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Abstract  The Fireball Retrieval on Survey Telescopic Image (FROSTI) project seeks to locate 

meteoroids on pre-existing sky survey images.  Fireball detection systems, such as the University of 

Western Ontario’s ASGARD system, provide fireball state vector information used to determine a pre-

contact trajectory.  This trajectory is utilized to search databases of sky survey image descriptions to 

identify serendipitous observations of the impactor within the hours prior to atmospheric contact.  

Commonly used analytic methods for meteoroid orbit determination proved insufficient in modeling 

meteoroid approach, so a RADAU based gravitational integrator was developed. Code was also written 

to represent the description of an arbitrary survey image in a survey independent fashion, with survey 

specific plug-ins periodically updating a centralized image description catalogue. Pre-processing of 

image descriptions supports an innovative image search strategy that easily accounts for arbitrary object 

and observer position and motion.   
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1  Introduction 

 

The association of in-space and in-atmosphere images provides a unique opportunity to correlate results 

from differing observation and modelling techniques.  In-space and in-atmosphere observations both 

directly and indirectly yield conclusions as to object size, composition and dynamics.  With the two 

observations of the same object, one is able confirm consistency, or highlight discrepancies, in existing 

methods.  One would hope as well that the discovery of a pre-fireball meteoroid (PFM) would add to the 

understanding of the visual properties of Earth-impacting objects.  The discovery of a PFM in space 

would serve to confirm or suggest refinements to methods used to calculate heliocentric orbits from 

fireball observations.  

When work began on the FROSTI project in the summer of 2007, there had not been a single 

fireball object which had both been recorded in space on its approach to Earth, and recorded in the 

atmosphere as a fireball. The goal of FROSTI is to discover such dual observations through a systematic 

search of historical sky survey images for objects detected in all-sky camera systems.  The initial data 

image survey targeted was the Canada-France-Hawaii Telescope Legacy Survey (CFHTLS) image 

catalogue (CFHT, 2009).   A lofty goal of FROSTI was to be the first to relate in-space and in-

atmosphere observations of a common object.  However, that accomplishment was met with the pre-

contact discovery of object 2008 TC3 by the Catalina Sky Survey  (Jenniskens, et al., 2009) prior to the 

object’s atmospheric entry over Liberia, and its subsequent meteorite deposit.   Regardless, the FROSTI 

project continues with the intent to systematically arrive at further like observations.  
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The software used in this project is a pre-existing astronomical simulation package (ClearSky) 

developed by the author. Figure 1 depicts the flow of processing involved in searching for serendipitous 

images of PFMs using this software.  (1) The atmospheric contact position and velocity state of the 

object, with error bars, are made available to ClearSky.  This may involve the simple keying of an 

individual event or the development of custom plug-ins for event collections. The contact state 

information required is contact longitude, latitude and elevation, apparent radiant right ascension and 

declination, and the contact velocity, all with error bars.   The software handles a variety of coordinate 

systems and reference frames.  (2) A probability cloud of positional probability members is sampled 

from the input data and error bars.  Each of these members is gravitationally integrated back in time for 

48 hours, resulting in an ephemeris over time for each member.  An orbit at infinity is calculated at the 

end of the integration of each member.  The entire cloud of probability members is used to report a 

statistical orbit at infinity estimate with error bars. This orbit may be used as verification against 

published orbit elements, typically arrived at by analytic methods.  (3) In preparation for image 

searching, sky survey updates are periodically downloaded to maintain a local generic image description 

catalogue.  (4) The image catalogue is searched for candidate images using the generated ephemerides, 

and a simulated image is created for each candidate.  (5) Using the simulated image as a guide, the 

actual sky survey image is manually searched for the PFM. 

 

 

2  Modelling PFM Visibility 

 

2.1  Primitive Modelling 

 

The initial goal of modelling PFM visibility was to determine whether these objects are in fact visible 

for any significant duration of time prior to contact.  Frequency distributions were not initially 

considered.   PFM characteristics affecting visibility are size, distance from Earth and the Sun, phase 

angle, and albedo.  Wiegert et al. (2007), extending on Bowell et al. (1989), document a relationship of 

asteroid diameter D in kilometers to absolute magnitude Hk and albedo Ak for colour filter k as: 
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Disregarding colour filters, rearranging and combining with (7) and (8), and assuming a constant 

approach speed v such 0 # 12 that for a time t prior to contact, we derive a formula for apparent 

magnitude m: follows: 
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We now have an expression for apparent magnitude in terms of object diam D) in metres, albedo 

A), velocity (v) expressed consistently in units such that vt is in AU, phase angle ()) and time (t), as 

eter (

(

well as solar distance (r) and slope parameter (G).  Assuming r ~ 1 AU in the proximity of Earth, and G 

= .15 typical for low albedo asteroids, we are able to plot m against a sampling of reasonable D, A, v at ) 

values, for various time periods. 
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Figure 1. The process flow for PFM image searching, showing tion or importing

of event contact state information and error bars, (2) the selection of a PFM probability clou

: (1) the transcrip

d

members, and the gravitational back integration of each member, resulting in ephemerides for each

member, and a determination of orbit-at-infinity orbital elements, (3) the preprocessing of sky

survey image descriptions into a generic image catalogue, (4) the searching for images based on

PFM ephemerides, and (5) the manual inspection of candidate images for the PFM.  
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In Figure 2 visual magnitudes are plotted for objects with A = 0.05 and 0.25, D = .25 and 1.0 

met s, v = 20, 30, 50 and 70 kms
-1

, and g = 0º, 30º, 60º, 90º and 120º at 3 hour intervals from 3 hours to 

48 h u

 
Figure 2.  Plot of apparent magnitude over time of a variety of objects having albedo of 0.05 and 0.25, di eter of 

5 and 1.0 metres, approach velocity of 20, 30, 50 and 70 kms-1, and phase angle 0º, 30º, 60º, 90º and 120º, 

suming linear approach.  The gray shaded area represents visibility within the CFHTLS images.  Lines join points 

2.2  Bottke/Bro elling 

 

 reassuring that object prediction images could exist, does not 

s permitting successful predetections.  For 

re

o rs prior to contact. Symbols in the plot represent each time interval, with lines connecting points 

of like interval. The CFHTLS visibility limit of 24th magnitude is shown for comparison.  One observes 

in the plot that there are indeed combinations of PFM physical and dynamical attributes which support 

predetections. In addition to the expected favouring of higher albedo, larger diameter, slower speed, and 

lower phase angle objects, this plot demonstrates that very few objects remain visible for time periods in 

the range of the original project target of 48 hours, and that visibility ranges of 6-12 hours are more 

representative. 
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wn/Morbidelli Mod

The simplistic modelling above, although

rovide insight into the frequencies of objects with attributep

this we turn Near Earth Asteroid (NEA) dynamical models of Bottke et al. (2002a), fireball size 

frequency distribution and flux model of Brown et al. (2002), and the albedo model of Morbidelli et al. 

(2002a). 



The Bottke 2002a NEA distribution is a 5-intermediate source model of NEA distribution binned 

over orbit semi-major axis (a), eccentricity (e), and inclination (i).  In addition to a, e, and i, values for 

longitu

!RS TUV W

de of the ascending node (1), the argument of perihelion (2) and true anomaly (f) are required.  

In the case of the general NEA population, the three angles 1, 2, and f may be uniformly selected from 

the full 0-360º range, as there is no natural anti-symmetric bias to these elements.  However, PFMs are 

characterized within the NEA population as objects which have the immediate potential to collide with 

the Earth.  A standard equation for Keplerian motion is: 
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here r  is the object-Sun distance.  Re-arranging, we have: 
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electing a uniformly random time  in the time range of interest, we are able to determine r by 

ing r very closely approximates the Earth-Sun distance. The Earth-Sun distance is readily 

vailable from published theories such as DE405 (NASA JPL planetary position ephemerides available 

mong f, 2, and 1 characterized by the object 
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ear.  This is not a large sample 

size at all when we consider that the samples are distributed over more than 15,000 a, e, i bins in the 

ottke distribution, and we still requi

rger sample is used, and resulting frequencies must be scaled back accordingly. 

For albedo modelling we turn to Morbidelli et

 Low, and

olide size and albedo 

models.  This sample size is a compromise of reasonable required computation time against granularity 
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as tables of Chebyshev coefficients and supporting code).   

 Since the argument of perihelion 2 is defined as an angle from the ecliptic, the circumstance of 

Earth-object collision occurs on the ecliptic, and f is defined as an angle from 2, we are able to 

determine 2 from f.  There are four possible relationships a

being at the ascending node or descending node, and whether the object is inbound or outbound in its 

orbit in relation to the Sun.  These four cases are selected uniformly: 

1) Ascending node, outbound: Y # bcdE!e, f # 4Y, g # a 

2) Ascending node, inbound: Y # 4bcdE!e, f # 4Y, g # a 

3) Descending node, outbound: Y # bcdE!e, f # ` 4 Y,Ig
4) Descending node, inbound: Y # 4bcdE!e, f # ` 4 Y Ig #
With approach characteristics now model the size and albedo distributions

which will impact visibility.  Brown e (2002) describe a power law for the cumulative number of 

objects (N) colliding with Earth per year  diameter D in metr  as: 
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where [& # @?5jk Z l?lm and i& # >?nl Z l?lk.  Assuming a diameter of at least .2 m is required for 

visibility in telescopic images, equation (5) yields a flux of 2800 objects/y

B re a distribution over an albedo range.  Therefore, the significantly 

la

  al. (2002a) who define 5 NEO albedo classes: 

Hig(h), Mod(erate), Int(ermediate),  Com(etary) with a mean albedo for each, and albedo 

ranges for all but the Com class (for which we will assume the mean value for all samples).  They then 

assign differing slope parameter values for each class to simulate a phase angle affect.  Finally, they 

model a frequency distribution by class for the NEO population.   

A sample of 10,000,000 objects was generated using the above NEA, b



of result binning.  For the strict needs of visual magnitude analysis, a smaller sample size could be used.  

However, other analyses (below) were performed on the model which benefited from the increased 

sample size.  Figure 3 shows the visual magnitude distribution of the sample objects plotted over various 

times from 5 minutes to 24 hours prior to Earth contact.  As in the simple model of above, a significant 

portion of objects are potentially visible (magnitude <24) in sky surveys in the minutes prior to contact.  

Howev

Figure 3.  A visual magnitude plot of 10,000,000 simulated objects generated from the Bottke et al. (2002a) NEA 

distribution, the Brown et al. (2002) bolide size-frequency distribution, and the Morbidelli et al. (2002a) albedo 

distribution.  Only objects above .2m in diameter are considered.  Objects are selected by adjusting the argument of 

perihelion such that objects collide with Earth.  The plot shows the number of objects falling into 1-magnitude wide 

bins over a series of time intervals prior to contact. Top: From foreground to background are the time intervals of 5 

minutes, 15 minutes, 1 hour, and 2 hours to 24 hours in 2-hour increments. Bottom: The same plot with earlier times 

in the foreground. 

er, this visible proportion trails off very quickly in the hours prior to contact, to the extent that 

almost none of the model population have visual magnitude less than 6 hours prior. 
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3  Determination of PFM Trajectory 

 

The search for a nearby object in sky surveys requires an accurate ephemeris for the object, with a good 

understanding of the errors in position over time.  It is insufficient to use the published orbital elements 

of a PFM, elements that are typically derived using analytical means.    The elements are expressed in 

far too little accuracy to be useful; for example a semi-major axis expressed to the precision of .001 AU 

yields errors rivalling the radius of the orbit of the Moon.  As well, published orbits are orbits at infinity, 

not reflecting the impact of the Earth’s gravity on the approach trajectory.  Instead, an accurate 

translation of the PFM’s contact state into heliocentric coordinates and a full gravitational integration are 

required. 

 

3.1  Calculating the PFM Heliocentric Contact State  

 

The heliocentric contact state of an object is represented as a cloud of probability members, each 

member having longitude 6B, latitude 8B, height hB, radiant right ascension and declination )R and ;R, 

and velocity v<, all at an epoch t, where each of these values, including the epoch, are generated from a 

Gaussian distribution defined by the reported mean and standard deviations.  Each member’s contact 

state is converted to heliocentric coordinates, in preparation for the integration of each member, as 

follows: 

 

1) The geocentric coordinates centred on Greenwich (xG, yG, zG) are calculated using the WGS84 

theory. 

2) The mean rotation of the Earth @ is calculated using the methods of Meeus (1991) Chapter 11. 

3) The apparent sidereal rotation of the Earth @' is calculated from @ as described in Chapters 11 and 

21 of Meeus (1991).  This involves the calculation of the mean obliquity of the ecliptic B0, the 

nutation in longitude DE, and the nutation in obliquity DB.  The calculations of nutation and 

obliquity require that the time of the event be expressed in Dynamical Time (TD), not universal 

time (UT).  This difference in these timeframes is taken from a table of adjustments available on 

the US Naval Observatory web site (USNO, 2010). 

4) We are then able to rotate (xG, yG, zG) by @' giving the Earth-centred equatorial coordinates with 

respect to the equinox of the date (xE, yE, zE). 

" 

ng 

tly 

xRot yRot zRot

uatorial coordinates for the epoch of the date.  The magnitude 

vROT of the velocity is taken from a complete rotation of the earth at the object’s distance and 

5) (JK,"LK,"MK) are converted to the equinox J2000 (xEJ, yEJ, zEJ) by converting to spheri (#

coordinates, precessed to J2000 by the methods of Meeus (1991) Chapter 20, and converti

back to rectangular coordinates. We retain the right J2000 right ascension )E for later use. 

6) The apparent contact velocity of the PFM equinox J2000 (vxoJ, vyoJ, vzoJ) is calculated direc

from )R, ;R, and -v<.  

7) The velocity due to the rotation of the Earth (v , v , v ) is the tangent vector at the Earth-

centred position expressed in eq

declination.  Care must be taken when velocities are tracked in software with respect to solar 

time scales; we must make a sidereal adjustment. (vxRot, vyRot, vzRot) is then calculated from vROT 

and )E, vzRot being 0. 

8) (vxRot, vyRot, vzRot) are converted to equinox J2000 (vxRotJ, vyRotJ, vzRotJ) as in 5) above. 

9) We arrive at an Earth-centred equatorial J2000 velocity (vxEJ, vyEJ, vzEJ) by summing (vxoJ, vyoJ, 

vzoJ) and (vxRotJ, vyRotJ, vzRotJ). 



10) The Earth-centred equatorial J2000 position (xEJ, yEJ, zEJ) and velocity (vxEJ, vyEJ, vzEJ)  are 

converted to heliocentric coordinates (xEH, yEH, zEH) and  (vxEH, vyEH, vzEH) by adding the Earth’s 

position at the epoch using the JPL Horizons DE405 ephemeris. The epoch must be expressed in 

ulated in 3). 

11) These equatorial coordinates are converted to heliocentric ecliptical coordinates (xH, yH, zH) and  

ot wanting to re-invent the wheel in the field of numerical integrators, and understanding that this 

plementation of RADAU-15, a 15th-order differential 

equ ed 

by 

publica

the pro

into C+

implem

over 10 5/DE406 ephemerides.  A full integrator-to-

DE

for Mars, with an oscillating .000003 AU error in solar distance after 100 years). This test required the 

imp

meteor
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state value and error bars yields a slowly expanding probability cloud representing the possible 
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The  to verify the 

resu

Ceplec  perform this comparison: the ten largest mass European Network 

eve

Networ

orbit-at

Figure thods for the Spurný (1997) events. 

Res

 

Terrestrial Time (TT), equivalent to TD as calc

(vxH, vyH, vzH) by converting to spherical coordinates, converting to ecliptical coordinates as in 

Meeus (1991) Chapter 12, and converting back to rectangular coordinates.  These calculations 

again require B0 and DB as calculated in 3). 

 

3.2  Integrating the PFM Trajectory 

 

N

application did not require sophisticated optimizations or approaches in performance, we decided on a 

quick rework of an existing C-language im

ation integrator documented in Everhart (1985).  The RADAU family of integrators is characteriz

the use of Gauss-Radau spacings for sequence sub-steps. The work of porting and integrating the 

lly available C-code involved converting C code to C++, the language used in the remainder of 

ject coding, and abstracting the concepts of an integrator, force calculations, and physical objects 

+ interfaces and implementations to facilitate substitution of trial implementations. The initial 

entation of the RADAU integrator was tested by integrating the major objects of the solar system 

0 years, and comparing the results to the JPL DE40

405/406 comparison was performed, with acceptable results (for example: .6” error in solar longitude 

lementation of post-Newtonian adjustments, a refinement not required for the integration of 

oid objects on Earth-approach. These post-Newtonian adjustments require knowledge of velocity 

ithin the inter-object force calculations that is not required by PFM integrations.  

The resulting integration back in time of a collection of probability points generated from contact 

eoroid paths.  Figure 4 is a sample illustration of the Bunburra Rockhole event, generated from an 

contact sate provided by Pavel Spurný in a private correspondence (Spurný, 2009). The 

ence of the probability cloud towards the eventual error bars in the original state is evident.   

mparison to Ceplecha Analytical Orbits 

 analytical orbit-at-infinity calculation methods of Ceplecha (1987) provide the means

lting orbits from the back-integration technique.  Two sets of fireball orbits derived using 

ha’s calculations were used to

nts from 1993-1996 documented in Spurný (1997), and 10 more recent unpublished European 

k events provided by Spurný in a private correspondence (Spurný, 2010).  For the purposes of 

-infinity calculations, the back-integrations are stopped at 2-months prior to Earth contact.  

5 demonstrates the good correspondence between the me

ults on the later events await Spurný’s publication of his results. 

 

 

 



 

 

Figure 4. The RADAU-15 generated probability cloud for the Bunburra Rockhole effect.  Meteoroid contact position, 

velocity and error bars were provide by Pavel Spurný in private correspondence (Spurný, 2009). The illustrations show 

the probability at the time of contact, and 1, 2 and 3 hours prior to contact.  The viewer is a consistent 9100 km distance 

from the cloud’s mean point. 

 

Figure 5. A list of the 10 highest mass events from Spurný (1997) showing the published orbital elements calculated using 

Ceplecha (1987) calculations compared to the orbit at infinity elements calculated using the project’s software ClearSky’s 

integration technique.  Semimajor axis, eccentricity, inclination, longitude of the ascending node a d argument of perihelion 

are listed.  Standard deviations are listed beside each element.  ClearSky elements are displa d in blue if outside the 

published error bars.  Published elements are displayed in red if outside the ClearSky calculated error bars. Note that the 

ascending nodes are numerically close, but are consistently flagged as being out of the corresponding error bars. 
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The close correspondence of orbit elements from the Ceplecha and integration techniques serves 

as both a validation for the time-honoured analytical method, and as a confirmation the integration 

technique does accurately reproduce object approach trajectories.  However, the small but systematic 

variance in longitude of ascending node garnered further attention.  Section 11 of Ceplecha (1987) 

describes in detail the impact of Earth’s gravity on calculating velocity and radiant direction of a meteor, 

this impact being removed prior to the calculation of orbital elements. However, in formula (48) of 

Section 11, Ceplecha makes the assumption that the longitude of the ascending node (1) of the orbit can 

 

rds 

ds 

ristics and the length of time the meteoroid is influenced by Earth’s gravity.  

he largest calculated variance in 1 is .15° for Spurný (2010) event EN231006.  Figure 6 demonstrates 

e shift in ascending node of approximately .1° of the Bunburra Rockhole event.  A consequence of this 

variance in 1 that has not been quantified is the dependency in the Ceplecha calculations of all other 

orbit elements except semimajor axis on 1 and LSUN.  Further quantification of the impact is noted as 

possible future work. 

 

 

Figure 6.  The shift D1 of the ascending node 1 of the instantaneous orbit of the Bunburra Rockhole meteoroid.  From left to 

right, top to bottom, the progress of the shift is shown, 4, 3, 2, and 1 hours prior to contact, at contact, and at contact with the 

shift highlighted.  The rightmost diagonal lines represent the instantaneous orbits at the ascending node on the near side of 

the Sun.  The leftmost lines represent the orbits at the descending node on the far side of the Sun. 

 

 

4  Searching Sky Surveys 

 

4.1  Image Frustums 

 

’s position 

into ob

be directly derived from the solar longitude of the Earth (LSUN) at the time of impact.  This is true of the

instantaneous orbit of the meteoroid, but not its orbit at infinity.  The instantaneous 1 is drawn towa

the limiting value LSUN as the meteoroid approaches the Earth.  The magnitude of this shift in 1 depen

on the approach characte

T

th

Astronomical images are typically thought of as two-dimensional rectangular projections onto the 

celestial sphere.  Such images may be defined by the right ascension ()) and declination (;) of the four 

corners of the image, or by the ) and ; of the image centre, width and height of the image, and the 

rotation around the image centre.  The computations involved in determining the location of a fast 

moving object in relation to a long image exposure involves several conversions of the object

server centred ) and ; as both the object and observer move over time.  These conversions, 

although not complex, are computationally expensive as they involve trigonometric transformations.   

Since the position of an object is relative to the observer, there is little opportunity to optimize this 

heavy computation against multiple images, or against multiple image surveys. I therefore developed an 

image representation scheme which supports a front-end loaded one-time optimization of individual 

image representations, while reducing the object-image computation complexity. 



A single survey image in reality is a projection of a three-dimensional volume of space.  

Assuming a rectangular image, this volume is a frustum as shown in Figure 7.  A frustum is defined as 

the portion of a solid lying between two planes.  An image frustum is the portion of a square pyramid 

lying between a front viewing plane and an arbitrary depth of field plane.  This real-world frustum space 

can be transformed into a three dimensional rectangular 2x2x1 frustum space to which object position 

intersections are easily calculated.  The determination of the image frustum and the calculation of the 

transformation into a rectangular frustum space are costly, but may be performed once per image 

description with the resulting transformation being stored and associated with the image description. 

Viewing frustums and the related transformations have been used for decades in rendering three 

imensional world scenes onto a two-dimensional view port (screen).  In particular, I have leveraged the 

unpublished lecture notes and course exercises by Beatty (1980).  

 

 

frustum in heliocentric space, and the rectangular frustum space. Any astronomical image is a 

 transformation matrix 

Tf to th

d

 

Figure 7.  An image 

representation of the three dimensional frustum volume defined by the observer location, the field and depth of view 

of the image, the line of sight, and the rotation of the image.  Points in heliocentric space may be easily transformed 

into points in the frustum space, facilitating image-object intersection and object motion characterization. 

 

 

An image frustum is defined by a set of parameters: observer position (dx, dy, dz), a line of sight 

(sx, sy, sz), horizontal and vertical fields of view ()h, )v), a near view distance (d, taken as a distance 

closer to the observer than the typical in-atmosphere meteor distance), and a depth of field (f, taken as 

infinity).  It can be shown that the real-world frustum space may be transformed into a rectangular 

frustum space based on a number of constituent transformations using the above frustum parameters.  A 

PFM position (or the position of any solar system object) in heliocentric coordinates (x, y, z) may be 

translated to the image frustum space (xf, yf, zf) by the simple application of a 4x4

e homogenous coordinates (x, y, z, 1), where Tf is the matrix product of a series of constituent 

transformations: 

 

 opN qN rN @sotus # vpW N qW N rWN wWx (6) 

 

An object’s position with respect to the 2x2 image frustum front face is: 

 



 py #
z{
|{
I N qy #

}{
|{
I (7) 

 

where 4@I ~ p ~ @ and 4@I ~ q ~ @ correspond to the object being on thy y e image.  Additional outputs 

of the above transformation are four values called edge coordinates, which allow for quick object-image 

checking, prior to performing the above divisions in calculating py and qy: 
 

D! � wW < pW    : left edge 

DC � wW 4 pW    : right edge 

D" � wW < qW    : bottom edge 

D$I�IwW 4 qW    : top edge 

 

In all cases, the edge coordinate D� exhibits the properties: 

 

 D� � l  the position is inside the edge 

 D� � l  the position is outside the edge 

 

 As long as the 4x4 T  transformation matrix is calculated before search time, the computation 

req nd 

9 ad ed 

to p the 

har

oordinates to end-of-exposure coordinates. 

ownloaded image databases.  Indexes are maintained on the image catalogue to 

cilitate searching by survey name, time fram , or both.  The image catalogue is recreated from scratch 

to avoid the concerns of needing a sophisticated 

nderlying database technology that could handle both efficient insertion and querying.  The download 

odic replacement of the survey 

ata, or as a net-change update.  If the downloaded survey catalogue is represented in an easily parsed 

xed form, then the survey imp

meta-data.  If the survey data is difficult to parse, a survey plug-in may be developed to implement the 

port.  Figure 8 describes the contents of the generic image catalogue records. 

lt a h based on ephemerides is a 

eneric method which  is  independent of the source of  the image  and  the  target being searched.  The  

f

uired to determine an object-image intersection at a single point in time is the 12 multiplications a

ditions required to calculate the xf,, yf, and wf values, and the 4 additions and 4 comparisons requir

erform the edge coordinate checks.  The edge coordinates provide a means to quickly determine 

acteristics of an object’s motion on, off, or through the image by comparing beginning-of-exposure c

c

 

4.2  Automated Downloads and Pre-processing 

 

The object-image intersection process described above assumes the opportunity to possess pre-

calculated image frustum descriptions and transformations prior to executing object searches.  I have 

developed a generic image catalogue data base which serves to: 1) maintain local copies of available 

image databases, 2) provide a generic representation of the images databases, 3) support the storage of 

the above pre-calculated data, and 4) provide indexing to support various object search use cases. The 

image catalogue developed for this project is implemented as a flat file of generic image data referring 

back to local copies of d

fa e

on every download cycle.  This approach was taken 

u

of updates from each image survey can be implemented as either a peri

d

fi ort may be implemented by simply defining the survey catalogue in 

im

 

4.3  General Use of the Image Search Algorithm 

 

The image representation described above and the resu ing se rc

g



 Image Collect  of the image survey, database, or collection. E.g. “CFHT Catalogue”, “Catalina 

”. 

ion The name

Catalogue

Image File py of each image survey is described by one or more file names, and a description of 

of these files. The image catalogue points to the file number and file offset 

n image in this set of files.  

The local co

the format 

corresponding to a

Image Offset the image file where the source description of the image may be found (see Image The position in 

File). 

Right Ascensio ascension of the centre of the image. n The right 

Declination nation of the centre of the image. The decli

Width The width of the image in radians. 

Height The height of the image in radians. 

Start Time The start ate and time of the image exposure. d

Exposure The length of the exposure in seconds. 

Starting Frustum The parameters used to describe the image frustum at the beginning of the exposure, and the 

trix used to convert object positions to the frustum space.  

ch axis 

ont face 

  Observer distances to the front and back faces 

contents of the 4x4 transformation ma

The frustum description includes: 

  Frustum rotations around ea

  Dimensions of the frustum fr

  16  numbers corresponding to the Tf image frustum transformation. 

Ending Frustum The parameters used to describe the image frustum at the end of the exposure (See Starting 

Exposure)   

Figure 8. Image catalogue record description. 

 

 

technique is therefore easily adapted to any use where the image source and target object are in motion.  

Whereas the original need of this project was to provide a flexible system that would support a variety of 

asily extended to cover other image sources, such as 

hoto collections.  In addition, support sky surveys may 

FHTL

Coulee (Hildebrand, et al., o images have yet been found.  The implementation of  Spacewatch 

telescopic sky surveys, the approach can be e

acecraft image databases, and amateur astropsp

be searched for any solar system object.  For example, in support of the article Gilbert and Wiegert 

(2009), ClearSky was used to search the CFHTLS for images of three main-belt comets:  133P/Elst-

Pizzaro, P/2005 U1 (Read), and 176P/LINEAR. Images of 176P/LINEAR were located, including a set 

of three images dated 2007 January 15.  Figure 9 shows the image search result file for that period.  

Figure 10 shows the three image simulations, and the corresponding close inspection images created by 

Wiegert from CFHTLS image downloads. 

 
 

5  Results to Date and Future Work 

 

At the time of writing, this project has not yielded a discovery of a PFM image, however searching will 

continue.  The results of the project have been of a more indirect nature, with our gaining understanding 

of PFM visibility and the nature of PFM orbits.  The project has also contributed to the science with a 

confirmation of the heavily relied-upon analytical methods of the past 30 years, and by providing a 

useful general image catalogue search technique.  

 

5.1  Image Searches 

 

C S image searches have been performed on two collections of European Network events as 

documented in Spurný (1997) and Spurný (2010), as well as three individual events: Grimsby 

(McCaus 010 d Buzzard land, et al., 2 ), Bunburra Rockhole (Bland, et al., 2009) and (Spurný, 2009), an

 2009).  N
 

 



 

 

 

 represented in an Microsoft Excel spreadsheet tab.  The result 

e URL for downloading the CFHTLS image), object visibility, 

bject in the image.  The X,Y coordinates of the object in the image (ranging from -1 to 1) are 

ation of the image.  The green arrow has been added to show the position of the object. 

 

 

Figure 9. One image result from the CFHTLS catalogue search result file for 176P/LINEAR for the period of January 2007.  

Three images were located, the details of each circumstance

le text contains image description information (including thfi

and the position of the o

reversed due to the orient

 

 

 

 

 

 



Image 889493 

2007/01/15 09:33:29 UT 

Image 889504 

2007/01/15 10:15:40 UT 

Image 889515 

2007/01/15 10:56:21 UT 

 

Figure 10. Top row: Detail from the three simulated CFHTLS images from 2007 January 15 showing object 

176P/LINEAR.  The green arrow has been added to highlight the object position.  Note the slight movement in the 

object.  Bottom row: Extractions from the actual CFHTLS images created by Dr. Paul Wiegert.  The red arrow 

indicates the actual object; the blue arrow indicated the expected position based on the MPC orbit published at the 

time.  Orientations between the simulations and the extractions are opposite. 

 

.2  Modelling Results 

s the project progressed, the realization developed that the chance of linking a fireball observation to a 

rendipitous PFM image is low.  The modelling performed shows that a sufficiently large event in any 

ne given meteor detection network is, at the optimistic end, a yearly event.  Conservatively, in the case 

f ASGARD, it is a decadal event.  Survey effectiveness analyses show that the chances for telescope 

etection can be severely reduced by object or solar geometry, as well as the quickly reducing apparent 

agnitude of the PFM.   Finally, the chance of success is further reduced by the unmodelled but 

vidently small probability of a survey telescope being pointed at the correct field in relation to its 

overall sky coverage capability or preference  possibility of s  enticing.  Of 

particula ine i ject whom I 

have disc volv ager ble, and 

  

   

 

(McMillan, 2010) and Catalina (Beshore, 2010) sky survey downloads are complete, and discussions are 

ongoing regarding access to the PanSTARRs (Jedicke, 2010) survey data. Contact state information on 

any additional significant fireball events is most welcome.  As described above, the search techniques 

ave shown useful in discovering serendipitous images of other solar system objects. 

.  However the uccess remains

r note is the level of genu

ussed the work.  Those in

nterest shown for this pro

ed in sky surveys seem e

by the many people with 

 to make their data availa
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those analysing various fireball events are eager to provide and transform their data for use in this 

project.  

 
5.3  Orbit Determination Results 

 

A major accomplishment of this project was the confirmation of the Ceplecha (1987) orbit determination 

methods, and the offering of an adjustment of that work to account for a shift in the PFM’s longitude of 

the ascending node.  In verbal conversations with Dr. Pavel Spurný and others, it has been stated that 

this validation of Ceplecha’s methods has not been done before, even though they are widely used.  

There can now be an increased level of confidence in the orbits derived from those methods. 
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