination, were determined. In along-tramkss-track and radial direction distances of
0.356, 0.432 and 0.086 kilometers were found for GEO ohjett3.824, 1.367 and 1.056 kilometers for
HEO objects. Intrinsic errors were determined to be 0.102/Dand 0.126 in along-track, cross-track
and radial direction for LEO objects. The intrinsic accyraéthe HEO TLE data is reduced compared
to objects in geostationary orbits. Intrinsic errors areeasure of the theoretically possible precision,
which can be obtained with the SGP4/SDP4 model.

To asses the external errors of the catalogue data, TLE epfias have been compared to high ac-
curacy ephemerides, e.g. to high precision orbits of ojmeralt space crafts, as done by C. Hirose [33],
who compared the USSTRATCOM TLE data sets with the closestlepnd smallest propagation in-
tervals to the high precision operator data of the LEO stelALOS and ASTRO-F of the Japanese
Space Agency (JAXA). The distances between the predictdel ddsitions and the operator data from
the satellites, were of the order of two kilometers on averathe external errors are much larger than
the intrinsic errors of the TLE data sets. Hirose also detksb-callecbad TLE setswhich resulted in
much larger distances than two kilometers. She statedittisatnpossible to decide a priori whether a
specific TLE set isegular or bad

In the absence of high precision data for most of the catalamhject, the predicted TLE ephemerides
may be compared with optical observations. The accuracys&{EDT and ZIMLAT observations is of
the order of 0.5 arcseconds on average, as calibration me@asnts, e.g., using GPS satellites showed.
A value of 0.5 arcseconds correspond to 1044 degrees, which equals in GEO 0.04 kilometers, which
is well below the intrinsic errors for GEO and HEO objectse™ata in TLE format itself is limited to an
accuracy of 35 meters and more (see Section 7.3.1). Theabpbiservations serve as a reference in the
following; a distance between the TLE ephemerides and tserghtions larger than 40 meters cannot
explained by the accuracy of the observations.

The code of the SGP4/SDP4 and SGP8/SDP8 propagators as jittlvkished in Hoots [34] has been
used for the propagation of the TLE data. The distances obliserved astrometric positions and the
TLE ephemerides are investigated as angular distanceseooethstial sphere, and decomposed and
scaled with the radial topocentric distance of the catadogphemerides in along-track and cross-track
direction in the projected tangent plane, as described@®eti2.3.
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7.3.3.1 SDP8 and SDP4 propagation

The follow-up observations of 13 GE®@bjects and eight HE®objects have been evaluated. The ob-
servations have been acquired with ZIMLAT over a time pedbdhore than four years. The verification
that the different tracklets actually belong to the samedijas been performed by orbit determination
with the CelMech tool, see Musci [64] for further details. iF kalidation method is labelearbit val-
idation in the following. In addition, the observations of GEO oltgeof the campaigns from January
to March 2008 with the ESASDT have been evaluated. Thosen@igms have been correlated using
orbital elements of the first circular orbit determinatiamdeof the catalog data via the old algorithm,
labeledorbital elements validatiorin the following. No correlations are available for HEO or GT
objects from the ESASDT via the old algorithm. The TLE setthwhe reference epoch closest to the
observation epoch have been used for the correlation inuibgegiuent evaluation. The TLE data was
propagated with SDP8 propagator. Figure 7.7 and 7.8 iltesthe results of the correlations for the GEO
and HEO, respectively. The correlations with the obsemnatistemming from the ESASDT are marked
in red, the correlations with ZIMLAT observations in bluexgectation values and standard deviations
are determined for each value. The expectation value andatad deviations are unbiased for a normal
distribution of the distances [31].

The expectation values and standard deviations for thda@ngdjstance between the catalogue ephemerides
and the observed astrometric position of the observatibd$\LAT and ESASDT in GEO are:
{ Fangulaczim) = 2.01 - 10~2 degrees

9 (7.4)
Uangula[zim — 1.44 . 10_ degrees

<Eangularesa> —=3.34-1072 degrees 7.5)
Uangu|a[esa: 150 . 10_2 degreeS '

The expectation values and standard deviations for thegdlak and cross-track (absolute value) dis-
tances of ZIMLAT and ESASDT in GEO are listed in the followinghey are scaled by use of the
topocentric distance to the catalogue object.

(Ealongzim) = 11.14kM  cajongzim = 15.36km (7.6)
(Ecrosszim) = 4.80KM  0rosszim = 6.77km (7.7)
(Faiongesy = 20.23KM  caiongesa= 13.55km (7.8)
(Ecrossesa) = 3.8TKM  0¢rossesa= 6.58km (7.9)

The expectation values and standard deviations for theedmefiveen apparent tangent velocities of
the ZIMLAT and ESASDT observations in GEO determined via¢htalogue orbits and the apparent
velocity determined from observation tracklets are:

<Eanglezim> =3.93-1072 degrees

L (7.10)

'Cospar numbers: 78035A, 79105A, 80081A, 82044F, 83089B3%4, 850358, 90061D, 91010F, 92088A, 93073B,
97049B, 99047E
2Cospar numbers: 00016C, 00016D, 00067D, 00068B, 7005552, 88018C, 91015P, 91084C

94



7.3 Correlation with Two Line Element (TLE) Catalogue Data

0.09 ‘ ‘ 60 : ‘
) - orbit validation ) - orbit validation
0.08 > orbital elements validation > orbital elements validation
50 ’ 1
N 0.07 §
6 Y -
£0.06 3 €40
o} 3 <
005 i %
L Q
B £30
D004 ; '
003 © 20
c .
E :
0.02
10
0.01
R S 15 T
g.S 5.35 5.4 5.45 55 8.3
MJD «10"
()
60 T 0.35 ‘
- orbit validation orbit validation
» orbital elements validation v orbital elements validation
50t v i 0.3r q
__0.25} -
E 408 8
S5 > v
% 2 o2t -
830 2 v
‘I-‘ L % . .V . i ..
) : >. 0.15 .- . . g
8 .é " v. . .
G 20f E Al
10t
0 }f-\
53 5.35

(d)

Figure 7.7: GEQ: Distances of observed astrometric and glaled ephemerides position (a) in angular distance
on celestial sphere, (b) along-track, (c) cross-track diien (absolute value), and (d) the angle between apparent
velocities of observed and catalogue object.
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{ Eangleesa) = 5.19 - 10~ degrees

L (7.11)

Tanglezim = 3.94 - 10~ “ degrees
The expectation value and standard deviation for the andigtance between the catalogue ephemerides
and the observed astrometric position of observations MfLAT in HEO are:

{ Bangularzim) = 4.36 - 10~> degrees

,2 (7.12)
Uangu|a[zim — 206 . 10 degl’eeS

The expectation value and standard deviation for the almuk and cross-track (absolute value) dis-
tances of the ZIMLAT observations in HEO scaled with the tgrtric distance to the catalogue object
are:

<Ea|ong_z|m> — 15.28 km Uzim_along — 21.75 km (7.13)

<Ecrosszim> — 13.84 km Ocrosszim — 8.35 km (7.14)

The expectation value and standard deviation for the aragleden apparent tangent velocity directions
of the ZIMLAT observations in HEO determined via the catalegrbits and the apparent velocity de-
termined from observation tracklets are:

_3 (7.15)
Tanglezim = 7.5 - 107~ degrees

The distances between observed and computed positionsetouities are in good agreement between
the ESASDT data and the long term observations of ZIMLAT.diditances are very high, in the range
of ten to twenty kilometers, 0.02 degrees respectivelys Thiaccurate enough to securely re-detect the
objects in follow-up observations with a standard FOV oluaueone degree. But it is by far too inaccu-
rate to safely predict collisions, to plan avoidance maeesior to perform small slit spectral analysis.
All distances are larger for HEO than for GEO objects.

The single observations of the ESASDT and ZIMLAT have an emuof 0.5 arcseconds, as calibra-
tion measurements showed. The velocity angle caused bybdenation error itself is, with a spacing
of 30 seconds between two subsequent measurements for a &€ moving with a velocity of 15
arcseconds per second is:

2-0.5” 1
t ———— | =1.28-10""de 7.16

archan <15” /sec- 30 sec) 510 9 (7.16)
The velocity angle is the only variable, in which the deterad values of the comparison of observations
and catalogue orbits are in the order of the observation #sedf. This suggests that the orbital plane of
the catalogue orbits is determined most precisely.

All distances, that could be found in the previous investigm reveal a large standard deviation of the
same magnitude than the expectation values themselves.efféct is not introduced by a minority of
the observed objects only. The standard deviation as aifunof the expectation value of the angular
distance distances for the GEO and HEO objects of the ZIMLB3eovations is given in Fig. 7.9. The
guality of the TLE data itself seems to vary significantly &irobjects over time.
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Figure 7.9: Standard deviation as a function of expectatialue of the angular distance for 13 GEO and 8 HEO
objects.

It is investigated in the next step, whether the distancferdivhen the identical TLE sets are prop-
agated with SDP8 compared to SDP4. The TLEs of the officialbilable TLE data of USSTRAT-
COM/DISCOS were created with the SGP4/SDP4 propagatorall&ndistances of the ephemerides to
the observations are expected, when the ephemerides gagpted with SDP4 rather than SDP8. The
same TLE sets of the 13 GEO and the 8 HEO are propagated witd BBfead of SDP8 and compared
with the same ZIMLAT observations as before. The distandeEL& sets propagated with SDP4 are
shown in Fig. 7.10 for the GEO objects and in Fig. 7.11 for th&Hobjects.

The expectation value and standard deviation for the andigtance between the catalogue ephemerides
propagated with SDP4 and the observed astrometric posifiobservations of ZIMLAT in GEO are:

<Eangularzim> =2.02-1072 degrees

-2 (7.17)
Uangu|a[zim — 145 . 10 degreeS

The expectation value and standard deviation for the almauk and cross-track (absolute value) dis-
tances of the ZIMLAT observations in GEO scaled with the tmuric distance to the catalogue object
are:

<Ecrosszim> = 4.96Km  ocrosszim = 7.54km (7-19)

The expectation value and standard deviation for the andiggance between the catalogue ephemerides
propagated with SDP4 and the observed astrometric posifiohservations of ZIMLAT in HEO are:

<Eangu|a[zim> — 273 . 10_2 degreeS

» (7.20)
Uangu|a[zim — 186 . 10 degreeS
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The expectation value and standard deviation for the almuk and cross-track (absolute value) dis-
tances of the ZIMLAT observations in HEO scaled with the turic catalogue distance are:

<Ecrosszim> — 644 km Ocrosszim — 645 km (722)

The distances in GEO are slightly larger with the SDP4 thah 8DP8 as Fig. 7.12 shows, which is
unexpected.

In Fig. 7.12 the difference between the distances of therehdens and ephemerides propagated with
SDP8 and of the same observations and ephemerides propagdt&SDP4 is shown for the investigated
GEO objects. Significantly, the differences are very claseero in angular distance, along-track and
cross-track direction till around February 2008 (54516 Aiter that epoch larger differences between
the distances between ephemerides and observations osl¢iséal sphere, along-track and cross-track
direction occur. In some cases, the distances of the epidea@ropagated with SDP4 and the observa-
tions are smaller than of the ephemerides propagated witP83Dd observations in others vice versa.
There is no explanation, what happened after this epoch.pidwse process of the generation of TLE
data of the USSTRATCOM catalogue is not public.

The situation is different for the HEO objects. Propagatioth SDP4 improves the results in general,
the mean values and standard deviations of all distancesaakter. Figure 7.13 shows the differences
of the SDP8 and SDP4 distances on the celestial sphere,rig-titack and cross-track direction for the
investigated HEO objects. The differences are smaller P& propagation in the majority of cases.
The differences are smaller if the same model is used forehemgtion and propagation of the TLE data.

7.3.3.2 Epoch Dependency

A further propagation is performed to investigate the depegy of the distances between ephemerides
and observations on the epoch, which is displayed in the TOBe angular distance distances on the
celestial sphere, in along-track and in cross-track doeare displaced as a function of epoch distance
between the epoch displayed in the TLEs and the epoch of thenadtions in Fig. 7.14 for GEO and
HEO for Fig. 7.14. All TLEs have been propagated to the otat@m epoch with SDP4. First, the closest
TLE sets with the least propagation time was chosen andlatcewith the observations. Systematic
offsets of five and 15 days have been introduced in a next Step:observations have been correlated
with the TLE sets, which were closest to the observation legpdas five and 15 days, respectively. The
distances between observed and calculated positions dargely differ for the closest epoch TLE data
compared to the TLE data with different offset.

This finding is investigated further in a second analysise Bhservations of 48 GEGind three HE®

3Cospar numbers: 82082A, 83028F, 83065A, 83077A, 83089B9®2, 85015B, 85048D, 86003B, 89041B, 90102A,
90112D, 92027A, 92059A, 92088A, 94030A, 94049B, 940820448, 96053A, 96067A, 97009A, 97025A, 97031A,
97049A, 97071A, 98006B, 98013A, 98024, 98035A,00031A,48®) 00052A, 01005A, 01011A, 01024A, 01037A,
01042A, 01045A, 02040B

4Cospar numbers: 98049B, 01025C, 02030B
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agated ephemerides and the same observations of 8 HEO sl§@con celestial sphere, (b) along-track, (c)
cross-track direction.
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Figure 7.14: Distances of 13 GEO objects (a) on celestialesplof (b) along-track (c) cross-track direction for
TLE epoch closest to the observation epoch (blue), closdbitobservation epoch plus five days, closest to the
observation epoch plus 15 days.
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Figure 7.16: Distances in angular distance on the celestjgtiere (a), projected along-track (b) and cross-track
direction (c) with the SDP4 propagator for 48 GEO and 3 HEOeult§

objects observed with the ZIMSMART telescope were selestedhming from surveys of the years 2008
and 2009. Unfortunately, only few HEO observations werdlabie due to the GEO survey strategy of
ZImMSMART. All observations have been correlated to the Tldadset of 21 December 2008. The
propagation was performed with SDP4.

Figure 7.16a shows the angular distances in degrees on li&tiakesphere, Fig. 7.16b the projected
along-track and Fig. 7.16c the projected cross-track iigta as a function of time relative to the TLE
reference epoch. A so-calldulitterfly shape of the distances around the epoch displayed in the TLE
data, which is closest to the observation epoch can be alasénthe along-track distances for the GEO
objects. The cross-track distances, which are absoluteesatlisplay dalf-butterflyshape. Thénalf-
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butterfly shape is not significantly visible in the distances on thest&l sphere. The distances of the
HEO objects are not dense enough for a conclusive statefmgnthey do not seem to contradict the
trend of the distances in GEO. The distances of the HEO ab@etin general larger and show a higher
variation. Variations in the distances occur for all obgecthese results are in good agreement to the
publication of T.S. Kelso [45], when comparing TLE data teqgise GPS orbits in MEO.

7.4 Orbit Determination and Correlation with Ephemerides Data

7.4.1 Orbit Determination with the CelMech Program System

The CelMech program system (Beutler [4]) is used to detesnoirfbits using astrometric observations
of the ESASDT, as well as of ZIMLAT and ZIimSMART. Orbits may fetermined using data from a
single site as well as merged data of different sites. Celiviexs, among other features, the capability
of determining a first orbit without a priori knowledge. ltsal may be used to improve orbits. The
orbit determination and improvement program is called ORBDThe advanced orbit determination
and ephemerides generation tool is called SATORB. Bothrarog are briefly outlined in the next two
sections. For further details consult G. Beutler [4].

7.4.2 First Orbit Determination and Improvement: ORBDET

ORBDET consists of two different steps. A first orbit is detéred without knowledge of a priori ele-
ments in a first step. This first orbit is improved in a secomg st

In the first step, either a circular orbit or a general two bodyit is determined. Usually, a circular
orbit is determined first for satellites and space debriseletermining a circular orbit an initial value
problem is solved.

Two astrometric positions, represented by the vecdigrs = 1,2, from the observer to the object, are
used for the calculation. The two position vectarsefer tot; — d? wheret; is the observation epoch,
d; the distance between observer and observed obje¢taa c is the speed of light. The geocentric
distance to the object is then:

7 =d; - & + Ry, (7.23)

whereR; the distance of the geocenter to the topocenter. The topaxeistanced; may be expressed
by the known quantities by squaring the equation above:

di = ~Fy &/ (B ) = R} 407 (7.24)

For a circular orbit with a radius, 77 can be replaced by the quantity. The geocentric anglé(77%),
between the two vector§ andr is:

L(r173)4(a) = arccos (M) (7.25)
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The same angle/ (7% )4 follows by Kepler's third lawn = /GM (mq + my)/a3, whereags is the
gravitational constant, antl the Earth mass:

K(Flfg)d(a) =n <t1 — @ + t9 — @> (7.26)
The root of the function
B(a) = K(Flfg)g(a) — K(Flfg)d(a) =0 (7.27)

allows it to determine the semi-major axisn an iterative process. The orbital elemerits the right
ascension of ascending node anthe inclination, of the orbital plane are determined ugsingapproxi-
mated angular momentum

Ty — 71

h= 7.28
X P ( )
ha
Q) = arctan | — (7.29)
—hs
1 = arccos (h—_?> (7.30)
I

The argument of latitude; of the first observation epoch and the passing time througtasicending
nodeT; are determined as the following:

cosuy T1,i
a | sinu; | = R1(1)R3(Q2) - | 724 (7.31)
0 7“3,1‘
To=t; -4 -u (7.32)

whereas: is the mean orbital motion.

In general, Eq.7.27 has more than one solution, differeotsrare determined. Usually all but one
may be excluded.

In the next step the circular orbit is improved. Perturba&iare included and all available observa-
tions are used in the orbit improvement step. The Earth’atebkss term({yy) and the gravitational
influence of Sun and Moon are included. This leads to thevatig differential equation of motion, see

[4]:

7'1(1— :—%)

R N Y e 3 7.33
r= ﬁ - 5 r2 7’2(1 - 5%) ( ) )
7’3(1— :—%
~GMg | =g o

|r—r<(| ¢
~GMp) | =g + =5
|r—r@| o)
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7.4 Orbit Determination and Correlation with EphemeridegeD

7 is the geocentric distance to the observed objegtandi; are the geocentric position vectors of Sun
and Moon, respectivelyM -, and M are the solar and lunar masses, respectively. The forcelmode
displayed in Eq.7.34, is precise enough to be able to repreéke astrometric observations with an
accuracy of below one arcsecond. Variational equationsnéegrated together with the equations of
motion. The variational equations take the following form:

7= A7 (7.34)

wherez are the partial derivatives of the celestial body’s poriti@ctor with respect to one of the six
orbital parameters. MatriA is defined as the following:

GM 3 N a1 3020
A =-—FE-Srer)+—D (7.35)
GMy_ 3@ ()"
7= P (7 —7¢ )?
__GMg ( _3(F—F®)®(F—T@)T)
F—7oP F— o)
with E as the identity matrix, and
% _ 27"%2:—257“3 + 10:17"3 7»17»2 + 107}7"27"% 47"17“3 + 10:}1r3
D= 7"17"2 + 10T1T2T§ % _ 27“2;;25% + 107‘2T3 47"27“3 + 10r2r3 ] (736)
10 10 17 10
7“17“3 + r1r3 7“27“3 + T2T3 % 2:23 + Ts

The equations of motion and the variational equations aredovia numerical integration using the
collocation method with a variable step size, see [4]. THmcation method approximates the solution
vector by a function through a polynomial of a deggeeithin user defined intervals.

The orbit is improved using the least-squares method usiagight ascension and declination of the
observations as observed values. Bheervation equationepresent the distance between the observed
function and the observations. In the linearized form (dagleries expansion about the approximated
values of the orbital elements) they read as:

% 9af
va =2, i~ Ij') = (a2 = a“(t:)), (7.37)
J=1
; 8520 C (0] C
v =3 (I~ 1) = (67 = 5°(w), (7.39
=1

whereq is the right ascension of the observed objédts declination. The indeg’ denotes the computed
values, the index) the observed oneg; with j = 1,..,6 denote the six orbital elementg, andv;s are
the so-called residuals. In the least square approach theo$wll the squared residuals have to be
minimized:

n

Z ([cos 6Pva, > + ugi]) = min (7.39)

i=1
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Note that the observations inare weighted witleos 620 to make them equivalent with the observations
in 0. The residuals may be weighted, when observations frorardifit sites are analyzed together. The
weights associated with the observations of the telestéopeuld beo? /a,%, whereo is the rms error

of the weight unit ancs? the rms of an observation with telescope It is recommended to use an
empirically determined rms value for each sensor. The minins reached, when all partial derivatives
of the sum in Eq. 7.39 w.r.t. the orbital elements are zeras TBads to the so-calleabrmal equations

NAT =b (7.40)
with:
AIT :=(a—a%e—e%i—i% Q—Q% w—w’ Ty — TOC) (7.412)
- daf 8af 98¢ 95¢
Ny = 2 60 1 4 L L i=1,2... 7.42
) Zzl <COb (2 I] Ik + I] Ik; ) Z’J ) 6 ( )
- daf 96¢
C _ 250 i o _ Cry. i O _ sCry.
by = Z (cos 0; - (o —a”(t;)) + 7 (67 — 0 (tl))) (7.43)

i=1 J J

The variance covariance information of the solution veddris given by:
cov(I) = (mg)*(N)~? (7.44)

The a posteriori variance factot, (rms of the weight unit) of one observation is defined as theviing:

S ([eos 0002, +vs)
2N —6

where N is the number of astrometric positions. ORBDET ustesnally rectangular components of the

position and velocity vectors, in order to avoid singulasgt UTC input is transformed to GPS time and

transformed back to orbital elements in UTC for output, teuga a continuous time scale. Inconsisten-

cies in the time transformation could be removed, in the s®waf this work. The position of Sun and

Moon are determined from JPL ephemerides [42].

(7.45)

m3 =

ORBDET also allows to determine a general six parametett bsbisolving first orbit determination
as a boundary value problem. For HEOs this option should &fegable. It is, however, difficult to de-
termine a six parameter orbit with a short observation tipens Tracklets which cover only one minute
may occur, which may only cover 1/1440 of the orbit. This ie tkason why circular orbits are also
determined for HEOs.

7.4.3 Orbit Determination and Ephemerides Calculation with Improved Force
Model: SATORB

7.4.3.1 Orbit Determination
SATORB allows to determine a precise orbit from astromeigsitions using a priori orbital elements.

Compared to orbit improvement in ORBDET a better force miglesed in SATORB. The same tech-
niques are used as in the orbit improvement step of ORBDET.
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7.4 Orbit Determination and Correlation with EphemeridegeD

For GEO, GTO, and HEO objects an Earth gravitational fieldaugddgree and order 12 is used, and
the gravitational attractions due to Sun and Moon are takienaiccount. Corrections due to Earth tides,
general relativity and a model for the direct radiation pues are taken into account, as well. The
variational equations referring to dynamical parameteessalved independently of the primary equa-
tions. The following parameters may be determined in agldito the orbital elements: a combination of
nine radiation pressure parameters decomposed in diffdirections, constant and once-per-revolution-
terms, a scaling factor for the direct radiation pressurdeh@nd so-called stochastic pulses. Empirical
once-per-revolution-terms and stochastic pulses areulutaf determining high precision orbits with
dense, regularly spaced observations over long time spansh parameters are not estimated, when
determining orbits of satellites and space debris, for tvbialy short observation tracklets are available.
Two tracklets, spaced by a couple of days, but stemming frifiereint satellites in one cluster might
lead to asuccessfulin terms of an rms below two arcseconds for the observatiegarded here, orbit
determination, when using stochastic pulses and once yEutions parameter estimation. Orbits deter-
mined without such parameters are a reliable tool to dewitigh tracklets belong to the same physical
object. For LEO objects a drag model may be selected insteadin addition to a radiation pressure
model.

It is assumed that Earth shadow is entered, if the afgbetween the geocentric unit vector to the
sun and the orbital plane of the eclipse is smaller than:

A
[ < arcsin <;) ) (7.46)
whereay is the mean Earth radius andhe semi-major axis of the satellite orbit. The shadow dgin

is derived under the assumption of a spherical Earth. Thadeny between the sunlit and eclipsed part
of space is assumed to be cylindrical, i.e., no distinctomade between umbra and penumbra. The
Earth’'s atmosphere is neglected.

The acceleration due to the direct radiation pressure tsilzded as:

R Cc S AU? A T—Tg
rad= 5 "7 "15 = 19 13 =
2 ¢ [F=rpl? m |F—7a)|

(7.47)
wherer is the geocentric position of the satellitg;, the geocentric position vector of the suti/ the
astronomical unitA the effective cross section exposed to the radiatiothe mass of the satellite, and
c the speed of light.C is the reflection coefficient. The direct radiation presdardetermined under
the assumption of a spherically shaped object. In contoattd calculation of the radiation pressure
acceleration by other sources (compare e.g. Vallado [#8)coefficient” is divided by two in the for-
mula above. A value fo€' has to be chosen, by default, 2.0 is selected in the standacdgsing. This
corresponds to an assumption of full absorption. As a sggdarameter of the direct radiation pressure
the area-to-mass ratio (AMR) is used. It is assumed that MR #s constant over the orbital fit interval.
A default value of 0.02 fkg~! is selected, which corresponds to an AMR value of a stand®8 G
satellite, in case the AMR parameter is not estimated but fegd in the orbit determination. If the
scaling parameter of the AMR is estimated either the stahdaue or a value available from a previous
orbit determination is chosen as a priori value.
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SATORB allows to estimate so-called empirical, constarteoper revolution (DRP-) parameters de-
composed in the RSW-directions:

demp= R(t)ér + S(t)és + W(t)éw (7.48)

The unit vectorér points from the geocenter to the satelligg, in the along-track direction, orthogo-
nal to the radial direction, in direction of — but for nonazifar orbits not necessarily parallel — to the
velocity direction of the objecty is orthogonal to the orbital plane and completes the rightllsystem.

Space debris objects are likely to be irregularly shapede dinpirical parameters may account for
these asymmetries laking information of the accurate shifiee vast majority of space debris objects,

7.4.3.2 Ephemerides Calculation

Ephemerides can be generated using osculating elemertte atitial epoch for a user defined time
interval. The same force models are used in SATORB for thé prbdiction as in orbit determina-
tion. The direct radiation pressure scaling coefficient (RMalue) can be included in the prediction and
ephemerides generation. A constant AMR value is assumegle3imated empirical parameters, which
are possibly determined in orbit determination with SATQR&nnot be included in the orbit prediction
and ephemerides generation in the current implementation.

Initially equally spaced ephemerides were generated witkesi-selected step size. The program was
changed to calculate ephemerides at irregularly spacechepio the context of the current work, allow-
ing to determine ephemerides exactly at those epochs, fichvalservations are available, so no further
errors (e.g. by (linear) interpolation) are introduced,ewltomparing ephemerides with real observa-
tions.

For the generation of ephemerides two different methods Ibeagelected: A so-called exact method,

which calculates ephemerides with the correct transfaomdietween the inertial and the Earth fixed

system, taking into account polar motion and Earth’s végiatitation based on a Earth rotation parame-
ter file, which is constantly updated. For longe predictioteiivals so-called approximated ephemerides
may be calculated, using an approximated transformatiomefging on the Earth rotational parameter

file. In the scope of the current work always the exact methas ehosen.

7.4.4 Comparison of AIUB and USSTRATCOM/DISCOS TLE Ephemerides

Orbits were computed for objects observed with ZIMLAT, whare available in the official USSTRAT-
COM/DISCOS catalogue. Obijects in different orbital reginf@ve been selected. For each object,
different orbits have been determined by varying the nundbetynamical parameters and the length
of the fit interval, which is covered by observations. The sanpriori elements were used for all or-
bits of the same object. The a priori orbit was determineth WiRBDET, using 10 to 20 observations
spanning a time interval of 30 to 55 days. The improved oruitd ephemerides were calculated with
SATORB. The ephemerides of the predicted orbits were thempeoed to additional observations past
the fit interval of orbit determination of the same objects. atldition to those orbits, also TLE data
sets from USSTRATCOM/DISCOS have been evaluated. TLE deddoben propagated with SDP8 and
compared to the same observations. For each observatiietra different TLE data set was chosen:
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Table 7.4: Characterization of orbits for the GEO object4@SA, 83089B and 80081A.

time interval (d) No. of Obs. mms (") AMRAkg™' rms(AMR)

79105A

EPHMg 10 18 0.61 0.02000 -
EPHMj, 32 23 1.11 0.02000 -
EPHMpprp 32 23 0.48 0.00691 +8.93-1073
83089B

EPHMygs 1 5 0.17 0.02000 -
EPHMg 9 12 0.40 0.02000 -
EPHM]|, 23 24 1.04 0.02000 -
EPHMiprp 23 24 0.45 0.02728 +4.92-10~*
80081A

EPHMg 5 11 0.20 0.02000 -

EPHM 15 25 0.28 0.02000 -
EPHMyprp 15 25 0.21 0.01255 +1.19-1073
EPHM;|, 29 32 1.72 0.02000 -
EPHMiprp 29 32 0.26 0.01475 +9.61-107°

the set with the reference epoch closest to each obsengimeh was chosen.

The angle between the observed astrometric positions &ndottiesponding astrometric positions cal-
culated with the ephemerides are (as outlined in Sectia)/ @ecomposed in an along-track and cross-
track component. Using the topocentric distance to theoblfalculated with the ephemerides) to
define a scaling factor, the components may be expressedténafikiiometers. The angle between the
topocentric tangential motions based on the observatiadsttee ephemerides have been determined.
The values are averaged for each observation/ephemeratddet. A tracklet consists of three to six
single observations, spaced by 30 seconds.

7.4.4.1 GEO Objects

The three GEO objects 79105A (Gorizont-3), 83089B (Ing&itdnd 80081A (Raduga-7) serve as rep-

resentative examples. All have small eccentricities anltinations between 12 and 14 degrees. 79105A
and 83089B are in libration orbits around the Eastern stabiet, 80081A around the Western stable

point.

The orbits determined for the three objects, are charaetdiin Tab. 7.4. The columns show the length
of the interval fit interval of orbit determination covereg bbservations, the number of observations
within this fit interval, the root mean square (RMS) errortad brbit determination, the area to mass ra-
tio (AMR) value and its rms error. If the AMR value is not estited, a value of 0.02#kg ! is chosen,
consequently no error for the AMR value is given in those sase

Figure 7.17 shows the distribution of observations, whigrewsed in the orbit determination, for all
objects. The corresponding true anomalies are shown iV Hi§.
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Figure 7.17: Time distribution of the observations usedrittdetermination for the GEO objects (a) 79105A, (b)
83089B, (c) 80081A.
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Figure 7.19: Angular distances in degrees between the ebsiens and predicted ephemerides using either TLE
data or determined orbits for the GEO objects (a) 79105A8&0)89B, (c) 80081A as a function of epoch of the
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Figure 7.21: Distances between observed positions andgistiephemerides from TLEs and from orbit determi-

nation for GEO object 83089B as a function of epoch of the fagi®ns for TLE data and the time since orbit
determination for the orbits.
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Figure 7.22: Distances between observed positions andgistiephemerides from TLEs and from orbit determi-
nation for GEO object 80081A as a function of epoch of the nfagi®ns for TLE data and the time since orbit
determination for the orbits.
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Figure 7.19 shows the angular distances between the obsest®metric positions and the astrometric
positions calculated from the ephemerides of the detemnamal predicted orbits as a function of time
since the last epoch within the fit interval of the orbit deteration. The additional observations were
not used for orbit determination. In addition, the angularatises between the observed astrometric po-
sitions and TLE ephemerides are shown as a function of thehepidhe astrometric positions. The TLE
ephemerides were calculated with different TLE sets, e#mt$est to the particular observation epoch.
The quality of the different TLE data sets, which were usdffierd significantly. The displayed values
are averages of each observation/ephemerides trackletacRlat consists of three to six single data
points, spaced by 30 seconds.

Figure 7.19a shows that the orkitP H Mg of object 79105A, determined over an fit interval of ten
days, produces large angular distances in the predictibe.ephemerides of orbits over a larger fit in-
terval of 32 daysF PH M andEPH M/ prp, Show smaller distances to the observations. As Fig 7.20
shows, the ephemerides orliitP H M, for which no AMR value was estimated show large variations,
mainly in along-track but also in cross-track direction.eTdphemerides ab PH M prp With an es-
timated AMR value of about 0.069%kg~! show the smallest residuals, of below 0.002 degrees. The
angles between the velocity directions are very similartier ephemerides of the different orbits and
ephemerides of TLE data. As explained in Section 7.3.3rbrein the velocity angle belo@.4 - 10~2
degrees for GEO are likely to just reflect the observatiowrsrrwhich are of the order of about 0.5
arcseconds.

Figure 7.19b shows that for object 83089B, the ephemeritiesbit £ P H My s, which were determined
using an observation interval of one day only, shows largtadtces to the observations. The two orbits
EPHMg and EPH M|, determined over a fit interval of nine and 23 days, respdgtivesult in dis-
tances between ephemerides and observations of a sinnige.r& secular trend is visible. Figure 7.21
reveals, that the secular trend in the ephemertdBgi My, is mainly in the along-track component. The
smallest distances between ephemerides and observatiooisserved for the orbfl PH M|, prp deter-
mined over the same fit interval of 23 days but with estimatirjAMR value as additional parameter.
A value of 0.028 mkg~' was estimated. The different orbits show different angletsvben velocity
directions.

When comparing the orbits of object 79105A and 83089B it gmificant, that the ephemerides of
orbit FPH Mg of object 83089B show systematically smaller distancehéodbservations than the
ephemerides of orbil PH Mg of object 79105A, compare Fig. 7.19a and 7.19b, althougHithe-
tervals are comparable. This might be caused by the facteabbservations of object 83089B are
more uniformly spread in time and anomaly over the fit intgrsae Fig.7.17a and 7.18a compared to
Fig.7.17b and 7.18b.

The distances between the observations and the computethepbes show a secular trend, all dis-
tances are increasing rapidly as a function of predictiametisee Fig.7.19, for object 80081A. The
distances of the observations to the TLE ephemerides arbesrttean to the ephemerides of the de-
termined orbits, despite the fact that the distances of theé &@phemerides are of the same order of
magnitude as for the other two objects. Figure 7.22 showgtrdicularly in along-track a large secular
trend. The differences rise fast with the prediction tinhe, differences in cross-track direction are small
and do not show a significant trend. This is the case for thi¢ @ebtermined over 15 day$iP H M) or
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Table 7.5: Characterization of different orbits for the ebj 80081A.

OD1 OD2 OD3 OD4 OD5

start epoch [MJD] 54115.778604 54130.767031 54147.8929%58152.176868 54171.042372
end epoch [MJD] 54145.034616 54152.176868 54170.141564174458928 54196.909040

time interval [d] 30 22 23 22 25

number of obs. 32 17 13 18 20

rms [| 0.26 0.29 0.87 0.23 0.52

osc. elements at 54171.042372

a[m] 42172565.001 42172568.762 42172522.508 42172466.4R2172517.235
+0.127 +4.843 +9.211 +13.269 +2.804

e 0.0003366 0.0003482 0.0003527 0.0003463 0.0003482
+0.0000005 +0.0000028 +0.0000027 +0.0000038 +0.0000013

i [deg] 14.360502 14.360504 14.360487 14.360607 14.360451
+0.000020 +0.000005 +0.000104 +0.000044 +0.000075

RA of node [deg] 1.392344 1.392743 1.392228 1.392291 18925
+0.000060 +0.000016 +0.000325 +0.000069 +0.000167

AMR [m2?kg™!] 0.014751 0.015542 0.022678 0.006224 0.014786

+0.000096 £0.000085 +0.003698 +0.003820 +0.000803

over 32 days with ¥ PH M, prp) or without (&P H M) estimating an AMR value. The smallest dis-
tances are associated with the obiP H M ,; and not with the orbit® P H M;,, which was determined
over a longer fit interval. As opposed to the objects 791054 &8089B, the smallest differences are
not achieved with orbits including the estimation of an AM&ue, all differences are in general larger
than for object 79105A and 83089B. The observations usedrfot determination are well distributed
in time and anomaly, see Fig. 7.17c and 7.18c.

Further orbits were determined with the subsequent ovairigpfit intervals. The results are listed in
Tab.7.5. OD 2 could only be determined when estimating anirssapR-parameter in addition to the
DRP value. Empirical parameters are explained in Sectib®Z. The osculating orbital elements at
the reference epoch of all determined orbits do not diffgniicantly. The orbital elements show the
largest errors for OD 3 and OD 4. Those orbits also show sagmifly different AMR values, compared
to the other orbits. But the error in the AMR value is also éarthan that of the other orbits. It is not
possible to determine a low rms orbit over all observatioh®D 1 to OD 5, from epoch 54115.8 to
54171.0: Even when estimating additional empirical patanseno orbit could be determined with an
rms value of below 10 arcseconds. An orbit can be determiriidtiae observations of the fit intervals
of OD 1, OD 2, and OD 5, named OD 125 in the following, when the Rk well as empirical R- and
W-parameters were estimated. A small rms orbit resultededisvinen determined with observations of
the fit intervals of OD 3 and OD 4. The osculating orbital eletaseAMR value, their errors and the rms
are listed in Tab. 7.6. The osculating orbital elements amvsémall differences at the reference epochs.
But a significantly different AMR value has been determin8dtween epoch 54147.9 and 54152.1 a
property of the object may have changed. The change may taaiskifferences in the estimated AMR
values.
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Table 7.6: Characterization of two different orbits for tbkeject 80081A..

OD 125 OD 34

start epoch/JD] 54115.778604 54147.892958
end epoch/JD] 54196.909040 54174.158928

number of obs. 69 31

rms [| 0.84 0.73

osc. elements at 54196.909

a[m] 42172569.080 42172506.673
+0.613 +2.036

e 0.0003642 0.0003504
4+0.0000011 40.0000010

i [deq] 14.360498 14.360525
+0.000121 40.000052

RA of node [eg] 1.392668 1.392338
4+0.000307 +0.000127

AMR [m2kg™'] 0.007530 0.017921

£0.000363 +0.000106

Table 7.7: Characterization of orbits for the HEO object9@6D, 75105A and 92085D.

time interval (d) No. of Obs. rms() AMRRkg™! rms(AMR) emp. parameter

00016D

EPHMyg 4 10 0.28 0.02000 - -
EPHMg 7 15 1.20 0.02000 - -
EPHMpgmp 14 20 0.38 0.02000 - X
77105A

EPHM]|, 20 100 0.68 0.02000 - -
EPHMiprp 20 100 0.28 0.00815 3.55-107% -
EPHMpgmp 20 100 0.17 0.00741 2.46-107% X
92085D

EPHMg 5 30 0.35 0.02000 - -
EPHM]|, 49 41 0.81 0.02000 - -
EPHMiprp 49 41 0.15 0.00508 2.85-107% -

7.4.4.2 HEO Objects

Three objects were selected as representative in highnéic orbits: The Ariane 5 R/B rocket body
00016D, in an orbit with 6.3 degrees inclination, and two Myh objects in orbits with inclinations of
about 63 degrees, namely: Molniya-3 77105A and Blok-ML %B08The latter object decayed in the
meantime. All object orbits had eccentricities around 0.7.

Table 7.7 shows the details of the determined orbits. Exgliparameters were estimated for some or-
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bits. This was necessary to achieve an rms of the obsersatibhelow two arcseconds. Figure 7.23
and 7.24 show the distribution of observations in time anohaaly. Figure 7.25 contains the angular
distances between the ephemerides of the predicted oratslaservations as a function of time since
orbit determination. Additionally, the angular distanadshe TLE data of USSTRATCOM/DISCOS
ephemerides and observations are given as a function ofptbeheof the observations. For the TLE
ephemerides, the TLE sets with the reference epoch closesich observation epoch were selected.
Unfortunately, fewer observations than in the previougsdsr GEO objects are available.

The prediction of the orbit¥ PH My g, EPHMg, and EPH Mgy p, lead to comparable angular
distance values, as Fig.7.25a shows, although the orbits e#etermined over different fit intervals, see
Tab. 7.7. The observations are spread well over anomalyiaredas Fig. 7.23a and 7.24a show. A sec-
ular trend is visible in dependence of the prediction timdteA23 days the angular distances of the
predicted orbits are larger than the ones of the differerE $kts. The estimation of empirical parame-
ters in orbitE! P H My gy p leads to slightly smaller angular distances although theiécal parameters
cannot be included in orbit prediction. Figure 7.26 prosideore insight. The distances of ephemerides
of orbit EPH M gy p and observations are shown together with the TLE ephenseddgances de-
composed in angular distance, along-track, cross-tratkmtie and the angle between the computed and
observed tangent moving directions. The angular distabhetseen ephemerides and observations of
orbit EPH M i p are very small, below 0.005 degrees within a predictionriatieup to 25 days. The
distances show a secular trend in along-track directioroahda small trend in the cross-track direction.
A physical property, like the AMR, of the object may have ofpagh after 25 days. Unfortunately no
AMR value could be estimated. The orbit improvement prockdsiot converge with the AMR value
as additional parameter. The distances between the epidesief TLE data and the observations show
large variations and the distances are in average one drdesignitude larger than the distances of the
ephemerides based on the orbit determination for a prediatierval of less than 20 days.

Figure 7.25b shows that for object 77105A the distances dmtvithe predicted ephemerides of all or-
bit determinationsE PHM;,, EPH M prp and EPH M gy p, and the observations are significantly
smaller than those based on the TLE ephemerides and obsesvatll orbits except the TLE orbits
have been determined with the same observations over thedalfit interval. The orbit determina-
tion EPHM;j gy p, in which empirical parameters as well as the AMR value westareated, shows
the smallest distances. The largest distances occur fenegtides to orbie P H M, in which no pa-
rameters except the orbital elements were estimated. tunfately, there is a gap in the observations,
between two and 57 days. The distances between ephemenidiebservations for a prediction inter-
val of two days are provided Fig. 7.27. The distances arestdi@ the orbitE P H M7, than for orbits
EPHM;prp andEPHM;,rrp, Where an AMR value was estimated.

Three different orbits have been determined for object 820®ne based on a short fit interval without
estimating any additional parametefsP H Mg, and two over an interval of 49 day&PH M/ prp
and EPH My, with and without estimating an AMR value. No empirical paeders were estimated.
The observations are not optimally distributed over thentiérival, neither in time nor in anomaly, as
Fig.7.23c and 7.24c show. Figure 7.25c reveals surprigisgiall distances between theP H Mg
ephemerides and observations. The distances are smalfetithse resulting from the orbitsP H M,

or EPHMp,prp. Figure 7.28 shows the distances between the ephemeridedbaervations of the two
orbits EPH My andEPH M;p prp, respectively, in angular distances and in topocentringinack and
projected cross-track direction as well as the differenetsvben tangent velocity directions. A strong
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Table 7.8: Characterization of orbits for the HAMR objectSEEO07, EGEO45 and E06207B.

time interval (d) No. of Obs. rms() AMRRkg™! rms(AMR) emp. parameters

EGEOOQ7

EPHMg 2 23 6.88 0.02000 - -
EPHMsprp 2 23 0.43 1.96079 1.77-1072 -
EPHM;, 22 34 76.36  0.02000 - -
EPHMprp 22 34 0.98 1.97233 2.86-107% -
EGEO45

EPHM_S 3 a7 8.07 0.02000 - -
EPHM_SDRP 3 47 0.86 3.03290 3.12-1072 -
EPHM_L 12 69 53.34  0.02000 - -
EPHM_LDRP 12 69 0.86 3.01037 1.93-1073 -
E06207B

EPHMyprp 15 7 0.54 32.31662 7.83-107Y -
EPHMprp 19 35 5.39 31.88871 1.94-1071 -
EPHMprgmp 19 35 0.95 32.08214 5.89-1072% X

secular trend is visible in along-track direction for difaces between observation and ephemerides of
EPHM;, where no AMR value was estimated. The differences arefiignily smaller both, in along-
track and in cross-track direction for the ortitP H M1, prp, in which an AMR value was estimated.
The distances of the observations to the ephemerides baggedlblech orbit determination are smaller
than the TLE data ephemerides until a prediction period ais8s.

7.4.4.3 High Area-to-Mass Ratio (HAMR) Objects

The objects EGEOQ7, EGEO45 and E06207B of the internal AlatBlogue were analyzed as examples
for objects with a high area-to-mass ratio (HAMR). All oldfgare in more or less geostationary orbits.
EGEOOQ7’s orbit has a small eccentricity and an inclinatibalmut 16 degrees. EGEO45 is in an orbit
with an eccentricity of 0.11 and an inclination close to 1greées, E06207E’s orbit has an eccentricity
of 0.43 and an inclination of 12 degrees. Those objects aréisted in the USSTRATCOM/DISCOS
catalogue, but have been observed by the AIUB since seveaasy

The fit interval, the rms values and the parameters of thdsiésare listed in Tab. 7.8. For all objects
high AMR values, larger thahm?kg~! estimated. Orbits, which have been determined withoutesti
tion of an AMR value, show intolerably high rms values.

For object EGEOOQ7 four different orbits have been deterthitleP H Mg, EPH Msprp, based on

a fit interval of 2 days, an& PH M; andEPH M prp based on a fit interval of 22 days. Figure 7.31a
shows that the orbits of EGEOQ7 without estimating the AMR®all P H Mg andEP H My, have very
high rms values in the orbit determination, 7 and 76 arcsgsamspectively, see Tab. 7.8 and also lead to
large angular distances. The orbitsP H Msprp and EPH M, prp, for which AMR values were es-
timated, lead to smaller angular distancEs$; H M prp generates the smallest distances. The anomaly
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7.4 Orbit Determination and Correlation with EphemeridegeD

Figure 7.31: Angular distances between observed positomspredicted ephemerides from orbit determination
for the high area-to-mass ratio objects EGEO07, EGEO45 ad@ 7B as a function of time since orbit determi-

nation.
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Figure 7.32: Distances between the observed and predighberaerides of orbit determination for the object
EGEOOQ7 as a function of time since orbit determination.
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Figure 7.33: Distances between observed positions andiggetiephemerides from orbit determination for the
object EGEO45 as a function of time since orbit determimatio

135



7 Catalogue Correlation of Optical Observations

14¢ 1200y,
—v—EPHM oo
1.2y N 1000
o 1)
] —~
= 800¢
g £
0.8+ X
. (8]
2 S 600f
© |
5 0.6 g
5 T 400/
g 0.41
0.2 —v EPHM o0 200¢
—v— EPHMLEMP
0 : : : ‘ : 0 : : ; : :
0 10 20 30 40 50 0 10 20 30 40 50
time since OD (days) time since OD (days)
(a) angular distances (b) along-track distances
30y, 0.357
—vEPHM oo / —v—EPHM e
o5!| v EPHM o / 0.3r —v-EPHM ¢\
o 9 0.25
3 g
x ~ 0.2r
9 Q
‘? 15 g
§ > 0.157
5 10 3
0 0.1r
5 0.05/
0 : : ; : 0 : : ; : :
0 10 20 30 40 0 10 20 30 40 50
time since OD (days) time since OD (days)
(c) cross-track distances (d) angle between velocity directions

Figure 7.34: Distances between observed positions anditzetked ephemerides from orbit determination for the
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distribution of the observations in the fit interval of orbgtermination of both orbits is comparable, as
Fig. 7.29a and 7.30a show. The distances between ephemefide’ H Msprp and EPH My prp

and observations are displayed in Fig. 7.32 as angulamdissa decomposed in along-track and cross-
track direction and angle between the observed and comppgtent tangent velocities. A pronounced
secular increase is visible in the along-track componedttara smaller extent, also in the cross-track
component. The angle between moving directions shows d teelarger angles with longer prediction
time.

For object EGEOA45 four orbits were determined, see Tab. Ti&e orbits, in which no AMR value
was estimatedEPH Mg and EPH My, have large rms values in the orbit determination, compare
Tab. 7.8. They also produce large distances as Fig. 7.31bname clearly Fig.7.31c, shows. A large
rms value results for those orbits in the orbit determimgtemmpare Tab. 7.8. The distances of the orbits
EPHMgprp and EPH My, prp, in which an AMR value has been estimated, are shown in RB3§. 7.
in angular distances, decomposed along-track and crasls-tlirection as well as the difference in the
apparent tangent velocity directions. In all directiongeusar trend is visible. Large variations occur in
particular the cross-track direction for a prediction g longer than 40 days.

For object E06207B three orbits have been determined, tasl lis Tab. 7.8. Unfortunately, only few
observations are available for the comparison to the prediiephemerides. A very large value of around
30 kg ! for the AMR value has been determined for object E06207Bak not possible to determine
an orbit without estimating an AMR value with the default &prvalue of 0.02 Mkg~'. The distances
with respect to the observations, of all orbitsPH M ;prp, EPHMprp and EPH My gy p, Vary
over time and their distances are larger than those of trer 6tAMR objects. This may be due to the
disadvantageous distribution of the observations in timet@omaly in the fit interval of the orbit de-
termination, as Fig. 7.29c and 7.30c reveal. Figure 7.34vslibe distances of the ephemerides to the
observations of two orbits, determined over long obsewwaiitervals: one orbitE PH M| prp, Was
determined estimating only the AMR, and the secobi® H M gy p, including empirical parameters
in addition to the AMR value. Both orbits produce similartdisces and variations over time.

7.4.5 Orbit Determination and Prediction based on Sparse Data

The accuracy of predicted orbits is analyzed as a functigheflistribution of the observations in time
and anomaly, the total number of observations used in anceudting rms of orbit determination, and
the parametrization. The aspect of using observations flifferent observation sites was investigated.
For the analysis was performed with a so called sparse data: 98Il orbits were determined from two
observation sets only. A maximum of eight observations dowvad per set. An observation set may
consist of more than one tracklet. But the observationsimitie sets should not be distributed over
more than three days. A priori elemets are available. THigoseas chosen to simulate the catalogue
maintenance with optical space surveillance observationahich the objects are not always visible,
e.g. when in a GEO drift orbit. Additionally weather condits limit the use of optical sensors.

Orbits were determined for different spacings of two obaton sets stemming a) from one observa-
tion site only and b) from different sites. In the first cases bbservations either stem from ZIMLAT
or from ESASDT only. In the second case, not only the obsematof ZIMLAT and ESASDT could
be combined but also observations of the ISON network, bytesy of the Keldish Institute of Applied
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Table 7.9: Objects used in the analysis.

Object Epoch (MJD) a(km) e i(deg) AMR (nPkg™') Mag

E03174A 55208.0 41900 0.001 101 0.01 14.6
E06321D 55275.9 41400 0.035 7.00 2.29 15.3
E06327E 54470.1 40000 0.067 12.31 0.20 17.2
E08241A 55213.0 41600 0.041 13.26 1.24 16.1
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Figure 7.35: Observation distribution of object E03174A &} observations, (b) ZIMLAT, (c) ESASDT.

Mathematics. The ISON observations all stem from obsenestdocated in the area of the former Sow-
jet Union. This is advantageous, because this guaranteesdakpst-West separation of the observing
sites. When observations from different sites are usedhit determination, the distribution is either
that the first set of observations stems from one site andettensl from another, or that there are obser-
vations from different sites at similar epochs used withim first and/or the last set of observations or a
mixture of those options. In the figures the laB&lL is applied, when observations of ZIMLAT (labeled
ZIM), the ESASDT and of the ISON network are combined; the |&T-ZIMis applied, if only the
observations of ZIMLAT and the ESASDT are used.

The predicted ephemerides of the orbit determinations@rgpared to further observations, which were
not used in the orbit determination. These additional olzgiems stem from ZIMLAT, ZIMSMART
and ESASDT. In order to ensure that all observations agtb&llong to the same object an orbit was fit
through all observations was performed and the residuals alecked for outliers.

7.4.5.1 Selected Objects, Data Density and Spacing

Four representative objects from the internal AIUB catatogere chosen. Those objects are not listed in
the USSTRATCOM/DISCOS catalogue and were followed by tHeB\bver longer time periods. Those
objects are space debris, no maneuvers were detected iattheNb information is available, concerning
the shape, material or attitude of the objects. It can beladad from their apparent magnitude that they
are most likely fragmentation pieces. They represent &fpbjects found in GEO surveys. Some of
their known properties are listed in Tab. 7.9.

Figure 7.36 through 7.38 show the temporal distributionhef &vailable optical measurements. The
observations are binned for each night. Additional obdema stem from ISON.
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Figure 7.36: Observation distribution of object E06321D &l observations, (b) ZIMLAT, (c) ESASDT, (d) ISON
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Figure 7.37: Observation distribution of object E06327 &# observations, (b) ZIMLAT, (¢) ESASDT, (d) ISON
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Figure 7.39: Mean value and standard deviation of angulastainces within the first 50 days after orbit deter-
mination between predicted and observed positions as ditumof the time interval between the first and last
observations used for orbit determination.

7.4.5.2 Distances Between Ephemerides and Observations from Single and Combined
Sites

The distances between the observations and the ephemefriitiepredicted orbits of the four objects for
a prediction interval of 50 days after the last observatisadufor orbit determination were determined.
The distances were averaged and a mean value and standeiibdewas calculated. Between six and
50 single distances between ephemerides and observaterasaweraged for the different orbits.

In Fig. 7.39 the means values and standard deviations ofistendes between predicted and observed
astrometric position are displayed in angular distancefaa@ion of the time interval between the first
and the last observation, which were used in orbit detertioima

The distances are in general — even though only sparse aliseal data was used — all very small.
The vast majority of the determined orbits produce distarscealler than 0.6 degree, as Fig. 7.39 shows.
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Figure 7.41: Averaged angular distances of predicted eghatas and observations as a function of the number
of additional solve-for parameters, that were estimatedl ORP, x=2 DRP and R-parameter, x=3 DRP, R-
parameter, and W-parameter (RSW coordinate system).

Each object, except object E03174A, also shows some degam¢hich are comparably large. These
larger distances also tend to show larger standard dewatitn addition, the values of the distances
seems to be, at least in this setup, quite independent oétiggH of the time interval between the first
and the second observations set. There is no significaetelif€e in using observations only from one
observation site for orbit determination or using obseovest from different sites in this specific setup,
as Fig. 7.39 shows. In Fig. 7.40, the angular distance is sta®na function rms value of the orbit deter-
minations. No significant trend is visible, all orbits, whiwere used, have a small root mean square of
below three arcseconds.

Figure 7.41 shows the angular distances as a function ofutmdar of estimated parameters in addition
to the osculating elements. Only the AMR value is estimatdten one parameter is listed. In addition
to the AMR, the empirical parameter in R-direction, or in RdaN-direction together are estimated,
when two and three parameters, respectively, are listed:lédw trend is visible.
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Figure 7.42: Averaged angular distances of predicted epratas and observations as a function of the estimated

AMR value.
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Figure 7.43: Angular distances as a function of the numberxsfervations used for orbit determination.

In Fig. 7.42, the distances are displayed as a function ofAM& value of the orbit determination.

The AMR value of the different objects varies over differesmiges. In some orbit determinations, val-
ues were determined, which are far from the average AMR Jauéhat specific object. It cannot be
concluded that these values lead to larger distances irréiaicped orbits.

In Fig. 7.43, the angular distances are shown as a functidgheohumber of single observations used

for orbit determination. No strong correlation seems tseletween the actual number of observations
used and the angular distances. In Fig. 7.44, the angul@andiss are shown as a function of the actual
time interval covered by observatiomsthin the two sets, which are used in the beginning and the end
of the observation fit interval, without the time gap in betwehe two sets. The angular distance heav-
ily depends on the time interval covered by the observatsedun orbit determination. The angular
distances are significantly smaller, for larger time indds\covered by the observations within the sets.
Thus the angular distances are larger, when the obsersatiihin the sets are very densely spaced.
Consequently, Fig. 7.45 shows clearly that there is no gtamrelation between the actual number of
observations used and the time interval covered within #ig. sThe timely density of observations,
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Figure 7.44: Angular distances as a function of the timerwvaécovered within the observation sets used for orbit
determination.

which are available, is highly dependent on the observatimaiegy of the sensors.

To find a measure for the true anomaly distribution, an anpmiskribution measurgane was defined:

It would be ideal to distribute ath observations equally spaced with an angleofn between each
observation. The deviation from this ideal distributiomé&ermined and normalized with the number of
observations. The smallggno, the better distributed are the observations in anomaly.

1|2 on 2 2 2
fano=— > (& = (a1 = @)+ (- = (a1 + 27 — @), (7.49)

- n
=1

where as: is the number of observations aagwith i = 1, .., n are the anomalies of the single observa-
tions, in ascending anomaly order. The angular distancadwasction of fan are displayed in Fig. 7.46.
There is no clear correlation between thg, and the distances, as it is expected for objects with small
eccentricities. Object, E06327E, with the highest ecaatytrof e=0.06, has the strongest correlation
with fano
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for orbit determination.
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Table 7.10: Investigated HAMR objects.

Object Epoch (MJD) a(km) e i(deg) AMR (mPkg™') Mag

E08241A 55213.0 41600 0.041 13.26 1.24 16.1
E06321D 55275.9 41400 0.035 7.00 2.29 15.3
E07194A 54877.0 40900 0.005 7.31 3.37 16.8
E07308B 54416.0 35600 0.264 7.63 8.83 15.8
E06293A 54951.0 40200 0.245 11.06 15.41 16.8

Neither the total number of observations, not the numbenddipeters of the orbit determination nor the
time gap between the observation sets, nor using obsamgdtiom different sites seems to be crucial for
the quality of the determined orbit. The time, which is atijueovered by the observations within the
sets, has the determining influence on the angular distarfitles predicted orbits to further observations
in the sparse data setup. The investigation of the dataagisglin Fig. 7.45 showed that a coverage of
at least 1.2 hours for both sets together seems to be negdasarder to gain an orbit which allows to
safely re-detect the investigated objects in more than 8€epe of all cases with a field of view of one
square degree.

7.4.6 Properties of HAMR Objects Investigated in Sparse Data Setup

The dynamical properties of HAMR objects were studied ingparse data setup established in Sec-
tion 7.4.5. Orbits are determined with two observation setg. The sets consist of four to eight obser-
vations each. The experience gained in Section 7.4.5, ¢shese: The observations are required to span
at least a time interval of 1.2 hours within the sets and nedzttwell spread over the anomaly for the
objects in orbits with a high eccentricity. The total fit intal for orbit determination ranges between 10
and 120 days. As shown in the previous section the qualithebtbits does not seem to be dependent
on these ranges.

The orbits were first determined with observations from obgeovation site only, then with observa-
tions from different sites in the setup mentioned above. dibservations used in this investigation stem
from the ESASDT, ZIMLAT, and from several telescopes of t8®N network.

Five objects were selected for a detailed investigationl. oBjects were discovered and first detected
by the AIUB and are not listed in the USSTRATCOM cataloguel olljects are faint debris objects.

They were tracked successfully over several years, and neunars were detected. A set of osculating
orbital elements and an average value for the apparent todgsiare listed in Tab. 7.10.

7.4.6.1 Evolution of Orbital Elements

The evolution of the orbital elements over time is inspedted first step. Figure 7.47 shows the devel-
opment of the inclination and its errors in inclination, bétfive objects. The error bars are too small,
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Figure 7.47: Inclination as a function of time for orbits dfet object (a)E08241A, (b) E06321D, (c) EO7194A, (d)
E07308B, (e) E06293A.

to be visible in the plot in most cases. The inclination valoéthe different orbits are closely aligned
to each other and mark a consistent evolution, only in the chsbject E08241A in Fig. 7.47 a wider
spread in the inclination values can be observed. The odeitsrmined with observations from the
different observation sites produce almost identical Itesutror object E07308B and E06293A, which
have the highest AMR values, the inclination seems not foioa steady increase over time, but some
smaller periodic substructure seems to be superimposezhelhay very well be the perturbations with
a period of one nodal year, which are well known for objectthviigh AMR, see e.g., J.-C. Liu[56],
T. Schildknecht [82].

Figure 7.48 shows the evolution of the eccentricity valuabits errors estimated in orbit determination

for the different objects. Periodic variations can be obseérfor all objects. The different orbits with
observations from one site only or from different sites lesuthe same eccentricities.
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7.4.6.2 Evolution of Area-to-Mass Ratio Value

Figure 7.49 shows the AMR values as a function of time for thieds listed in Tab. 7.10. In all cases,
the values for the AMR do not show clear and obvious commardgesee Fig. 7.47 and 7.48.

For object E08241A, the AMR values vary around a mean valdedifitkg~! with no obvious trend or
periodic signal, see Fig. 7.49a.

For object E06321D (see Fig. 7.49b), the AMR value seemsrpperiodically with a period of about
one year around a value of 2.5kg ™!, but also values of 2.35%kg ™! and 2.65 mkg~! occur. Similar
results were obtained by R. Musci [66], for the same objectlifferent orbit determination setups. The
AMR value of object EO7194A (see Fig. 7.49c) varies arourich®kg ™!, but in the orbits determined
with combined observations from all the sites, so-catiatliersof 4.5 ntkg~! and 2.3 mMkg ! occur as
well. These have, however large error values.

Object E07308B (see Fig. 7.49d) seems to generally incriégageMR value over time from a value
of 8.5ntkg~! up to 9.0 ntkg~!. But single orbits also show AMR values of i.e. 18kg~".

Figure 7.49e shows that object E06293A, which is the objdth e largest AMR value regarded
here, has significant data gaps. A general trend of the AM&evial time, increasing from 15.5%kg~!

to 16.5 ntkg~! cannot be excluded. But one orbit determined with ESASD® désto shows a value of
18.2 n?kgfl, with a small formal error.

No general correlation between the AMR value itself and thgations of the AMR value could be
determined, no general trend is visible. A study on the tianaof AMR values was conducted by
T. Schildknecht [76]. The variations of the AMR values of 4AMR objects were investigated and
compared to the AMR variations of orbits of 40 low AMR (LAMRale objects. No normalized or
sparse data setup orbit determination setup was chosenANIRevalues in that analysis were deter-
mined in the standard orbit determination procedure at théBAwith fit arcs as long as possible for a
successful, that is defined as leading to a small rms ertoit, dgtermination. The results are illustrated
in Fig. 7.50. No general trend in the AMR variations could le¢edmined for either HAMR or LAMR
objects. The relative variations of the AMR values of the LRMbjects were larger, than the AMR
variations of the HAMR values. The AMR variations of the LAMRjects were of the order of several
100 percent.

All orbits were predicted and compared to additional obsons of the same object, which were not

used for orbit determination. The additional observatimese all checked via dense data orbit determi-
nation, to ensure that they belong to the same object. Figbleshows the angular distances between
the predicted ephemeris and observations. The values araged over all distances 50 days after orbit
determination and their standard deviations serve as learst

Figure 7.51a shows, that for object E08241A, one orbit pceduthe largest distances of one degree.
This orbit does not show up prominently in the orbital parenlots (see Fig.7.48a and 7.47a) or
AMR value plots (see Fig. 7.49a). The orbit with ZIMLAT datehich produced theutlier AMR value

of 0.82ntkg !, does not show up prominently in the distance plot (Fig.&)51
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Figure 7.52: Error of the AMR value as a function of AMR asraatied in orbits of the object (a) E08241A, (b)
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The mean value of all angular distances of object E06321Dnaiebelow 0.2 degrees, but four or-
bits show large standard deviations in the angular distaas&ig. 7.51b shows. All of them have been
determined with combined observations from ZIMLAT, ESASRmd ISON observations. Their AMR
values are 2.36:2kg~ !, 2.50 ntkg~!, 2.57 ntkg~!, and 2.66 rikg~!. The orbits with the AMR value
of 2.36 ntkg~! does show up also in a group ofitier AMR values, which do not seem to follow the
periodic variation in the evolution of the AMR values. Thé&et orbits, with large standard variations
in the angular distance do not show up prominently (Fig.B2)43hose orbits with the largest standard
variation in angular distance do not show the largest errtihé AMR values either, as Fig. 7.53 shows.

Figure 7.51c shows for object E07194A three angular digtsméth large standard deviations. The orbits
were determined with observations from all sites. They MR values of 2.12 rAkg~!, 2.21 ntkg~!,

and 4.46 mMkg~!. Those are the smallest and largest AMR values in the detedrirbits for EO7194A.
These three values do also show up as outliers in Fig. 7.48colfjects E07308B and E06293A, the
angular distances with a large standard variation (see/FHgd and e), do not show significant outlier
AMR values in Fig. 7.49d and e. For object EO7308B, the ortiibh\an AMR value of 10.15 #7kg~!
shows the largest mean value in the angular distance of albrbdegrees but has a small standard devi-
ation in this distance (Fig. 7.51d). This value is signifitadifferent compared to the other determined
AMR values, see Fig. 7.49d.

The dependency of the AMR value on the error of the AMR, as & ¥eaind in orbit determination,
is investigated in the final step. No clear correlation ccagddetermined between the AMR value and
its rms value (Fig. 7.52).

Figure 7.53 shows the angular distance distances on thgtietlgphere as a function of the error of the
AMR value. As expected, for none of the objects a clear cati between the error of the AMR value
and the absolute value of the distances or the standardtidevid the distances could be determined.

7.5 Summary and Conclusions

A new algorithm to correlate observations with cataloguede.g., in TLE format was developed and
implemented in the ESASDT processing tool. The old algoritequired an orbit to be determined for
each observation tracklet, while the new algorithm is basethe comparison of astrometric positions
and apparent motions. As opposed to the existing versiomeketool successfully correlates GEO,
GTO and MEO objects. Even the correlation of objects in elisskeads to satisfactory results. The new
tool is used now in the operational processing of the ESASRITZAMSMART data. With ZImSMART
frames false correlation rate is below 2.5 percent.

The USSTRATCOM/DISCOS catalogue does not contain coveeianformation, which complicates
the catalogue correlation (see Section 7.3). The new toslusad to determine empirical distances be-
tween astrometric positions determined with predicteceaprides and observed astrometric positions
of known objects. Different TLE data sets produce largelgyivey angular distance values. Currently
no mean is available to predict the order of magnitude of tigukar distances between single TLE
ephemerides and single observations. The angular distari@phemerides and observations, or exter-
nal errors to high precision orbits, are significantly lartpan the internal consistency errors of the TLE
sets. In general, TLE ephemerides differ on average (omess@pnfidence region) by 0.04 degrees from
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the observations, or 25 kilometer in along-track and 10nkéter in cross-track direction for GEO and
0.08 degrees, or 35 kilometer in along-track or 25 kilometaross-track direction for GTO. However,
much larger differences may occur. Ephemerides propagéatbdsDP4 and SDP8, respectively, do not
significantly differ for GEO objects and are negligible fof G objects.

Ephemerides based on AIUB optical observations and pestliatith CelMech are in general much
more precise than the TLE data. Two observation intervalat déast 1.2 hours are required in a re-
alistic sparse data setup to ensure a successful re-detaxtihe object even with a moderate field of
view within 50 days after orbit determination, under thenpise of availability of a priori elements. The
distribution of the observations in anomaly is not cruc@ GEO objects. The ephemerides of the or-
bits, which were determined with observations from one olad®on site only did not differ significantly
from the ephemerides of orbits which were determined witeolations from different sites. In general,
observations from different sites have advantages singgsimore observations are available per object.

The orbits of HAMR objects were analyzed as well, in the spatata setup. The AMR value, that
is the scaling factor of the DRP parameter, varies over tife order of magnitude of the variation of
the AMR value was not correlated with the order of magnitufligssoerror. This is in good agreement
with R. Musci [66].

It is concluded that the variation of AMR, e.g., due to attdumotion, is not averaged out in the fit
interval of orbit determination. In the evolution of the AMRIue over time, no common characteristic
could be determined for different HAMR objects. More knoglde on the precise attitude motion and
shape, including possible deformations in time, would bedieel for HAMR objects to develop and im-
plement radiation pressure models to improve the orbitrd@tation and prediction. As long as such
information is not available, only frequent observationsvpnts an object from being lost.
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8. Object Characterization via Light Curves

We define only out of despair, we must
have a formula... to give a facade to the
void. (...)

Under each formula lies a corpse.

Emile Cioran

8.1 Non-resolved Imaging

8.1.1 Introduction

Only non-resolved images of space objects in GEO can be racquiith the current optical sensors.
About 20 x 20 centimeters are integrated into one pixel at a distance &malar LEO object, in 200
kilometer height even with a very good pixel scale of 0.2 aconds and under disregard of the effects of
seeing. Accordingly3.4 x 3.4 meters are integrated into one pixel for a GEO object at 3&@06teter
height. These are theoretical values; for real observatiamospheric conditions (seeing and scintilla-
tion) do blur the image of a space object even further.

So-called light curves are measurements of the overalhsitte of light reflected from a space object
received by an observer over time. The intensity depend$i@righting and viewing geometry, un-
der which the object is observed, the materials of which thjeat is composed, the orientation of all
illuminated facets, and the illumination source itself.eTHadiant intensity received by the observer is

therefore: Tsundden (. o)
o o sunAeft (¢, Pattitudes Phody,

I(t, Pattituder Pbody) = 1T R(1) , (8.1)
wherelg,nis the Sun’s radiation intensity arriving at the objetf) the distance between observer and
object, andAes the illuminated and visible surface and the vecttiigude and phody Symbolize all pa-
rameters related to the attitude motion, respectively tiaps, orientation and reflection properties of

facets of the object.

In order to determine the object’s attitude motion and shapeB.1 needs to be inverted and a best
fit of the attitude and body parameters to an observed ligiviechias to be performed. In a least square
approach the following metric has to be minimized:

Ntacets
2
Xz(ﬁattituda ﬁbody) = Z {Iobsj - Ij(ﬁattituda ﬁbody)] (8.2)
7j=1
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The problem stated above is under-determined. Even whenid¢iadng and lighting conditions are
known, only one parameter, namely the intensity over timavalable to determine three attitude pa-
rameters and — for complicated shapes — possibly an enormonbker of body parameters. As Henry
N. Russel [73] showed in 1906 an infinite number of solutiaxistewhich reproduce the identical light
curve. This even applies in restricted cases as of a sphgstaped asteroid with a specific distribution
of dark and bright spots on the surface, as in the case ige¢stl by Russel. A reconstruction of the
object and the spot distribution is not unique.

One way to address the non-linear problem of Eq. 8.2 is tolgfiyripe multivariate problem into several
problems of lower dimension. Another approach is to formauthe problem as completely independent
integral resp. sum for body and attitude parameters, andéhdions in full knowledge of either body
or attitude parameters. Several methods have been deddimphe analysis of light curves of asteroids
already, their applicability to light curves of satellitasd space debris objects will be discussed in the
Section 8.1.2 and 8.1.3. An overview of common light curvalgsis methods for asteroids, which have
been applied to satellites and space debris objects isneesby D. Hall [30]. The methods are divided
into two groups: The first set of methods can only deal withvearobjects, the second set of methods
can allow or are independent of self-shadowing, self-ofeswss and self-reflection.

8.1.2 Convex Objects

The effective area in Eq. 8.1 can be formulated as the foligvior a convex object:

Nracets

Aei(t) = Y Ajaj - (- 1)+ (71} - 9+, (8.3)
j=1

whereA; is the area of the single differently orientated facets efdbnvex body, and; the normal vec-
tor on the faceta; is the albedoy'is the light vector object-Sun, aritthe vector object-observer. The
effective surface is a sum over all illuminatéd,; - i), and visible(7i; - 0) facets with their individual
albedosz;. The +-subscript indicates that only positive values gkertanto account.

The different illuminated facets are given by the shape @fibject and change under the attitude motion
and the current illumination conditions. The differentdtsccan have different reflection properties and
as aresult different albedos. In optical observations theyproduct between albedo and facet atea;

is accessible.

Equation 8.1 can be rewritten with Eq. 8.3 as the following:

Nfacets
[Sun
I(tvﬁattitud& ﬁbody) RS YIy) Ajajc(tvﬁﬁﬁattitude) (8-4)
4 R(t) =
with:
C(t, 1, Dattitude) = (7751)+ (77;0) 4 (8.5)

If an object is sufficiently smooth the sum can be transforinéalan integral over the full solid angles

-,

V.
. . I o o .
I(tvpattitudey Pbody) = ﬁ?;v / A(V)G(V)C(tv (V)vpattitude)dV (8-6)
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If the same reflection properties for all facets is assumebitiaa attitude motion can be neglected, this
leads to the following integral:

. . Is . A\ o
11, Pttt Pooty) = s / A(@)aC(t, (7))d7 (8.7)
This is a so-called Fredholm Integral Equation of the Firstd{30]. Solutions to this integral can be
numerically determined via matrix factorization and gesdidescent search methods, as been published
in standard numerical books, e.g. [71], [54].

Man-made space objects tend to not have a smooth surfaceamyt ffat facets with different reflec-
tion properties and for non-stabilized objects, attitud#ion may not be neglected. The simplifications
of Eqg. 8.6 and Eq. 8.7 do not apply.

8.1.2.1 Shape Analysis with Known Attitude

If all attitude parameters would be known, Eq. 8.4 is a lingablem and can be solved with standard
numerical methods. To gain only physical sensible posiaees, the problem can be solved by in-
verting the equation via matrix factorization or gradieascent search methods, see e.g., [71], [54], [9].
This method is especially promising for actively stabitizatellites, for which the attitude parameters
are known. A possible shape reconstruction (up to multipfethe single areasl; if only optical ob-
servations are available) can be compared to original paylo check for possible damages. In case a
satellite is damaged, however, most likely the attitudeiomois unknown. The method only applies to
convex objects without self-shadowing, which does notwappbox-wing satellites. Many observations
from different sites under various lighting and viewing ditions are required.

8.1.2.2 Attitude-Independent Shape Analysis

A method of the attitude-independent shape analysis, waady addressed in 1903 by H. Minkowski
[62]: He provided a method of shape inversion, which can Ipfieghto man-made convex space resident
objects with different facets and non-smooth surfaces.

The method relies on the fact that a convex body is made upiofied number, which is larger than
one, of single facets, defining a so-called convex polytopglong as the closure conditions with;
representing the area of the facets and= (n1, na, ng)jT their corresponding normal vectors,

Nracets Nracets Nracets

Z Ajnlj =0 Z Ajnzj =0 Z Ajngj =0 (88)
j=1 Jj=1 Jj=1
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8 Object Characterization via Light Curves

are satisfied, and the point of main inertia may be arbitravithin or on one of the surfaces of the object,
a polytope can be reconstructed up to translations. Thumalete shape reconstruction is not possible
but an estimate on the orientation and number of facets cgiven. With optical observations alone the
size of the facets remains unknown. For smooth surfacege tarmber of normal vectors pointing in
similar directions is derived.

B. Calef et. al. [9] applied the method to recover simple $atad shapes of a cube and a house. It
was assumed that all facets have Lambertian reflection grepeOptical and infrared measurements of
the shapes were simulated and the inversion compared toithead shape. Convincing results could be

achieved assuming several thousands of measurementsadadblay

8.1.3 Arbitrarily Shaped Objects
8.1.3.1 Shape-Independent Attitude Analysis

Spin State Analysis An option to determine attitude parameters, e.g., the spead spin rate of an
object independently of the shape has been developed bygaudson [57] [58]. The method takes ad-
vantage of the fact that the apparent synodic rotation ifaa@ object, which is moving fast with respect
to an observer, differs from the true sidereal spin rate efabject. The most prominent example of the
synchronous rotation is the Moon observed from the Eartle. siinodic apparent periods of the rotations
are determined directly from the brightness variationshef abject. For the determination of synodic
modulation periods a Fourier or analogous analysis ardeahpior other methods refer to J. Scargle
[75], S.Larsson [53] or D.Hall [29]. For the determined pes a best fit is performed to determine
a sidereal period and spin axis, accounting for the effecthanging geometry of object, illumination
source and observer. The advantage of the method is thatshdittef the brightness data is performed
directly but only to the synodic periods, which have beeriheined. D. Hall applied the method to the
spin-controlled convex LEO NASA satellite IMAGE after cant was lost for a small time period; the
method did deliver good results, see [29] for further dstalil

The method is assuming that the periodicity determined wiBourier or similar analysis would only
depend on the synodic rotation periods and would be contplieidependent of the shape of the object.
This neglects symmetries in the shape of the observed olgjeuts from various non-parallel facets or-
thogonal to the spin axis as well as self-shadowing effedts;h could lead to the determination of false
rotation periods. The Fourier analysis of simulated liginves, as discussed in Section 8.3.2 discusses
some of these requirements. It is furthermore assumedibadtation is constant during the observation
time with a slow spin rate around only one spin axis. This mayhe case for asteroids or spin con-
trolled satellites, which are either still active or eretjrecently abandoned but may not apply to space
debris objects. This point will be addressed again, wherudsing the analysis of observed light curves
in section 8.4. Additionally, the spin rate has to be rapidugyh to determine it during an observation
period and slow enough to be displayed without aliasing énlitght curve. The method is not applicable
to GEO or GTO objects, whose relative movement with respmettte observer is too small to determine
the differences between sidereal and synodal spin rates.
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8.1 Non-resolved Imaging

Glint Analysis The so-called glint analysis is another option for a shagependent attitude analysis.
Glints are produced by flat highly reflective surfaces, sucbodar array panels, under the total reflection
condition. The total reflection condition is fulfilled, whéme incident angle of the incoming solar rays
equals — up to a deviation of half a degree (extension of ties8an from a near Earth environment) —
the reflection angle in directiofito the observer, whereasis the normal direction of the facet:

o+7
G+

7l =ppag -1 =1 (8.9)

Ppag IS the vector between incident and reflection direction)].[3Btabilized GEO objects with solar
panels tend to fulfill the glint condition, when they are ede the Earth’s shadow.

Subsequently observed glints can give information on ttieidé motion of a satellite, if rudimentary
shape information is available — for example, box-wing ghapmore cylindrical shape — if the viewing
and lighting geometry is known. The glint analysis can belusedetermine the correct alignment of
solar panels, e.g., given the attitude state is known. &hbifitunknown space objects in unknown at-
titude state can indicate that the object is composed ofaat kene highly reflective facet. Observing
glints of relatively small magnitudes of a nano-satellitayngive information on the number and orien-
tation of wire antennas, as D. Hall [30] points out. A glinaarsis of GEO satellites with the TAROT
telescopes in Chile and France was performed by M. Bourez-[3]. In her analysis the glint (called
flares in the paper) epochs are calculated in advance fereliff GEO objects. Those simulations were
cross-checked with real observations, which were in goodesgent. An observation strategy to easily
detect faint GEO objects under glint conditions and charaxt their surface, and shape properties in
one observation step was proposed.

Single Facet Orientation Analysis An approach similar to the glint analysis is used in the sng|
facet orientation analysis. The single facet analysisiregwbservations of the brightness of an object
as a function of the phase angle. The brightness of a stthiibx-wing satellite is dominated by the
solar panels. The brightness follows a cosine law over ts@langle, if the satellite is in a controlled
attitude state. A linear dependency of the brightness ompkiase angle is observed for cylindrically
shaped satellites, which are controlled. Possible parsdlignment of box-wing satellites or the correct
pointing towards the sun can be determined via deviatiom fitee cosine law, e.g. when the maximum
brightness is not reached at a zero degree phase angle. idie@sits over the full phase angle have to
be collected. This may not be a problem for LEO objects witkwlution period of 90 minutes, it is
more time consuming for GEO objects.

Stabilized Attitude Test A so-called stabilized attitude test can be performed irtmofdto the sin-

gle facet analysis. The stabilized attitude test requirdg few measurements and compares selectively
single brightness measurements under the same specifimgiewd lighting conditions. Those bright-
ness measurements are either compared with a theoretitad@tmodel or with the measurements over
the whole range of phase angles. The method is extremely podialse results, since either the attitude
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8 Object Characterization via Light Curves

model may be not accurate enough or in single measuremengdrttospheric conditions may dominate
the results.

8.1.3.2 Attitude-Independent Shape Analysis

Shape Inversion of Concave Objects There have been efforts in developing methods for shape
inversion for asteroids with concavity, e.g. by M. Kaasadai [43]. But it appears that the methods cru-
cially rely on smooth surface and texture of the object andfasg reflectance. Those methods cannot
be applied to multi-facet man made objects, with variougctithn properties. Further research is needed
to adapt those methods.

Phase Angle Fingerprints So-called phase angle fingerprints of an object are gairedigh ob-
servations covering all phase angles and all possibleiddtistates. This method is applicable to non-
controlled objects, suspected to be in tumbling attitudéano The theory is that enough measurements
of a single object are collected over time, so all possililfeude states have been observed. The observa-
tions should result in a specific brightness pattern as d@iumof the phase angle, which is independent
of the attitude but due to the shape of the object. Catalofugtitness patterns could be compared to
observed patterns of objects with unknown shapes. Thewistage of the method is that several hun-
dreds, as D. Hall [30] proposes, or several thousands ofuneragnts, as E. Stansbery [87] proposes, are
necessary for each shape. Even in the most favorable thedredses of clearly distinct simple shapes,
the results are not conclusive, as simulations by D. Hal] §8@w. The same analysis performed with
real observations of the ISON network has been done by V. &g@p]. No conclusive results were
obtained either. This may be due to the fact that the patterie different shapes differ in subtle details
only, which are hidden by observation errors in real measargs. The method crucially relies on the
fact that all attitude states are observed. In real obdenstthere may not all attitude states be observed
or the object does not have a completely random tumblinganatver time but a specific rotation, which
would compromise the brightness variations stemming fitoenshape only.

8.2 Viewing and Lighting Geometry: Phase Angle

A standard way to describe the viewing and lighting geomfeina light curve measurement is the so-
called phase angle. The phase angle is defined as the angleebebbserver (topocentric position),

observed object and Sun, that is, within their common plaié common plane is not stable over time
relative to a satellite fixed or equator equinox coordingstesn. This may lead to the situation, that
the same phase angle value may represent different thmeendional geometries lighting and viewing

geometries, which may lead to different light curves, asdlitve shown in section 8.3.2. The most com-

plete way to describe the lighting and viewing conditionsulgidoe a description of the viewing angles in

the satellite body system. As P. Kervin [46] points out, saaescription is very useful and can account
for deficiencies of the traditional phase angle approagbedally in the case of objects, which are not
in a stabilized attitude motion. Unfortunately the attdutiotion of non-stabilized objects is in general
unknown, which makes it impossible to establish the vievgagmetry in such a satellite fixed reference
system.
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8.3 Simulated Light Curves

Two additional phase angles are defined in this work, to erddine classical phase angle concept,
although the attitude motion of the object is unknown. A cliraite system in the center of mass of the
object is defined as a reference system. The reference graedllel to the Earth’s equator. The new
reference system defined is a quasi topocentric equatdr tbegtl system, but instead of in a topocentric
position on the Earth surface the origin is in the satellgesition. The vector towards the Sun and to
the observing topocentric position are defined in the newesysThe full angle between those vectors
corresponds to the classical phase angle, calliedthe following. Additionally, angles the projection of
those vectors in the reference plane parallel to the equédoe (called xy-plane in the following, and
the corresponding phase anglg) and in the plane orthogonal to it (called xz-plane in théofeing,
and the corresponding phase angig) are determined. These three angles can be determinedfexen i
knowledge about the object is available at all. The geonwdttiie three different angles, overall phase
angleg, xy-plane anglepy, and xz-plane angley. are illustrated in Fig.8.1.

8.3 Simulated Light Curves

8.3.1 Simulation Setup

Light curves of simple shapes have been simulated. Threerdiional scenes have been computer
graphically rendered. The input, which is needed to rendmreae and a typical rendering pipeline is
illustrated in Fig. 8.2. The rendering pipeline is desdliiedetail e.g. by P. Shirley [86].

The closest approach to the physical world would be rendesiith so-called ray tracing. Ray tracing
operates on pixel level in each step, starting out from thletiihg source, following eactay to each
pixel on the scene and calculating its path. For this prelémi study of light curves of simple shapes
the faster shading option was preferred over ray tracingriblgns, especially since only Lambertian
reflection was taken into account. Ray tracing is recomm@énaben modeling complete satellites with
different physically realistic surface materials and ctiogped self-shadowing.

The rendering of scenes in the current work was performedpenGL with the OpenSceneGraph li-
brary; the rendering stack is illustrated in Fig.8.3. Opm&Graph serves as a scene graph middle
ware, which provides additional support on the overall greniance of rendering scenes and advanced
shader options; it offers support of dynamically updatiogres beyond simple draw transversal algo-
rithms. Simple shapes have been rendered with OpenScepte@siang the Lambertian shader only in
the current work. Perspective viewing transformation wiaaliled, so an orthogonal transformation was
performed. As a light source a spotlight has been placed;iwhias the extension of one degree in a
Phong only shading, that is specular-only, rendered olbje¢he screen. For the light curve simulation
the viewing (camera) direction was kept fixed. The directbtthe lighting source was varied but kept
fixed during each the simulated light curve. The attitudéesté the object was dynamically updated in
the scene. The different intensities proposed by the shader not taken into account, only the total
number of (visible) white pixels of the object. An albedo d8 &vas assumed for the simulation.
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8.3 Simulated Light Curves
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Figure 8.2: Rendering pipeline of the simulated scenes.
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Figure 8.3: Three dimensional rendering stack [59].
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8 Object Characterization via Light Curves

8.3.2 Simulated Light Curves of Simple Shapes

Light curves of simple shapes have been simulated: a culytinder, and the shape of a thin multi-layer
insulation (MLI) structure. The cube was simulated to haveedge length of two meters, the cylinder
was simulated to have a height of 6.2 meters and a diametei7ah8ters, which represents the size
of an average Russian upper stage, and the MLI structure sgasned to have a size of roughly one
square meter. All objects are assumed to be in geostatiawhitywith zero inclination. The observer
was assumed to be located at the geocenter, without lossefajity. The coordinate system, defined
in Section 8.2, is used here again. The equator plane andytptare with its origin in the center of
mass of the object coincide in the chosen setup. The y-atiwifundamental plane is pointing towards
the geocenter, the x-axis orthogonal to it within the xyrgland the z-axis out of plane. At the starting
point of each simulation the axis of main inertia of each obge aligned with the coordinate axis.

Four different setups were simulated for the cylinder: fiessingle rotation around the x-axis, with
a period of 41 minutes has been simulated, observed undereaallophase angle/¢yy/¢x, = 0/0/0
degrees. The angles in the xy- and xz-plane are defined ashagsi Section 8.2 and illustrated in
Fig. 8.1. Secondly, a motion of the cylinder has been siradldh which two rotations are superimposed,
one around the x-axis with a period of 49 minutes and one arthey-axis with a period of 88 minutes.
This motion was simulated to be observed under three diftdighting conditions:¢/¢yy /¢x. = 0/0/0
degreesg/¢xy/pxz = 90/90/0 degrees ane/¢xy/¢dxz = 90/90/45 degrees. The rotation rates were
defined to have the following attitude motion: the rotatisstiable over time for the cube, for the cylinder
and the MLI the setup has to be regarded as a snapshot on atalttitide motion, which is subject to
change over longer time periods. Figure 8.4 illustratesehelered cylinder in the different lighting and
viewing conditions. In Fig. 8.5 the different simulatedhigcurves of the different rotation and lighting
conditions extracted from the rendered images are disglajbe superimposed rotations of 49 and 88
minutes, respectively, around the x- and y-axis has also bieeulated for the cube and the MLI struc-
ture. The illumination was chosen to Béaoyy, /dx, = 90/90/45 degrees, again. In Fig. 8.6 and 8.7, the
shapes and setup, as well as the light curves, are shown.

Figure 8.5 shows that the simple rotation around the x-axlig @nd the rotation around two axis (x- and
y-axis) do not produce completely different patterns agjlas the overall phase angle ¢xy, and¢y,

are zero. The very same rotation produces different pattevhen the phase angles are changed, due
to the fact that not all facets that are illuminated are Vst the observer. The pattern differs for the
two simulated light curves under = 90 degrees, but different phase angligs. The change in illu-
mination, which leaves the overall phase angle unchangjétdhes an effect on the simulated light curve.

The simulations of the cube and the MLI structure show thatitht curves differ for different shapes in
the same attitude motion and when observed under the sati@gigonditions and viewing conditions,
as the comparison of Fig. 8.5 with 8.6 and 8.7 reveals. The $iluicture, which consists of mainly two
more or less flat surfaces, is not visible for the observeinduonger time intervals in the observation
span.
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Figure 8.4: Simulated cylinder under different lightingdartation conditions: (a) rotation around x-axis (41-min
period), ¢/ dxy/dxz = 0/0/0 degrees; (b) to (d) rotation around x- and y-axis (period 48p. 88 min) with: (b)
B/ Py xz = 0/0/0 degrees, (C/ dxy/Pxz = 90/90/0 degrees (dyp/ dxy/ dx. = 90/90/45 degrees.
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Figure 8.5: Simulated light curves of a cylinder under d#éf# lighting and rotation conditions: (a) rotation
around x-axis (41-min period}y/¢xy/dx. = 0/0/0 degrees; (b) to (d) rotation around x- and y-axis (period 49

resp. 88 min) with: (bY/¢xy/dxz = 0/0/0 degrees, (CP/ dxy/dxz = 90/90/0 degrees (dP/ pxy/ dxz = 90/90/45
degrees.
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Figure 8.6: Simulation of a cube with rotation around x- andxis (period 49 resp. 88 min), Wit/ ¢xy/dx, =
90/90/45 degrees: (a) image of the simulation, and (b) simulatedtighve.
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Figure 8.7: Simulation of an MLI structure with rotation amd x- and y-axis (period 49 resp. 88 min), with
&/ bxy/ xz = 90/90/45 degrees: (a) image of the simulation and (b) simulated lighte.

8.3.3 Fourier Analysis of Simulated Light Curves

The simulated light curves were Fourier analyzed. As meetioin section 8.1.3.1 some characteri-
zation methods rely on a Fourier analysis or other methodtetermine periods. The results for the
cylinder are shown in Fig. 8.8. Figure 8.8a shows the Fouwgperctrum for the simple x-axis rotation
observed with the phase anglegdyy /éx; = 0/0/0. There is one main period of 20 minutes and one
with a smaller amplitude at around 10 minutes. The perioddahihutes is actually close to half of the
actual rotation period, which is due to the mirror symmefrthe cylinder shape around the rotation axis.

Figure 8.8(b) to (d) show the Fourier spectrum for the lightves of the cylinder with the superim-
posed rotation around the x- and the y- axis with periods chd® 88 minutes, respectively. All light
curves, which were simulated under different phase anglesy two main periods of around six and
eleven minutes. The cases observed under a phase angterdiffi®om zero,¢/¢xy/dx. = 90/90/0
degrees an@/¢xy/dx; = 90/90/45 also show several other distinct periods but with smalleplam
tudes. The Fourier decompositions of the those light curessmble each other. Many smaller periods
between a few seconds and five minutes do occur, which arpiessnent as for the case, in which all
phase angles were zero. The introduced rotation rates \Beaad49 minutes. The relation between the
periods of about 1.8 is preserved in the periods of the Fodéeomposition.

Figure 8.9 shows the Fourier decomposition for the simdlatébe and the MLI structure for the same
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Figure 8.9: Fourier spectra of the simulated light curveqg&¥a cube and (b) MLI structure with rotation around
x- and y-axis (period 49 and 88 min, resph).pxy/ ¢x. = 90/90/45 degrees.

superimposed rotation around the x- and the y- axis withogsriof 49 and 88 minutes, respectively,
under the same lighting conditions @f ¢xy /¢, = 90/90/45 degrees. The Fourier decomposition of
the cube light curve (Fig. 8.9(a)) shows two main period® oharound 6 minutes and another one of
around 12 minutes, the latter consisting of two not cleaglyasated periods. The result is comparable
to the case of the same setup for a cylinder. The situatioiffeseht for the MLI structure (Fig. 8.9(b)).
The Fourier analysis shows one main dominant period at 28tesnand smaller ones at about 12 and
16 minutes. Obviously, with the large time intervals, in @hihe object is not visible for the observer
due to the flat shape, the Fourier decomposition of the diffierotations fails.
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8 Object Characterization via Light Curves

Table 8.1: Light curve measurements for object MSG-1 02040B

Date start epoch (MJD) ¢ (deg) dxy (deg) oxz (deg)
Dec 42009 55169.8 42.1t037.6 28.2t024.4 61.0to61.1
Dec 92009 55174.7 93.1t088.7 90.5t085.6 68.41t068.3

8.3.4 Pattern Recognition of Simulated Curves

A pattern recognition algorithm was developed to detedepain light curves measurements. Therefore
a set of subsequent data points of a chosen size is chosen]l aamdvious and remaining data points
are scanned if this set of subsequent intensity values sraftending and descending order can be re-
detected within the same light curves several times. Sraalations of 20 percent of the intensity values
within the set are allowed for a successful re-detectiorth\Weliding window all possible sets are tested,
for a size of the pattern of two to half the total number of Eldé data points in the light curve. The
pattern of each size, which was re-detected most often isdstolhe largest pattern which has more
occurrences than the pattern the pattern of surroundieg zhosen as thietected pattern

The algorithm has been tested with the simulated light coftbe cylinder with a rotation around the
x-axis observed withy/ ¢y /dx, = 0/0/0 degrees, which is displayed in Fig.8.5(a). The results are
shown in Fig. 8.10: Figure 8.10(a) shows the size of the fauatkerns as a function of the number of
times the pattern could be found again within the same lightes. Figure 8.10(b) shows the detected
pattern. The pattern is probably slightly shifted compamedne chosen by eyesight, but the algorithm
is judged to be working. The selected pattern has a size of@id about 2,400 in total), it occurs three
times.

8.4 Interpretation of Light Curves of Satellites and Space Debris

Light curves of space debris objects are observed on a rdgagés with ZIMLAT. The sampling rate of
light curves taken with ZIMLAT is of the order of three secend

A small subset of light curves of three objects from the USBTROM/DISCOS catalog was chosen,
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Figure 8.10: (a) Size of the found pattern as a function ofrthmber of detected repetitions, (b) detected pattern
in light curve of Fig. 8.5(a).
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8.4 Interpretation of Light Curves of Satellites and Spae®l»

Table 8.2: Light curve measurements for object Blok DM-2.

Date start epoch (MJD) ¢ (deg) dxy (deg) oxz (deg)
April 12 2008 54568.9 21.1t027.7 20.9t027.8 2.6t00.4
April 132008 54569.8 9.5t07.8 4.3t02.7 9.3t07.9
April 19 2008 54575.9 14.9t020.9 13.7t020.5 6.0t03.1
April 26 2008 54583.0 31.5t034.6 32.0t035.3 7.7t012.3

Table 8.3: Light curve measurements for object Gorizont 33.

Date start epoch (MJD) ¢ (deg) oxy (deg) oxz (deg)

July 21 2009 55034.0 10.2t06.8 10.8to7.2 10.0t05.9
July 26 2009 55039.0 11.1t07.8 11.8t082 10.3t07.0
July 28 2009 55041.0 149t013.1 15.8t013.9 14.4t012.3
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Figure 8.11: Light curves of the MSG-1 satellite 02040B (ar@, (b) Dec 9, 2009.

to be displayed here, for which the shape is suspected todyverknThe spin controlled MSG-1 satellite
with the COSPAR Number 02040B is a cylindrically shaped Ib&gewhich is still active and spin-
stabilized. The Blok DM-2 upper stage 91010F has a more erdgindrical shape; it has never been in
a controlled attitude state. The abandoned Gorizont-38lisat90102A consists basically of a cylindri-
cally shaped body with two larger and two smaller solar ganklis no longer attitude controlled. All
objects are in a geostationary orbit, with small eccernigii MSG-1 is in a controlled orbit around zero
degrees inclination, Blok DM-2 is in an orbit with an incltien of 11.9 degrees, and the Gorizont 33
satellite at 12.5 degrees inclination.

The phase angle is significantly changing over an observatierval of 10 to 30 minutes in contrary to

the simulated light curves. All magnitudes that are deteethiare apparent magnitudes, calibrated with
respect to the stellar background.

Two light curves of MSG-1, 02040B, are displayed in Fig. 8. The dates and phase angles are displayed
in Tab. 8.1. Both light curves of the spin-stabilized s#eIMSG-1 are very flat and only show small
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8 Object Characterization via Light Curves

Figure 8.12: Light curves of the Blok DM-2 satellite 9101@#F April 12, (b) April 13, (c) April 19, (d) April 26,
2008.
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8.4 Interpretation of Light Curves of Satellites and Spae®l»
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Figure 8.14: Fourier spectrum of light curves of the MSG-feflde 02040B (a) Dec 4, (b) Dec 9.

fluctuations within the limits of about 0.1 apparent maghitsi over the observation interval. This has
been expected, due to the controlled attitude state and/lineliccal shape. The spin axis of the MSG-1
satellite is aligned perpendicular to the Earth’s equatdre small fluctuations, which are visible, may
represent the small antenna structures on top of the cidaddrody of the MSG-1 satellite. Furthermore,
the measurement is always affected by short term fluctumtdthe atmospheric extinction, too. The
average magnitude seems to decline during the measuremboth cases as a function of the phase
angles. The phase anglein the second case is larger than in the first case. While thegpanglesy,
are comparable, the phase angjg of the first light curve is around 30 degrees and of around g0eds
during the second light curve measurement. In both casqshtéee angleg as well as the phase angles
¢xy declines during the measurement, the agglestays more or less stable. The classical phase @ngle
is sufficient to explain the magnitude trends for this spab#ized satellite, which is in good agreement
with the simulations by P. Kervin [46].

Four light curves are analyzed for Blok DM-2, 91010F. Théfigurves are displayed in Fig. 8.12, the
phase angles are displayed in Tab. 8.2. All light curves stiear structures and variations of the order
of half a magnitude within few seconds. A brightness pattégth a period of around two minutes seems
to be present in each of the light curves. In Fig.8.12(a) at@(8) the magnitude slowly rises during
the observation, which is consistent with the increasingral phase angle as well as the rising phase
angle in the xy-plane. In Fig.8.12(b) the overall tendentyw decreasing magnitude according with
the decrease in phase angles, is interrupted by a shornribe imagnitude. The short term brightness
variations, which are present in all light curves, are ntecéd by this. The light curve in Fig. 8.12(b)
is the one observed under the smallest phase angles.

Three light curves of Gorizont-33, 90102A, are examinede Tight curves are displayed in Fig. 8.13,
the phase angles are listed Tab. 8.3. For this large sejdhiere seems to be a pattern present in each
of the observations, suspected to represent the paneldingture. The light curves are not identical,
although they are observed under similar phase angles.i®FRig. 8.13(b) a decrease in the magnitude
is visible. No clear correlation between magnitude and @laagles can be found for both objects.

8.4.1 Fourier Analysis of Observed Light Curves

The observed light curves were Fourier analyzed to gain nmsight into the periods displayed in the
brightness variations.
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8 Object Characterization via Light Curves

Figure 8.15: Fourier spectrum of light curves of the Blok DMsatellite 91010F (a) April 12th, (b) April 13, (c)

April 19, (d) April 26.

Figure 8.16: Fourier spectrum of light curves of the Goriz88 satellite 90102A (a) July 21, (b) July 26 (c) July

28.
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8.4 Interpretation of Light Curves of Satellites and Spae®l»

In Fig.8.14, the Fourier analysis of the light curves of tlwmtoolled MSG-1 satellite are displayed.
No large amplitudes for any periods are detected.

Figure 8.15 shows the Fourier spectrum for the Blok DM-2tlighrves. For all four light curves, one
very small period of the order of 4 to 8 seconds occurs withhgelamplitude, as well as one or two not
clearly separated periods around 1.3 to 1.8 minutes canteenrtieed. These very small periods may
indicate that the observed light curves are subject toiafjasffects, due to the three second sampling
rate of the observations. These two main periods seem to beonéess stable over time. In Fig. 8.15(c)
also a number of periods surrounding the main period of 1riutas occur.

The Fourier decompositions of the three light curves of @Bwri-33 are displayed in Fig.8.16. They
show three main periods around 25 and 35 seconds and onadaspamminute. In Fig. 8.16(c) the sec-
ond period is split into two periods, which are not complet#parated. Again the periods seem to be
more or less stable over time and independent of the spebifisgangles, during the measurement.

The small periods detected in the Fourier decomposition lok BM-2 and Gorizont-33 seem to in-
dicate very rapid rotations for the debris objects, whichuldde unexpected for large objects like the
upper stages or a whole satellite. More likely, the perio@dy orrespond to recurring shape patterns,
which are displayed within a slower rotation. The periodsns¢o be constant for observations under
different phase angles.

This in good agreement with the results of the simulatiormashin Section 8.3.2, which illustrated
the effects of symmetries in the object shapes and indepepd# the determined periods of the phase
angle.

8.4.2 Pattern Recognition of Observed Light Curves

The pattern recognition algorithm, which has been testet thie simulated curves, is applied to the
observed light curves in a next step. Figure 8.17a and 8 A6y svo of the light curves of Blok DM-2;
the detected pattern are highlighted. The size of the patisra function of the number of detected
repetitions in the light curve are displayed exemplary Far light curve of April 19 in Fig.8.12c. The
detected pattern of all four light curves of Blok DM-2 are wiman Fig. 8.12d, the all consist of 15 data
points. The patterns are not identical for all four lightvas — the magnitudes are not the same — due to
observations under different phase angles, but the ddtpatitern may suggest that the rapid brightness
changes in the light curves are not only white noise.

Figure 8.18 shows two of the light curves with highlightedt@an of Gorizont-33 and the dependence
on the pattern size of the number of detected repetitionseopattern in the light curve. The size of the
pattern that could be detected in all light curves consistsrdo 26 measurements. The single pattern
that could be found are not identical, but resemble each.offfeey clearly show a different structure

than the pattern of the upper stage Blok DM-2, as the commpaié$ Fig. 8.17d and Fig. 8.18d shows.

The periods found in the Fourier analyses are of the orddreofitne interval covered by the pattern.
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8 Object Characterization via Light Curves

Figure 8.17: Light curves with highlighted pattern of theoBIDM-2 satellite 91010F (a) April 19 and (b) April
26. In (c), the size of the pattern as a function of the numbeetected repetitions in the light curve of April 19.
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Figure 8.18: Light curves with highlighted pattern of ther@ont 33 satellite 90102A (a) July 21 and (b) July 26.
In (c), the size of the pattern as a function of the number tdaded repetitions in the light curve of July 21. (d)
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8.5 Light Curve Measurements in Comparison with Orbit Deteation Results

(a) Gorizont (b) Raduga

Figure 8.19: Russian communication satellites (a) Gortznmd (b) Raduga [88].

8.5 Light Curve Measurements in Comparison with Orbit
Determination Results

In the current section light curves of four objects are itigaged: two LAMR objects, 79105A (Gorizont-
3) and 80081A (Raduga-7), whose orbits have been investigatSection 7.4.4.1, and two HAMR ob-
jects of the internal AIUB catalogue, E06321D and E06293Apse orbits have been investigated in
Section 7.4.6.

8.5.1 Two Examples of Low Area to Mass Ratio Debris

Gorizont-3 and Raduga-7 are both Russian communicatiefiiszg, which are not operational anymore.
The Gorizont satellites have a mass of about 2200 kg and egyhy transponders. They are 3-axis stabi-
lized using liquid propellant micro-engines of the KAUR4agborm during their life time. The pointing
is within 0.5 degrees accuracy towards the Earth’s centex.dimensions of the satellites are (including
solar panels) 5.45 x 3.30 x 9.46 meters [74]. An image of thellte model is displayed in Fig. 8.19a.
The Gorizont-3 satellite 79105A is in a geostationary onlifh, at present, an inclination of around 14.6
degrees and negligible eccentricity, its estimated AMRi@a$ about 0.007 Akg~".

Raduga satellites have a mass of about 2000 kg and are 3talikized with the same KAUR-3 plat-
form, which was first deployed in the Raduga satellites ard thecame a base for the Gorizont models.
They have two transponders and their dimensions are (imgjugblar panels) about 5.50 x 2.50 x 9.50
meters [74]. An image of the Raduga satellite model can bedan Fig. 8.19b. The Raduga-7 satellite
80081A is nowadays in a geostationary orbit with an incloraiof about 14.4 degrees and negligible
eccentricity, its estimated AMR value is about 0.013gr .

The orbit determinations in Section 7.4.4.1 revealed tbat ims orbits over long fit intervals larger

than 30 days could be determined for Gorizont-3, 79105A, thatlthe propagation resulted in small
differences between the ephemerides and further obsemgati-or Raduga-7, 80081A, orbit determina-
tion over long fit arcs was not successful. The propagatiad te rapidly increasing differences of the
ephemerides compared to observations only 20 days aftapiteh of the last observation, which was
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8 Object Characterization via Light Curves

Table 8.4: Light curve measurements for object Gorizon8BOBA.

Date start epoch (MJD) ¢ (deg) oxy (deg) oxz (deg)

Feb 22008 54499.0 40.5t054.0 35.4t048.9 26.61t030.2
Feb 32008 54499.8 16.6to11.7 13.8t02.9 9.7t014.7
Feb 72008 54503.9 16.8t020.7 9.7t014.6 17.61t018.9
Feb 18 2008 54514.8 26.7t010.7 26.6t06.0 1.82t09.9
Aug 82010 55417.1 80.5t085.3 78.8t083.3 26.1t027.7
Sep 212010 55461.0 56.7t061.6 56.3t061.3 13.1to016.0
Dec 92010 55539.8 18.3t015.3 11.1t06.1 41.6t036.5
Dec 26 2010 55557.0 30.0t050.8 25.4t047.4 66.3t075.9
Jan 22011 55564.0 52.0t055.4 47.8t051.2 62.3t063.2

Table 8.5: Light curve measurements for object Raduga-B8A0

Date start epoch (MJD) ¢ (deg) oxy (deg) oxz (deg)

Sep 212010 55461.1 20.9t023.9 20.8t023.7 2.3t03.1
Oct52010 55475.0 23.7t021.2 21.1to15.6 11.1to10.4
Dec 92010 55539.8 99.4t094.7 96.6t091.9 70.1to068.6
Dec 132010 55544.0 38.9t034.4 36.7t031.8 60.6t058.8
Dec 26 2010 55556.9 63.3t041.8 62.9t040.6 96.6t088.6
Jan 22011 55563.9 54.0t049.3 53.9t049.0 107.0to 104.9

used in the orbit determination. Further orbit determiraiwith different subsequent or partly overlap-
ping fit intervals, lead to different osculating elements aarying estimations of the AMR value. For
both objects, 79105A and 80081A, light curve measuremeauts heen taken.

Some of the light curves measured of Gorizont-3, 79105Ar thve years are displayed in Fig. 8.20.
The displayed light curves were taken in 2008 on January 1010 on August 8, September 21,
December 9, December 26, and in 2011 on January 2. The dtdstirmes and the variation of the
different phase angles@/¢yy/¢x, — during the measurement are listed in Tab. 8.4. Brightnasations

of more than two magnitudes are measured. In the light cusgayed in Fig. 8.20(f) even variations
of over five magnitudes do occur. This light curve was obskrueder an overall phase angle and phase
anglegloxy/ox, ~ 60/60/14 degrees. There seem to be displayed a similar but not id¢htightness
variation pattern in all light curves, although the lightwes were observed under different phase angles.
No clear dependency on the brightness or the peculiaritgepattern on the different phase angles can
be determined.

Six light curves of the object Raduga-7, 80081A, are disgdain Fig.8.21. They have been taken
on six different nights from September 2010 to January 20tk dates, and the variation of the phase
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angles,p, ¢xy andgy, are displayed in Tab. 8.5.

There is a similar brightness pattern visible in all lightnas, but the time distribution of the pat-
tern varies heavily. The pattern seems to be spread oveoriiget time intervals in Fig.8.21(a) and
Fig.8.21(b). Those are the light curves taken under thelestgihase angle in the selection of light
curves displayed in Fig. 8.21. The 79105A satellite doeshotv such a phase angle dependency.

The object Raduga-7, 80081A, seems to behave differendy time than the object 79105A. This
would support the finding of the orbit determination, despite huge similarities of the satellites. The
light curves might be an additional hint that the object 808&s in an unstable state. The light curves
of object Raduga-7, 80081A, also clearly show, that a fing@tipg, which is stable over longer time
intervals, is even for such a large space debris object natyal possible, since even the similar patterns

of 79105A are subject to change over time.

8.5.2 Two Examples of High Area to Mass Ratio Debris

The orbits of two objects of the internal AIUB catalogue, BRBD and E06293A, have been investigated
in section Section 7.4.6. E06321D is in geostationary avitlh an eccentricity of around 0.036 and an
inclination of around seven degrees. Its AMR varies aroundlae of 2.5 mkg~!. E06293A is a geo-
stationary object, its orbit has an eccentricity aroun®®,@nd an inclination of around eleven degrees.
Its AMR value is about 15.9 Akg~'. Both objects have been followed for several years by theBAIU
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8.5 Light Curve Measurements in Comparison with Orbit Deteation Results

Table 8.6: Light curve measurements for object E06321.

Date start epoch (MJD) ¢ (deg) dxy (deg) oxz (deg)

Apr 192007 54210.0 30.9t033.2 31.4t033.8 17.5t019.3
Feb 7 2008 54503.8 82.4t078.0 82.7t078.1 159.4t0156.7
Mar 18 2008 54543.9 31.7t025.6 30.5t023.7 10.2t010.8
Sep 222009 55096.9 20.6t018.5 20.2t018.2 3.9t03.5

Sep 232009 55097.9 55.9t013.1 55.4t012.7 15.4t03.11
Dec 92009 55174.8 27.7t025.8 17.9to145 58.9t058.8
Jan 172010 55213.9 36.7t043.5 24.5t033.1 45.9t046.5
Dec 132010 55543.8 37.8t1033.0 31.4t024.8 68.41t068.3

Table 8.7: Light curve measurements for object E06293.

Date start epoch (MJD) ¢ (deg) oxz (deg) oxz (deg)

Apr 18 2007 54207.9 31.1t029.7 29.7t028.2 11.06t011.2
Mar 52008 54531.1 9.0t010.3 8.6t010.0 3.1t03.0
Mar 18 2008 54543.9 55.9t052.7 55.8t052.6 6.3t04.9
July 21 2009 55034.0 4.3t05.7 1.3t04.6 7.2t08.4

The timely evolution of the orbital elements and the AMR eqldetermined in the orbit determination
process, has been investigated in Section 7.4.6. It wasrstieat most of the determined AMR values
of E06321D follow a periodic evolution over time, with a petiof roughly one year. But also values,
which do not seem to follow that trend do occur. No clear trignithe AMR values could be determined
for object E06293A. AMR values range from 18 to 15.2ai !, most of the values lie between 15.5 ad
16.0 ntkg .

In Fig. 8.22 eight light curves of the object E06321D, takemf April 2007 to December 2010, are dis-
played. The dates, start epochs of the light curves, as wéleaphase angles are displayed in Tab. 8.6.
In Fig. 8.24 four light curves of object E06293A, taken begwd\pril 2007 and July 2009, are displayed.
The epochs and phase angles are displayed in Tab. 8.7. Radglidnless variations over several, up to
four, magnitudes within shortest time intervals do occurfath objects. The average brightness of both
objects is not clearly dependent on the phase angle. Fortdb@$321D, e.g., as displayed in Fig. 8.22:
The overall brightness is around 17.3 on September 22 irBR28d, when observed under anglef
20.6 to 18.5 degrees, with a phase ange20.2 to 18.2 in andy, 3.9 to 3.5 degrees, but the magnitude
is around 12.5 in Fig. 8.22h.

The pattern visible in the light curves of both objects vargrdime, a light curve finger printing does not
seem to be feasible. Even light curves observed under sipfiese angles, as, e.g.for object E06293A,
in Fig. 8.24b and 8.24c different pattern are visible.

A sampling rate of three seconds seems even not to be rapisgleno Figure of object E06321D
overtone harmonics are visible, see Fig. 8.22a and 8.22bbdth objects the Fourier analysis revealed
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Figure 8.23: Fourier decomposition of the light curves meaments of the object E06321D over time: (a) Apr 19
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8.6 Conclusions

very short periods. For object E06321D, a very small perioaiound 6 seconds, acquainted by several
other very short periods, below 20 seconds, is detectediige8.23. The Fourier decomposition of
the light curves of E06293A are shown in Fig. 8.25. Very siperiods could be determined in all light
curves. Most significantly a period around 12 to 14 second/shup, in addition a period of 25 second
is visible. A period of 38 seconds does occur also in Fig.8.25

8.6 Conclusions

Different methods for the analysis of light curves have beisoussed. The shape inversion developed
by Minkowski is one possibility to derive shapes from lighinees, although from optical observations
only the area albedo product is available and only convegeshaan be reconstructed. Current methods
of shape inversion for concave objects heavily rely on a smsarface, which is not the case for space
debris objects. A shape inversion can never be unique.

A number of methods exist, which give limited insight in thaterial composition, e.g., color photome-
try and spectral measurements. Glint and single facet sisadg well as the phase angle finger printing
method, which disregards attitude motion, do not allow &iidct different shapes. The determination
of the spin rate and axis of space objects via the differeetwden synodal and sidereal rotation is not
applicable to GEO objects. The method relies furthermorea aonrrect decomposition of the rotation
periods via a Fourier analysis, e.g., for example of the diynmtation periods, which in turn requires
that the object is rotating slowly around only one spin axis.

Light curves of simple shapes under different lighting arewng conditions, and attitude states have
been simulated. The same attitude rotation rates may peatitferent light curves under different light-
ing conditions. The Fourier analysis of the simulated ligimves indicates that the detection of the main
rotation periods is largely independent of the phase arglersy as — as for the MLI case — the object is
not invisible for large parts of the observation interval.

The Fourier analysis of the real light curves correctly edgd no significant period for the spin-stabilized
satellite, which only rotates around its symmetry axisagtimal to the observer. For the upper stage and
the Gorizont satellite, two to three rotation periods cdodddetected, which seem to be stable over a
couple of days and independent of the phase angle duringoberntion. One of the detected periods
is of the order of a few seconds only.

A pattern recognition algorithm was developed, tested ensiimulated light curves, and applied to
observed light curves. Patterns could be detected in adirebd light curves. The patterns are not com-
pletely identical for different light curves of the sameexdij but are clearly different for the two different

objects examined. The size of the patterns that could bedf@uaf the order of the rotation periods de-

tected in the Fourier analysis.

The light curves of two similar decommissioned Russian comication satellites with low AMR have
been investigated. For both satellites light curve measents over several years are available. They
both have been in the same stabilization mode but are nowndaissioned and not actively stabilized
any more. The objects are in similar geostationary orbitehit@etermination revealed that the AMR
of one object does not seem to be stable, contrary to the. ofter light curves are supporting the as-
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8 Object Characterization via Light Curves

sumption that the one object may not be in a stable attituate.sfThe light curve measurements show
that even for large space debris objects the pattern in digives can be significantly different from one
measurement to the next.

The light curves of two HAMR objects have been investigatbtbasurements over several years are
available. Both objects show rapid brightness variatidriseir Fourier decomposition revealed periods
of a few seconds; an under-sampling during the measuremmemry likely. The light curves of the
two investigated objects undergo significant changes awes, twhich are not phase angle dependent.
It could be an indication for a changing attitude motion otiere. A slowly changing attitude motion
could be one explanation, why different AMR values are foumithe orbit determination of both objects
over time.
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9. Summary

Ever tried. Ever failed. No matter. Try
again. Fail again. Fail better.

Samuel Beckett

From optical ground based observation of space resideetisbjn GEO or HEO regimes only non-
resolved images are available with the current observédiaiities. The identification of space resident
objects based on such observations poses a significantogell

Space resident objects are either searched for in so-calieeys, that is scanning particular regions
of the sky, or, when their orbit is known, are observed by rmadrso-called follow-up observations. For
surveys no a priori information on the objects themselvesamtheir orbits is available.

The discrimination of unknown objects from so-called casmon single frames is a crucial step in
the image processing chain. Cosmics are charged partiof@aging the detector either stemming from
cosmic ray showers from deep space, or from slightly radiasubstances close to the detector, e.g., in
the CCD dewar. If the pixel scale is small enough, e.g., @6amonds as for the ESASDT, the real object
images are smeared over several pixels due to atmosphernidetunce. This allows a discrimination in a
majority of cases between object images and cosmics by eyearFautomatic discrimination it turned
out that no single reliable criterion could be found. A disgnation based on contrast or edge detection,
does successfully identify part of the cosmics, but, wittbaservative tuning, a significant amount of
cosmics is still present after filtering. A discriminatioaded on various combinations of contrast and
full width at half maximum threshold values of possible @bjenages or cosmics on the frames is a suc-
cessful tool, but it is far from perfect. The large number ritiecia is hard to tune and highly depending
on the specific camera setup. A full automation without a mholbieck could not be achieved. A future
step would be to base the discrimination of cosmics and bbjeges on machine learning algorithms,
able to work out many different interdependent criteriar Wale-field telescopes as, e.g., ZIMSMART
with a pixel scale of several arcseconds per pixel a disoation between cosmics and object images
on the single frames is hardly possible.

If the pixels are too large the only chance to discriminag dbject images from comics consists in
linking together the possible object images on series ofeomtive frames, since the cosmics are spread
randomly over the frames. This object image linking proaesgiires a decision on, which object im-
ages on the single frames of observation series are repatieas of the same object. For this decision,
it cannot be supposed that the object images have the samarappe on all single frames, since rapid
brightness changes of the object images and/or image titisteion the edges of frames from wide-field
telescopes can occur. Furthermore an object image is nayaldetected although the object was in the
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9 Summary

field of view during an exposure. The object image can be b#t@ndetection threshold or in front of
a star. An object image linking under the assumption of aalilyeconstant movement derived from two
subsequent object images was developed for GEO and HEQ®&bizmamically updating the velocity
vector with every newly linked object image allows to acdoian deviations from the linear movement.
Under this premise, object images of HEO objects when naecto perigee and MEO objects images
are possible to be linked correctly. If only around 60 pdssitibject image candidates are on each frame,
a link of three object images is already sufficient to haveadability for random linking of below 0.5
percent. For frames from a wide-field telescope with sevanabred possible object image candidates
on each frame, four object images are required to be linkeddditional velocity limits have to be im-
posed, for a random linking rate of below 0.5 percent.

After the single object images have been successfully dinieis checked, if the observed object is
already listed in an orbit element catalogue. A six paramateit determination from a short observa-
tion tracklet spanning only a couple of minutes results insiderable errors in the determined orbital
elements for observations of GEO and GTO objects. Theseeslisntan therefore not be used for
a reliable identification of GEO objects in a catalog. Forrslobservation tracklets a comparison of
the observed position and apparent velocity on the sky vdthlague ephemerides has been proven a
successful technique. Via a projection in the tangent plafeng-track and cross-track distances are
determined, as well as the angle between the apparent tyelecitor of the observed and the catalogued
object in order to achieve a reliable identification of olvation tracklets with catalogue orbits.

In publicly available catalogues, such as USSTRATCOM/DI& e.g., the orbital elements are listed
in the two line element (TLE) format. In the two-line elemé&mimat, no information about the accuracy
of the orbital data is available. The residuals, which cdgdietermined empirically between the prop-
agated ephemerides from two-line elements and opticaladisens are of the order of 0.03 degrees, or
about 25 kilometers in along-track and around 10 kilomeitersoss-track direction for GEO objects.
For HEO obijects the corresponding values are 0.05 degreaspund 30 kilometers in along-track and
15 kilometers in cross-track direction. The differencewlsstn the SDP4 propagator, with which the
TLE data is created and the SDP8 propagator, which is a nesvelapment, is fully negligible in the
GEO regime. For HEO objects the differences are of the orfierdi degree. In this case, the SDP4
propagator shows slightly better results.

The residuals of ephemerides of the AIUB are in general muddilsr than for the TLE ephemerides.
The orbits of the AIUB observations are determined and pyafe with the CelMech tool, which is
based on aleast squares approach. Orbits are in generahMmpif the parameter of the direct radiation
pressure is estimated together with the orbital elemespea@ally for high-area-to-mass-ratio (HAMR)
objects. Optical observation data is sometimes very sglrsdo weather conditions or non-visibility of
objects (for example GEO obijects in drift orbits). When telaire determined with sparse observations
of one sensor or multiple sensors separated in latitudeagitlde no significant larger or smaller dif-
ferences in the propagated ephemerides to the observalibooscur, as long as the overall number and
temporal spacing of the observations are similar. Good%rini the sense of orbits, which result in small
differences between the propagated ephemerides andrfattservations over 50 days of propagation
time, can be determined even with very few observations:dhlyas been investigated, that two sets of
only four to five observations each can be sufficient for goduit®y as long as the observations within
the sets are spaced over more than one hour for GEO objedes; the premise of availability of a priori
elements. The distribution of the observations in anomalhe time interval between the first and the
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second sets only plays a secondary role in this specific esplats setup.

The orbit determination of observations of HAMR objects gmospecial challenges. Orbits are usu-
ally determined over fit spans of 30 to 40 days. Within eaclit ddtermination a constant value for the
AMR value is estimated. But the AMR value can differ signifittg from one to the next orbit determi-
nation, although the orbital elements show a consistentitreNo dependence of the change in the AMR
value to the absolute AMR value could be found. The AMR valdesn general not follow a specific
pattern, only some objects show signs of periodic changes.ciianges in the AMR value could be due
to a changing average attitude (fast rotating/tumblingects), from one fit span to the next.

To characterize the attitude motion of space objects, trags measurements of the non-resolved object
images over time, so-called light curves can be used. Tightimess received by the observer depends
on the viewing and lighting condition, which are generalhokn, but also the attitude motion, the shape
and the reflection properties of the surface(s) of the sphjee which are not known in general. The in-
version of light curves is an under-determined mathemigpicidlem, which cannot be uniquely solved.
Inversion methods known from asteroid research genermljyan smooth surfaces and unique Lamber-
tian reflection properties, both do not apply to man-madeephjects in general. Several methods can
be used to gain some insight in shape and attitude paramé@asase angle dependencies of the bright-
ness measurements. It is important to take the complete @mage information, not only the projection
of the angle into one plane, into account, as simulated tghtes showed. The determination of spin
rates via Fourier transformation, or alike, may give midieg results, due to symmetries in the object’s
shape and/or the limited observation time. The decomposif light curves of space debris resulted
in very small periods, which indicate possible aliasinget§. The periods are found to be the same in
light curves separated by several months. Different pattardifferent objects could be determined, but
were found to be by no means an instrument for uniquely taggindentifying objects.

Light curve measurements and orbit determinations suglastarge, formerly stabilized GEO objects
may end up in a tumbling attitude motion. A “fingerprintingaded on light curves is not possible for
all space debris objects, since the appearance of the liglies of the same object can be subject to
phase angle independent changes. Space debris objectsig¥itarea to mass ratio values show rapid
brightness changes and signatures, which change overTingecould be a hint for the different area to
mass ratio values, estimated in the orbit determinatiomase objects, are real and not a deficiency of
the orbit determination process.

191



9 Summary

192



10. Acknowledgments

| am little concerned with beauty or
perfection. | don't care for the great
centuries. All | care about is life,
struggle, intensity.

Emile Zola

| would like to acknowledge that work was supported by thesSWational Science Foundation through
grants 200020-109527 and 200020-122070 and the observditiom the ESASDT were acquired under
ESA/ESOC contracts 15836/01/D/HK and 17835/03/D/HK.

| want to thank Gerhard Beutler, the head of the AIUB, and TasrB8childknecht, the head of the
Optical Astronomy Group at the AIUB, for the opportunity to chy PhD thesis at the Astronomical
Institute of the University of Bern.

| would like to acknowledge courtesy of the Keldish Insttudf Applied Mathematics and the ISON
network to provide further observations of objects discedevith the ESASDT by the AIUB.

My thank goes to the Schweizerische Studienstiftung, feirtfinancial support but also for a chal-
lenging time and opportunities to get engaged, meet peopldamhave the chance to come to a deeper
understanding of Swiss culture. | would also like to hon@ 8wiss Society for Astrophysics and As-
tronomy, the European Space Agency and Young Researchpo®ub the Faculty of Natural Science
of the University of Bern for the financial support to attermhf2rences.

My special thanks and appreciation goes to Thomas Schitdikrfer introducing me in the topic of
space debris, for his help and support, and the, hopefutlgessful, guidance to an understanding how
scientific results can profoundly be gained. It is much agipted that he gave me all possible space
and freedom for professional development and was open tostalatli my (good and not so good) ideas
and innovations. | want to especially thank him for the umwable high trust he put in me and my
professional work, which, to my own surprise, could nevemeakened no matter what happened.

I would like to especially thank Gerhard Beutler, who wasae/open to discuss about orbit deter-
mination and was never short of good advice and guidance. oble dll the time to read my thesis

critically, to question it profoundly, to provide suggests and to discuss it. | would like to thank him
for his endurance, his ability to ask the right questionsl, lais patience.

| would like to thank the co-referee of this work, Patrick t3er, for his time, all his efforts, helpful

193



10 Acknowledgments

discussions and fruitful meeting in Ann Arbor.

My thank goes to all my colleagues at the AIUB and especi@itsé of the Optical Astronomy Group
for the great working atmosphere and support. My specialkhgoes to Reto Musci, who was a great
support at the beginning of my thesis and work at the AIUB. uiddike to thank him for his time, he
spend unasked, his patience to answer all my questionsgviiseaand his efforts to enable a good start
into my thesis. | would like to thank Tim Flohrer for many peetional and private discussions, good
hints regarding my work and his overview, which he shareth wie, over relevant publications and the
whole scientific community. | would like to thank Johanneszég and Andreas Hinze for the very good
collegial work and support, their help and support theirsgioas to challenge me and their friendship,
which is much appreciated, not forgetting to mention theirstant efforts to enlighten me not only in the
matters of practical astronomy but also in the lost cultdréhe former German Demacratic Republic.
My thank also goes to Martin Ploner for his work on the ZimGohsoftware and at the Zimmerwald
observatory in general, to make it possible not only to gagutar observations but also light curves
and for introducing the longgeo and gtolong campaigns. Mylkhgoes to all the observers of the Zim-
merwald observatory not only for the regular observatianselspecially for their work in helping me to
gain additional light curves, my thank goes in particulaMarcel Prohaska, Johannes Herzog, Stefan
Funariu, Alexander Laderach, Alexander Scartazzini,@®irwilli and Sarah Arnold. | want to thank
Markus Stalder for the computer support.

I would like to thank TS Kelso for his support and helpful dissions. | also would like to thank
Vladimir Agapov and Dave Vallado for their ideas in discossof some of my papers. | would like to
thank Jyri Kuusela for his midnight calls at work.

| thank P.B. Smit for the snails in glasses.

| would like to thank God and the mediation through the romad ald catholic churches for keep-
ing me alive. | would like to thank my parents for bringing nméoi life, for all their never ending love
and trust, for their support, hopes and pride, they set in me.

The last words should belong to the Captain, my Captain:

JugendlichetUbermut alleine ist nicht der beste Ratgeber auf hoher Seigaart mit den Ratschgen
eines vielgepiften Seemannes sind jedoch schon viele neue Landen déntaedkn.

194



Bibliography

[1] V. Agapov and I. Molotov. Characterization of GEO and HBE®jects Using Multi Year Statistics
on Brightness Measurements. Proceedings of the International Astronautical Congre84Q@,
A6.1.6, Prague, Czech Republic, 27 Sep-1 Oct, 20000.

[2] R.R. Allan and G.E. Cook. The Long-Period Motion of theu of a Distant Circular Orbit. In
Proc R Soc Londvolume 280: 97-109, 1964.

[3] J.L. Arsenault, L. Chaffee, and J.R. Kuhimann. Genegthéineris Routine Formulation Docu-
ment. InRept. ESD-TDR-64-522, Aeronutronic Publ. U-2781g., 1964.

[4] G. Beutler. Methods of Celestial MechanicsTwo Volumes. Springer-Verlag, Heidelberg, 2005.
ISBN: 3-540-40749-9 and 3-540-40750-1.

[5] M. Bourez-Laas, A. Klotz, E. Ducrotte, M. Boer, and G. Bthet. Rapid Brightness Variations
as a Tool to Enhance Satellite Detectability. Aroceedings of the Fifth European Conference on
Space Debris, ESOC, Darmstadt, Germany, 30 March-2 Apfib22009.

[6] B. Bowman. A First Order Semi-Analytical Perturbatiomé&ory for Highly Eccentric 12 Hour
Resonating Satellite Orbits. Ibhst Aerospace Control Squadron Repost, Colorado Springs, C
Nov., 1971.

[7] D. Brouwer. Solution of the Problem of Artificial Satellite Theory Witthdrag. U.S. Air Force
Cambridge Research Center, Geophysics Research Dinectdeb9. AFCRC-TN-59-638, Bed-
ford, MA.

[8] D. Brouwer. Solution of the Problem of Artificial Saté#i Theory Without Drag.Astronomical
Journal, (64, 1274):378 — 397, 1959.

[9] B. Calef, J. Afrikano, B. Birge, and P. Kervin. Photomet8ignature InversionUnconventional
Imaging Il ed. Gamiz, V., Procedings of SPE307:63070E, 2006.

[10] CelesTrak. CelesTrak Homepagkt t p: // cel estrak. com 2010.

[11] J.Cronin, T.C. Gaisser, and S.P. Swordy. Cosmic RatygedEnergy FrontielSci. Amer.276(1):44,
1997.

[12] P. Danielsson and O. Seger. Generalized and Separabé SperatorsMachine Vision for Three-
Dimensional Scenes, Academic Press, Inc., edited by Hnfemepages 347 — 375, 1990.

[13] B.N. Delaunay. Sur la sphére vid®&ulletin of Academy of Sciences of the USSRI@ 6:793 —
800, 1934.

195



Bibliography

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

196

European Space Agency. European Space Agency Website. http://
www. esa. i nt/ esaCP/ SEMHDIXJD1E Feat ur eWeek_ 0. ht m , 2005.

T. Flohrer, H. Krag, and H. Klinkrad. Assessment ande@atization of TLE Orbit Errors for the
US SSN Catalogue. IRroceedings of the 2008 AMOS Technical Conference, 10-ftei@ber
2008, Maui, Hawaii, USA2008.

T. Flohrer, H. Krag, H. Klinkrad, BBastida Virgili, and C. Frith. Improving ESA’s Collision $
Estimates by an Assessment of he TLE orbit errors of the US S&tilogue. IrProceedings of
the Fifth European Conference on Space Debris, ESOC, Dadnstermany, 30 March-2 April
2009 2009.

T. Flohrer, T. Schildknecht, C. Frih, R. Musci, and Nbier. Optical Observations at the Zimmer-
wald Observatory. IfProceedings of the International Astronautical Congre882, Hyderabad,
India, 21 - 28 Sep, 2002007.

R. Florentin-Nielsen, M. Anderson, and S. Nielsen. @imsRays at the Energy Frontiereds.
A.G.D. Philip, K.A. Janes and A.R. Upgren, Kluwgk):2071f, 1995.

C. Fruh, R. Musci, and T. Schildknecht. Improved MetHor Recognizing unknown Space Debris
Objects on Series of CCD Frames. Pnoceedings of the International Astronautical Congress
2008, A6.5.2, Glasgow, Scotland, Great Britain, 29 Sep- 8 2008 2008.

C. Frih and T. Schildknecht. Analysis of Observed amduiated Light Curves of Space Debris.
In Proceedings of the International Astronautical Congre8%@® A6.1.9, Prague, Czech Republic,
27 Sep-1 Oct, 201@2010.

C. Frih and T. Schildknecht. Investigation of Profgsrtand Characteristics of High-Area-to-Mass
Ratio Objects Based on Examples of Optical Observation D&pace Debris Objects in GEO-
like Orbits. InProceedings of the 2010 AMOS Technical Conference, 14{iféi@aber 2010, Maui,
Hawaii, USA 2010.

C. Frih and T. Schildknecht. Orbit Propagation andidé&lon with Angle-Only Observations. In
Proceedings of the 20th AAS/AIAA Astrodynamics Spec@tiaterence, Toronto, Canada, August
2nd - 5th, 2010volume Toronto, Canada, 2010.

C. Frih and T. Schildknecht. Combination of Light CeiMeasurements and Orbit Determination
for Space Debris Identification. IRroceedings of the International Astronautical Congre83D,
A6.1.14, Cape Town, South Africa, 3 - 7 Oct, 202011.

C. Fruh, T. Schildknecht, A. Hinze, and M. Reber. Oati©bservation Campaign in the Framework
of the ESA Space Surveillance System Precursor Servicd3rolreedings of the European Space
Surveillance Conference, Madrid, Spain, 7 - 9 June, 2@011.

C. Fruh, T. Schildknecht, R. Musci, and M. Ploner. Qagaie Correlation of Space Debris Objects.
In Proceedings of the Fifth European Conference on Space BeB8OC, Darmstadt, Germany,
30 March-2 April 2009 2009.

C. Frih, T. Schildknecht, and M. Ploner. Comparisouifferent Methods of Ephemeris Retrieval
for Correlation of Observations of Space Debris ObjectsPriceedings of the 2009 AMOS Tech-
nical Conference, 1-4 September 2009, Maui, Hawaii, | Z89.



Bibliography

[27] R. Green. Spherical Astronomy Cambridge University Press, Cambridge, 1985. ISBN 3-521-
31779-7.

[28] Particle Data Group. Review of Cosmic Rays, Revisedusu@007 by T.K. Gaisser and T. Stanev
(Bartol Research Inst., Univ. of Delaware). 2007.

[29] D. Hall, J. Africano, D. Archambeault, B. Birge, D. Wittand P. Kervin. AMOS Observations
of NASA's IMAGE Satellite. InProceedings of the 2006 AMOS Technical Conference, Septemb
2006, Maui, Hawaii, USA2006.

[30] D. Hall, C. Brandoch, K. Knox, M. Bolden, and P. Kerviregrating Attitude and Shape Effects for
Non-resolved Objects. IRroceedings of the 2007 AMOS Technical Conference, 16{i@@ber
2007, Maui, Hawaii, USA2007.

[31] J. Hartung, B. Elpelt, and K.-H. Klosnegtatistik R. Oldenbourg Verlag GmbH, Minchen Wien,
2005. ISBN 3-486-57890-1.

[32] J. Herzog, C. Fruh, and T. Schildknecht. Build-up anaiflenance of a Catalogue of GEO Objects
with Zimsmart and Zimsmart2. IRroceedings of the International Astronautical Congre83Q@,
A6.5.2, Prague, Czech Republic, 27 Sep-1 Oct, 20000.

[33] C. Hirose, N. Kudo, I. Matsude, G. Adachi, |I. Kurata, andFuruwatari. Evaluation of the TLE
Prediction Errors for Cinjunction Assessment. Rroceedings of the International Astronautical
Congress 2010, A6.2.8, Prague, Czech Republic, 27 Sep;2@d 2010.

[34] F.R. Hoots, R.L. Roehrich, and T.S. Kelso. Models foofargation of NORAD Element Sets.
Spacetrack RepariNo 3, 1980.

[35] F.R. Hoots, P.W. Schuhmacher, and R.A. Glover. Histdrnalytical Orbit Modelling in the U.S.
Space Surveillance Systedournal of Guidance, Control and Dynamjé&7(2): 174 — 185, 2004.

[36] S.B. Howell. Handbook of CCD AstronomyCambridge University Press, 2001. ISBN 0-521-
64834-3.

[37] U. Hugentobler. Sssear search objects on masked fraease 1997. IProcessing Software of
the ESA Space Debris Telescope, developed by the Astraidnstitute of the University of Bern
(AIUB), Switzerlangd1997.

[38] U. Hugentobler and P. Fridez. Ssesel object imagerimpkielease 1997. IRrocessing Software of
the ESA Space Debris Telescope, developed by the Astraldnstitute of the University of Bern
(AIUB), Switzerland1997.

[39] IAA. Position Paper on Orbital Debris. Kacta Astronauticavolume 31, pp 169-191, 1993.

[40] IAA. Position Paper on Orbital Debris (2001), updatentsion of IAA Position Paper on Orbital
Debris 1993. 2001.

[41] N.L.Johnson. Medium Earth Orbits: Is There a Need fohadProtected Region? Iroceedings
of the International Astronautical Congress 2010, A61l,.#rague, Czech Republic, 27 Sep-1 Oct,
201Q 2010.

197



Bibliography

[42] JPL. Jet Propulsion Laboratory: Solar System Dynamlust p: / / ssd. j pl . nasa. gov.

[43] B. Kaasalainen et al. Optimization Methods for Astdrbightcurve Inversion |. Shape Determi-
nation. Icarus, 153:37 — 51, 2001.

[44] H. Karttunen, P. Kroger, H. Oja, M. Poutanen, and Kgriber.Fundamental Astronomyspringer-
Verlag, Berlin Heidelberg, 3rd Edition, 1996. ISBN: 3-560936-9.

[45] T.S. Kelso. Validation of SGP4 and IS-GPS-200D Agai@$tS Precision Ephemerides. 1iith
AAS/AIAA Space Flight Mechanics Conference, Sedona, &iadSA, Jan 28th - Feb 1st, 2007
2007.

[46] P.W. Kervin, D. Hall, M. Bolden, and J. Toth. Phase Andihat is it good for? IProceedings of
the 2010 AMOS Technical Conference, 14-17 September 2G40, Mawaii, USA 2010.

[47] D. King-Hele. Theory of Satellite Orbits in an Atmospheiutterworths London, 1964. Chapter
4, pp. 40 -77.

[48] D.E. Knuth. The Art of Computer Programmingvolume 1: Fundamental Algorithms. Addison-
Wesley, Third Edition, 2007. ISBN: 0-201-89683-4.

[49] V. Kouprianov. Distinguishing Features of CCD Astromp of Faint Objects.Advances in Space
Research(41):1029 — 1038, 2008.

[50] V. Kouprianov. Advanced Image Processing Technigoeg\fitomatic Reduction of GEO Survey
Data. InProceedings of the 8th US-Russian Workshop on Space Sameeil Wailea Marriott
Resort Wailea, Maui, HI, 18-23 April 2010, 331 — 42®10.

[51] Y. Kozai. The Motion of a Close Earth SatellitAstronomical Journal1274(64):367 — 377, 1959.

[52] M.H. Lane and K.H. Cranford. An Improved Analytical @r& heory for the Atrificial Satellite
Problem. InAIAA Paper 69 — 925August, 1969.

[53] S. Larsson. Parameter Estimation in Epoch Folding y¥sial Astron. Astrophys. Supp. Ser.
117:197 — 201, 1996.

[54] C. Lawson and R. Hansoolving Least Squares Problenfarentice-Hall, Inc., Englewood Cliffs,
1974.

[55] J.-C. Liou. A Parametric Study on Using Active DebrisnResal for LEO Environtment Reme-
diation. InProceedings of the International Astronautical Congre84@ A6.2.5, Prague, Czech
Republic, 27 Sep-1 Oct, 2012010.

[56] J.-C. Liou and J.K. Weaver. Orbital Dynamics of High Arv-Mass Ratio Debris and Their Distri-
bution in the Geosynchronos Region. Rroceedings of the Forth European Conference on Space
Debris, pp. 119-124, ESOC, Darmstadt, Germany, 18-20 2005 2005.

[57] P. Magnusson et al. Determination of Pole Orientatiand Shapes of AsteroidsAsteroids |l
(edited by R. Binzel et. a).153:24 — 36, 1981.

[58] P. Magnusson et al. Distribution of Spin Axis and Sersfd3otation of 20 Asteroidslcarus 68:1
— 39, 2001.

198



Bibliography

[59] P. Martz. OpenSceneGraph — Quick Start Guideomputer Graphics Systems Development Cor-
poration, Mountain View, California, 2007.

[60] A.Milani, G.F. Gronchi, D. Farnocchia, G. Tommei, anddimare. Optimization of Space Surveil-
lance Resources by Innovative Preliminary Orbit MethodsProceedings of the Fifth European
Conference on Space Debris, ESOC, Darmstadt, Germany, 8¢hh2aApril 2009 2009.

[61] A.Milani, M.E. Sansaturio, and S.R. Chesley. The Asigitdentification Problem IV: Attributions.
Icarus 151:150 — 159, 2001.

[62] H. Minkowski. Volumen und Oberflachédathematische Annaleb7:447 — 495, 1903.

[63] R. Musci. Identification and Recovery of Objects in GEO and GTO to Mama Catalogue of
Orbits. Astronomical Institute, University of Bern, 2006. PhD sfse

[64] R. Musci, T. Schildknecht, T. Flohrer, and G. Beutleprn€ept for a Catalogue of Space Debris in
GEO. InProceedings of the Fourth European Conference on Spacei®edw. 601-606, ESOC,
Darmstadt, Germany, 18-20 April 2008005.

[65] R. Musci, T. Schildknecht, and M. Ploner. Orbit Impravent for GEO Objects Using Follow-up
Obervations Advances in Space Resegr8d(5):912-916, 2004.

[66] R. Musci, T. Schildknecht, and M. Ploner. Analyzing ¢p@®bservation Arcs for Objects with high
Area-to-Mass Ratios in Geostationary Orbits Alcta Astronauticavolume 66, pp 693-703, 2010.

[67] R. Musci, T. Schildknecht, M. Ploner, and G. Beutlerb®tmprovement for GTO Objects Using
Follow-up ObervationsAdvances in Space Resear8b(7):1236-1242, 2005.

[68] J.N. Opiela, J.-C. Liou, P.D. Anz-Meador, and Q.L. &zarData Collected During the Post-Flight
Survey of Micrometeiroid and Orbital Debris Impact Feasupe the Hubble Wide Field Planetary
Camera 2. InProceedings of the International Astronautical Congre84® A6.1.10, Prague,
Czech Republic, 27 Sep-1 Oct, 202010.

[69] F. Paolillo, M. Profilio, and F. Piergentili. First liah Space Debris Observatory: The Image
Processing Automation. IRroceedings of the International Astronautical Congre@82, IAC-07-
A6.1.05., Hyderabad, India, 21 - 28 Sep, 20Q007.

[70] M. Ploner, T. Schildknecht, C. Fruh, and A. Vananti.aSe Surveillance Observations at the Zim-
merwald Observatory. IRroceedings of the Fifth European Conference on Space Beb80OC,
Darmstadt, Germany, 30 March-2 April 20020009.

[71] W. Press et al. Numerical Recipes in FORTRAN: The Art of Scintific Computi@ambridge
University Press, New York, 1992. second edition.

[72] J. Prewitt. Object Enhancement and ExtractiBitture Processing and Psychopictorics, Academic
Press, New York — London, Edited by B.S. Lipkin and A.Rdsepiges 75 — 149, 1970.

[73] H.N. Russel. On the Light-Variations of Asteroids aratt8lites. Astrophys. J.24(5):1-18, 1906.

[74] Russian Space Web Homepage. by Anatoly Zak.t p: / / ww. r ussi anspaceweb. coni ,
2011.

199



Bibliography

[75] J. Scargle. Studies in Astronomical Time Series ArialilsStatistical Aspects of Spectral Analysis
of Unevenly Spaced Datd.he Astrophysical Journa63:834 — 53, 1982.

[76] T. Schildkecht, C. Frih, A. Hinze, and J. Herzog. Dyi@ahProperties of High Area to Mass
Ratio Objects in GEO-Like OrbitsAdvances in Space Researtihbe published 2011.

[77] T. Schildknecht.Optical Astrometry of Fast Moving Objects Using CCD Detext@stronomical
Institute, University of Bern, 1994. PhD thesis.

[78] T. Schildknecht. Optical Surveys for Space Debri&stron. Astrophys. Revi4:14-111, DOI
10.2007/s00159-006-003-9, 2007.

[79] T. Schildknecht, W. Flury, C. Fruh, J. Herzog, A. Hinznd A. Vananti. Using Optical Obser-
vations to Survey, Track, and Characterize Small-Size @bjat High Altitudes. IrProceedings
of 28th International Symposium on Space Technology areh&ei June 5-12, Okinawa, Japan,
2011, 2011.

[80] T. Schildknecht, U. Hugentobler, P. Fridez, and P. kKiin€CD Off-Line Data Processing System:
Software User Manual. IESA/ESAOC Contract No. 11435/95/D/IM, ESA Study Managéts:
Flury and A. MassatrtNovember, 1998.

[81] T. Schildknecht, U. Hugentobler, A. Verdun, and G. BeutFinal Report: CCD Algorithms for
Space Debris Detection. BESA/ESAOC Contract No. 10623/93/D/IM, ESA Study Managats:
Flury, September, 1995.

[82] T. Schildknecht, R. Musci, W. Flury, J. Kuusela, J. debheCruz, and L. de Fatima
Dominguez Palmero. Properties of the High Area-to-MadsRspace Debris Population in GEO.
In Proceedings of the 2005 AMOS Technical Conference, 5-@®é&etr 2005, Maui, Hawaii, USA
2005.

[83] T. Schildknecht, R. Musci, C. Friih, and M. Ploner. Gddnotometry and Light Curve Observations
of Space Debris GEO. IRroceedings of the International Astronautical Congre88& A6.1.4,
Glasgow, Scotland, Great Britain, 29 Sep- 3 Oct, 2(0&08.

[84] T. Schildknecht, R. Musci, M. Ploner, G. Beutler, J. Isela, J. de Lebn Cruz, and L. de Fatima
Dominguez Palmero. Optical Observations of Space Dab@d50 and in Highly-Eccentric Orbits.
Advances in Space Researéi(5):901-911, 2004.

[85] T. Schildknecht, A. Vananti, H. Krag, and C. Erd. Phgs$i€Characterization of High AMR Debris
by Optical Reflectance Spectrometry. Rmoceedings of the International Astronautical Congress
2010, A6.1.7, Prague, Czech Republic, 27 Sep-1 Oct,, Z0N®.

[86] P. Shirley.Fundamentals of Computer Graphich K Peters, Ltd, 2002. ISBN 1-56881-124-1.

[87] Stansbery, E. Presentation and Private Communica8dth COSPAR Scientific Assembly, 18-25
July, Bremen, 2010.

[88] Sykrocket Homepage. by Gunter Krebist t p: / / www. skyr ocket . de/ , 2011.

[89] G. Tommei, A. Milani, D. Farnocchia, and A. Rossi. Cdaten of Space Debris Observations by
the Virtual Debris Algorithm. InProceedings of the Fifth European Conference on Space Bebri
ESOC, Darmstadt, Germany, 30 March-2 April 20@909.

200



Bibliography

[90] US Air Force. United States Strategic Command Website. http://
www. stratcom m | / fact sheet s/ spoc/,2010.

[91] D. Valado, R. Crawford, R. Hujsak, and T.S. Kelso. Riwig Space Track Report #3AIAA
2006-6753 American Institute of Aeronautics und Astronautics, 2006

[92] D. Vallado, V. Agapov, and I. Molotov. Orbit Determinat Issues and Results to Incorporate Op-
tical Measurements in Conjunction Operations.Phaceedings of the Fifth European Conference
on Space Debris, ESOC, Darmstadt, Germany, 30 March-2 2068 2009.

[93] D. Vallado and W. McCain.Fundmentals of Astrodynamics and Applicatiomdicrocosm Press,
El Segundo, California, 2001. ISBN 0-7923-6903-3.

[94] P.H. Winston. Artificial Intelligence Addison-Wesley Publishing Company, 3rd Edition, 1992.
ISBN: 0-201-53377-4.

[95] T. Yanagisawa, H. Kurosaki, and A. Nakajima. Preseatt of Space Debris Optical Observa-
tional Facility of JAXA at Mt. Nyukasa. IfProceedings of the Fifth European Conference on Space
Debris, ESOC, Darmstadt, Germany, 30 March-2 April 200@09.

[96] D. Ziou and S. Tabbone. Edge Detection Techniques - Aar@sw. International Journal on
Pattern Recognition and Image Analy<i8(4)):537-559, 1998.

201



Bibliography

202



And we hear his voice, we read his lips, and in our work we givh o the children of God who sing
his praise. And if we are not that, then we are nothing.
Stephen J. Rivele
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