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Chapter 1

Short introdu
tion to OpenOrb

1.1 What OpenOrb does and what it doesn't

OpenOrb does

� 
ompute an orbit for an obje
t if the user provides a list of astrometri


positions for that obje
t.

� integrate orbits.

� dynami
ally 
lassify orbits.

� a slew of other tasks related to asteroids and orbit 
omputation.

OpenOrb does not

� do image pro
essing. OpenOrb does not do anything with images.

1.2 Orbital inversion theory

In the Bayesian framework, the parameters to be estimated are treated as ran-

dom variables and the 
omplete solution to the inverse problem is 
ontained

in the parameters' posterior probability densities. The posterior distribution

p

p

is proportional to the a priori (p

pr

) and the observational error (p

�

) PDFs:

p

p

(P) / p

pr

(P)p

�

(� (P)) (1.1)

where P refers to the orbital elements and � (P) stands for the observed

minus 
omputed (O � C) residuals [MB93, Vir05℄. The a priori often used

is Je�reys' a priori whi
h se
ures the invarian
e of the results. For example,
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the 
ollision probability does not depend on the type of orbital elements used

in the analysis [VM06℄.

If you want to transform the 
omputed orbital-element PDF to another

set of variables su
h as other types of orbital elements or ephemerides, you

must also transform (that is, propagate) the weights to the new variables

[MB93℄:

p(F) =

Z

dPp(P)Æ

D

(F� F(P)) =

1

det(

ÆF

ÆP

)

F

p(P(F)); (1.2)

where F(P) = (F

1

(P); : : : ; F

k

(P))

T

is a set of fun
tions of the orbital ele-

ments, Æ

D

is Dira
's fun
tion, and det(

ÆF

ÆP

)

F

is the determinant of the Ja
obian

matrix for the transformationP! F. The propagation of the weights is done

automati
ally for the PDFs produ
ed by the \oÆ
ial" OpenOrb exe
utable,

oorb.

1.3 Numeri
al Methods

1.3.1 Orbital inversion

Ranging

Ranging maps the non-Gaussian orbital-element PDF with a given number

of sample orbits [VMB01, MVB01℄. Ea
h sample orbit is 
omputed using the

following s
heme: Two observations are 
hosen from the data set and a ran-

dom deviate is added to all four 
oordinates to mimi
 observational noise.

Next, a random topo
entri
 distan
e is generated for the �rst observation

date using a, typi
ally, broad interval. The topo
entri
 distan
e for the se
-

ond observation date is generated from an interval relative to the topo
entri


distan
e on the �rst observation date. Sin
e the lo
ation of the observatory

with respe
t to the Sun is usually known, the four plane-of-sky 
oordinates

and the two topo
entri
 distan
es 
an be transformed into two helio
entri


positions 
orresponding to the two observation dates. Using well-established

methods in 
elestial me
hani
s, an orbit 
an be 
omputed using the two he-

lio
entri
 positions. The generated sample orbit is then used to 
ompute

ephemerides for the other observation dates. If the residuals are a

eptable

and the PDF value is good enough with respe
t to the until-then best-�t

orbit, the sample orbit is a

epted. The inversion 
an be sped up by itera-

tively adjusting the intervals for the topo
entri
 distan
e either by performing

the simulation for a smaller number of sample orbits before performing the

full-s
ale inversion [VTMB03℄ or by starting with only two observations and

adding more observations step by step [GM05℄.
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MCMCRanging

Markov-Chain Monte Carlo version of the Ranging method.

Least-squares with linearized 
ovarian
es

Least-squares with linearized 
ovarian
es (LSL). . .

1.3.2 Integration

- Bulirs
h-Stoer extrapolation method

- n-body dynami
al model 
ontains 8 planets + Moon + Pluto

- leading relativisti
 term by the Sun (perihelion shift)
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Chapter 2

Installing OpenOrb

2.1 Software requirements

In addition to basi
 Unix tools su
h as tar and make, using OpenOrb only

requires a Fortran 90/95 
ompiler|we are mostly using the free gfortran


ompiler (http://g

.gnu.org/)|and gnuplot (http://www.gnuplot.info) for

automati
 generation of plots.

2.2 Produ
ing the exe
utable

Extra
ting the sour
e 
ode ar
hive will produ
e a dire
tory 
alled OpenOrb:

tar xvzf OpenOrb-vN.N.tar.gz

Change dire
tory to the OpenOrb dire
tory:


d OpenOrb

Run 
on�guration s
ript to set up the 
hosen 
ompiler and its 
ommand-

line swit
hes:

./
onfigure [COMPILER℄ [opt | deb℄

Here COMPILER 
an be one of the following: gfortran, g95, lahey, intel, sun,


ompaq, or absoft. The option opt will produ
e optimized 
ode for pro-

du
tion use, whereas deb will produ
e 
ode suitable for debugging. The


ompiler 
ommands and swit
hes are expli
itly given in (and should be mod-

i�ed through) the make.
onfig �le. Next 
hange to the main dire
tory and

4



produ
e the oorb exe
utable:


d main

make oorb

Assuming everything 
ompiled without problems

1

the oorb exe
utable is now

in the main dire
tory.

To allow a 
exible usage of the exe
utable, you may want to make the

following 
hanges or additions to your shell's 
on�guration �le:

export PATH=$PATH:/path/to/oorb

If you have a

ess to gnuplot and want to make automati
 plots of the

orbital-element PDFs, you should de�ne the $OORB_GNUPLOT_SCRIPTS_DIR

environment variable:

export OORB_GNUPLOT_SCRIPTS_DIR=/path/to/OpenOrb/gnuplot/

2.3 Getting and pro
essing required data �les

A

ess to the following data �les is required to run oorb:

� OBSCODE.dat http://www.
fa.harvard.edu/iau/lists/ObsCodes.html

� TAI-UTC.dat http://hpiers.obspm.fr/eop-p
/

� ET-UT.dat

� de405.dat

The most re
ent versions of the three �rst �les are in
orporated in the

OpenOrb pa
kage. OBSCODE.dat is updated every night by the Minor

Planet Center. However, if you do not use observations from observatories

that have re
ently a
quired an observatory 
ode, there is no need to update

this �le more often than, say, on
e every year or so. Note that the format of

the OBSCODE.dat is identi
al to the HTML page with the ex
eption that

all HTML tags and the header line have been deleted. TAI-UTC.dat and

ET-UT.dat have to be updated manually. A suitable interval to 
he
k the

availability of updates is every six months or so.

1

The only known (
ompatibility) issue 
an be found at the end of

modules/
l options.f90 and requires 
ommenting 
ertain lines in/out. If you are

using the latest gfortran 
ompiler, everything should 
ompile without errors.

5

http://www.cfa.harvard.edu/iau/lists/ObsCodes.html
http://hpiers.obspm.fr/eop-pc/


To generate the JPL planetary ephemeris �le de405.dat, go to the

OpenOrb/data/JPL_ephemeris/ dire
tory


d ../data/JPL_ephemeris/

and issue the following 
ommand:

make

If su

essful, the ASCII versions of the de405 ephemerides will �rst be au-

tomati
ally downloaded from the JPL FTP server, and then built to the

binary �le de405.dat. Finally, de405.dat is 
opied to the data dire
tory

and the intermediate �les are deleted. Note that you do not have to rebuild

the de405.dat �le every time you get a new version of OpenOrb. However,

sin
e de405.dat is a binary �le, it may have to be built separately for every

operating system. The 
orre
tness of the generated ephemeris �le 
an be


he
ked with

make test

Finally, the OORB_DATA environment variable, whi
h 
ontains the path to

the data dire
tory (usually OpenOrb/data/), should be added to the envi-

ronment:

export OORB_DATA=/path/to/data/dire
tory/

Again, 
onsider adding the OORB_DATA variable to your shell's 
on�guration

�le.

2.4 Con�guration �le

The explanations and possible values for the 
on�guration parameters are

given in Table 2.4. The path to the 
on�guration �le FILE (path to default

�le is OpenOrb/main/oorb.
onf) 
an either be given using the 
ommand line

option --
onf=FILE or using an environment variable:

export OORB_CONF=/path/to/
onfiguration/FILE

If neither of these are used, it is assumed that the 
on�guration �le is


alled oorb.
onf and resides in the working dire
tory. Note that spe
i-
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Option Explanation

MANY OPTIONS NOT MUCH TIME

Table 2.1: See 
on�guration �le. The options should be self-explanatory. . .

fying the path as a 
ommand-line parameter (--
onf=FILE) overrides the

environment variable ($OORB_CONF) whi
h in turn overrides the default path

(./oorb.
onf).

2.5 Sample 
on�guration �le

If you are using Bash, it makes life quite a bit easier if the .bashr
 �le


ontains the following entries:

export PATH=$PATH:/path/to/oorb

export OORB_CONF=/path/to/oorb/
onfiguration/file

export OORB_DATA=/path/to/data/dire
tory/

export OORB_GNUPLOT_SCRIPTS_DIR=/path/to/OpenOrb/gnuplot/
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Chapter 3

Using OpenOrb

The basi
 options (input, output, et
.) are given as 
ommand-line parameters

when running oorb, but more detailed 
on�guration parameters are de�ned

using a 
on�guration �le.

3.1 File formats

3.1.1 Observations

� Current MPC format (.mp
).

� The Data Ex
hange Standard format used by, e.g., Pan-STARRS (.des).

� New MPC format (.mp
3).

3.1.2 Orbits

� The OpenOrb format (.orb).

� The Data Ex
hange Standard format used by, e.g., Pan-STARRS (.des).

3.1.3 Ephemeris

Current OpenOrb format (.eph).
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3.2 Computing orbital-elements based on ob-

served positions

The oorb exe
utable 
urrently has to ways of obtaining the orbital-element

PDF based on the observed positions, Ranging (--task=ranging) and LSL

(--task=lsl). Whereas Ranging maps the PDF rigorously, that is, with-

out prior assumptions of its shape, LSL assumes that the PDF is Gaussian

and derives a so-
alled single-point estimate for the orbital-element PDF.

In pra
ti
e, the single-point estimate 
onsists of the nominal orbit and the


orresponding hyperellipsoid whi
h des
ribes the un
ertainty of the orbit.

In general, Ranging is optimized for situations with s
ar
e data. LSL, on

the other hand, should only be used when there is enough data available to

assume that the true shape of the orbital-element PDF is indeed more or

less Gaussian. The orbital inversion is performed by using either one of the

followong 
ommands:

oorb --task=ranging --obs-in=FILE.mp
 [ --orb-out=OUTFILE ℄

[ --separately ℄

oorb --task=lsl --obs-in=FILE.mp
 --orb-in=INFILE

[ --orb-out=OUTFILE ℄ [ --separately ℄

Here FILE.mp
 
ontains the observed positions in the Minor Planet Center

(MPC) format, and the �le may 
ontain more than one obje
t in whi
h 
ase

the number or temporary designation separates di�erent sets. The observa-

tional un
ertainty is spe
i�ed in the 
on�guration �le. Currently, OpenOrb

also allows observations to be fed using the \New MPC Format" the fate of

whi
h is still un
ertain. In the New MPC Format (OpenOrb re
ognizes it by

the suÆx .mp
3) observations are, among other things, allowed to have indi-

vidual un
ertainties. For LSL, oorb needs at least one starting point whi
h

is supplied using INFILE. If --orb-out=OUTFILE is omitted, the resulting

orbital-element PDF is written to standard out. With the --separately

option the orbit or orbits for ea
h separate observation set is written to sep-

arate �le the name of whi
h is de�ned by the designation or number of the

observation set.

3.2.1 Tips for using Ranging

� Make a reasonable assumption for the observational un
ertainty �

obs

,

e.g., the observatory's histori
al RMS for O � C residuals.
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� If using relative weights for sample orbits (non-uniform sampling), make

sure the a

eptan
e window ([�


a



� �

obs

;+


a



� �

obs

℄, where 


a



is

the a

eptan
e-window multiplier) is large enough to allow sampling

without 
ut-o�s due to residuals. In pra
ti
e, make sure the residual

stamps �gure do not show 
ut-o�s.

� The generation window ([�


gen

� �

obs

;+


gen

� �

obs

℄, where 


gen

is the

generation-window multiplier) should not be larger than the a

eptan
e

window. Typi
ally, they have the same size, that is, 


a



= 


gen

.

� Use a number of sample orbits whi
h is enough to do statisti
s, but

is still not overkill 
onsidering running time. Typi
ally, 2,000{10,000

sample orbits is enough.

� As rule of thumb, use the two-body approximation for Ranging. The

n-body 
orre
tions are usually only required for spe
ial 
ases su
h as


ollision-probability estimation.

3.3 Propagation of orbital elements from one

epo
h to another

The orbital-element PDF 
an be propagated to another epo
h using the 
om-

mand

oorb --task=propagation --epo
h-mjd-tt=MJD --orb-in=INFILE

[ --orb-out=OUTFILE ℄

The mode of propagation, that is, analyti
al two-body propagation or nu-

meri
al n-body propagation using an integrator, 
an be de�ned in the 
on�g-

uration �le. If --orb-out=OUTFILE is omitted, the resulting orbital-element

PDF is written to standard out.

3.4 Computing ephemerides

Topo
entri
 ephemerides and their un
ertainties are 
omputed based on the

orbital-element PDF using the 
ommand

oorb --task=ephemeris --obs-
ode=CODE [ --epo
h-mjd-ut
=MJD |

--epo
h-mjd-tt=MJD | --timespan=DT1 --step=DT2 ℄

--orb-in=INFILE

10



where CODE is the observatory 
ode assigned by MPC and MJD is the Mod-

i�ed Julian Date of the desired ephemerides either in UTC or TT. DT1 is

the timespan (in days) over whi
h ephemerides should be 
omputed when

starting from the epo
h of the orbital-elements and DT2 is the frequen
y

(in days) of the ephemerides. Positive values for DT1 and DT2 indi
ate go-

ing forwards in time from the epo
h, whereas negative values indi
ate going

ba
kwards. The ephemeris predi
tion based on the sampled PDF is a dis-


rete set of predi
ted positions on the sky and their individual weights, and

the ephemeris predi
tion based on the single-point estimate is the nominal

position with a 3-� un
ertainty ellipse. Note that the non-Gaussian un
er-

tainty region equivalent to the Gaussian 3-� region 
an also be obtained for

the sampled predi
tion by normalizing the sum of the weights to unity and

requiring that 99.73002% of the total weight (probability mass) is within the

boundaries. The ephemerides are written to standard out.

3.5 Dynami
al 
lassi�
ation

For 
ases where the orbital-element PDF has been sampled, it is possible to


lassify the obje
t in a dynami
al sense by using the relative weight of sample

orbits. The 
lassi�
ation

oorb --task=
lassifi
ation --orb-in=INFILE

The results are written to standard output. The 
lassi�
ation 
riteria 
an be


hanged by modifying the getGroupProbabilities subroutine in

Sto
hastiOrbit_
lass.f90. Note that the 
urrent implementation of the

dynami
al 
lassi�
ation is only done in the os
ulating (a; e; i; q; Q) spa
e,

whi
h means that, e.g., the 
lassi�
ation of Jupiter Trojans is not 
arried out

rigorously.

3.6 Conversion between �le types

Use

oorb --task=mp
tomp
3 --obs-in=FILE1 [ --obs-out=FILE2℄

to 
onvert an observation �le (FILE1) formatted a

ording to the 
urrent

MPC format to a �le (FILE2) formatted a

ording to the proposed new

11



MPC format. Observational un
ertainties are taken from the 
on�guration

�le. If they are not de�ned, the default un
ertainty is zero. Use

oorb --task=mp
3tomp
 --obs-in=FILE1 [ --obs-out=FILE2℄

to 
onvert an observation �le (FILE1) formatted a

ording to the proposed

new MPC format to a �le (FILE2) formatted a

ording to the 
urrent MPC

format. Note that information regarding observational un
ertainties is lost

during the 
onversion. Use

oorb --task=astorbtoorb --astorb=FILE1 [ --orb-out=FILE2℄

to 
onvert the orbital elements and the (H,G) values in Ted Bowell's as-

torb.dat �le to the .orb format. Here FILE1 is the astorb.dat �le and FILE2

is the output .orb �le. Again, if FILE2 is omitted the output is sent to

standard out.

3.7 Example

In the OpenOrb/test/ dire
tory you 
an �nd two almost identi
al observation

�les in the MPC format, K08K42V_ranging.mp
 and K08K42V_lsl.mp
. The

di�eren
e between these �les is that in the previous �le all but the three

�rst observations have been 
ommented out, whereas in the latter none are


ommented out.

First, 
ompute a Ranging solution for observation set #1:

oorb --task=ranging --obs-in=K08K42V_ranging.mp
 \

--orb-out=K08K42V_ranging.orb

The output is written both in the form of an orbital-element PDF �le 
alled

K08K42V_ranging.orb and a more general output �le 
alled

K08K42V_ranging.sor. Moreover, two separate plots were also produ
ed:

K08K0042V_0.08_sor_keplerian_results.eps.gz shows the orbital-element

PDF and K08K0042V_0.08_sor_residual_stamps.eps.gz shows stamps of

the O �C residual distributions 
orresponding to ea
h observation in
luded

in the inversion.

Then, use the orbits produ
ed by Ranging to initiate the di�erential 
or-

re
tion (LSL) using observation set #2:

oorb --task=lsl --obs-in=K08K42V_lsl.mp
 \

12



--orb-in=K08K42V_ranging.orb --orb-out=K08K42V_lsl.orb

Again, the output is written in the form of an orbital-element �le 
alled

K08K42V_lsl.orb whi
h 
ontains the nominal orbit and the standard de-

viations and 
orrelations for the elements, and a general output �le 
alled

K08K42V_lsl.ls. The nominal orbit and the 1-� and the 3-� un
ertainty el-

lipsoids are shown in plot K08K0042V_37.80_ls_keplerian_results.eps.gz.

To make a dynami
al 
lassi�
ation of the obje
t, do

oorb --task=
lassifi
ation --orb-in=K08K42V_ranging.orb

The result strongly suggests that the obje
t is something unknown to the


urrent 
lassi�
ation s
heme and, in fa
t, the obje
t is the �rst retrograde

TNO dis
overed.

To propagate the orbital-element PDF to the 
urrent date (2008-08-12)

epo
h, do

oorb --task=propagation --orb-in=K08K42V_ranging.orb \

--epo
h-mjd-tt=54690 --orb-out=K08K42V_ranging_54690.orb

The �le K08K42V_ranging_54690.orb 
ontains the orbital-element PDF at

the new epo
h.

To 
ompute follow-up ephemerides (topo
entri
 distan
e, R.A., De
., and

their 
orresponding time derivatives) for 10 dates with one-day intervals start-

ing at 2008-08-12.0 TT, use

oorb --task=ephemeris --orb-in=K08K42V_ranging_54690.orb \

--timespan=10.0 --step=1.0

The ephemerides are written to standard out.
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Chapter 4

Developing your own

appli
ations based on OpenOrb

It is reasonably straightforward to develop your own appli
ations in the

OpenOrb framework due to the obje
t-oriented approa
h. Although For-

tran 90/95 is not a pure obje
t-oriented language, we have mimi
ked obje
t-

oriented 
on
epts in the software [DNS97℄.

More to be added later if there is interest. . .
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Chapter 5

Communi
ation

5.1 Getting help

Due to manpower limitations, we 
annot promise to give personal assistan
e

in all situations. It is assumed that the user is familiar with state-of-the-art

orbit 
omputation methods and Bayesian inversion theory through published

literature [Vir05, BVMB02, VTB

+

08, for reviews, see℄. However, if you in-

tend to publish results obtained with OpenOrb and have doubt regarding

the interpretation of the results, we en
ourage you to 
onta
t either Mikael

Granvik (mgranvik�iki.�) or Jenni Virtanen (jenni.virtanen�fgi.�) for assis-

tan
e.

If needed, there may be help available for developing sour
e 
ode based

on OpenOrb to solve more 
ompli
ated orbit-
omputation-related problems.

However, the help has a pri
e, whi
h is typi
ally to be paid in the 
urren
y

whi
h our funding agen
ies understand and a

ept, that is, as a 
o-authorship

in the resulting publi
ation(s).

5.2 Reporting bugs

OpenOrb has been tested during the years by 
omparing the results to the

results obtained with either our older software or by software by 
olleagues.

If you nevertheless �nd a bug, please report it to us so that we 
an �x the

problem. The report should be 
on
ise and 
ontain everything needed for

reprodu
ing the erroneous result. Send the report to MG (mgranvik�iki.�)

with the text \OpenOrb bug" in the subje
t line.
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5.3 A
knowledging the use of OpenOrb

If you �nd OpenOrb useful in your work, please a
knowledge our e�orts by


iting, in addition to the relevant original papers, the following paper on the

OpenOrb software pa
kage:

Granvik, M., Virtanen, J., Oszkiewiz
, D., Muinonen, K. (2009). OpenOrb:

Open-sour
e asteroid-orbit-
omputation software in
luding statisti
al rang-

ing, Meteoriti
s and Planetary S
ien
e 44(12), 1853{1861.
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