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Abstract
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Orbit determination of asteroids using streak information
by Samuel O CAÑA L OSADA
Asteroids are becoming a stepping stone for the human space exploration,
as much as they are a threat for human life on Earth. Several agencies have
proved that sending spacecraft to an asteroid is already feasible so private
companies are starting to look into how to exploit this new resources we have
now at hand. However, asteroids are not easy to locate precisely in the extensive universe, and these missions require quite an accurate knowledge of the
asteroid positions for long times.
For this reason, orbit determination algorithms are evolving very fast to
cover these needs. But since Gauss, all the efforts have been put in improving
the existing methods to make them more efficient and precise. But sometimes
is good to take an step back and give it a different "view", is there a different
way of looking at the sky and obtain more information?. This paper want to
explore the feasibility of using trailed observations (streaks) for that purpose.
Additionally to the standard right ascension and declination variables, streaks
also contains information about the angular rate of those variables, dRA and
dDec. Using statistical ranging, a well established technique for asteroid orbit
computation, a code has been developed to try and use these two new variables that come with the the streaks. This paper will explain the code in detail
and at the end will try to prove the validity of this method.
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Chapter 1

Introduction
Astrometry is the branch of astronomy that involves precise measurements of
the positions and movements of stars and other celestial bodies. It is also its
oldest branch, dating back to Greek astronomers, Timocharis and Aristillus (c.
300 BC) were one of the first astronomers that created star maps. Then Hipparchus used those maps to discover Earth’s precession (Kanas, 2019). After
that first milestone, astrometry has contributed to huge breakthroughs through
the whole history, being the heliocentrism one of its biggest achievements.
Recording star positions have progressed through naked eye observations,
then large-scale ground based telescopes and finally space telescopes mounted
on satellites orbiting the Earth. But history has not come to an end. Already
by 1997, as the Hipparcos catalogue was being lodged in scientific libraries
around the world, astronomers were advancing ideas for yet more ambitious
experiments to map the stars from space. These included both ‘pointed’and
‘sky-scanning’ instrumental approaches (Perryman, 2012).
Although astrometry is only the tip of the iceberg of astronomy. To obtain
and use all the information contained in the sky observations the concepts of
celestial mechanics have to be applied. Celestial mechanics studies the motion of every body in the Universe. It covers every object observed in the
Universe, from dust particles in interplanetary medium to stellar systems and
galaxy groups. However, this thesis will focus mostly in the the minor bodies
bounded to our Solar System, specially asteroids.
Asteroids are acquiring a new relevance in space exploration, as they are
considered the means of transport in the Solar System, carrying not only materials, but also information about its past. Now, technology has reached enough
development to allow the design of missions to explore the asteroids in-situ.
These new mission will provide a brand new set of opportunities in the space
field.
Something that can not be forgotten is that asteroid pose a risk for the planet
Earth and humankind. It is well know that the Earth has been impacted by asteroids in the past, and unfortunately it will happen again in the future unless
something is done to prevent the impact. In modern history, there have been
several incidents, being the tunguska event in 1908 the largest recorded, where
the causes are unknown but it is believed that an meteoroid exploded in the
atmosphere causing an air burst that flattened millions of trees over an area of
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2,150 km. It was categorized as an impact event although there are no signs
of a physical crater on the ground. A more recent event is the one occurred in
Chelyabinsk in 2013 which rose the concern of everybody about a possible impact and lower the threat threshold from kilometre size to decametre. Hence,
the importance of knowing the precise position of asteroids passing close to
the Earth, and with enough time in advance so some measures can be done.
Because of this, a cross-agency mission has earned a lot of attention and
funding in the last years, NASA and ESA will test the capability of deflecting
an asteroid through the AIDA mission. (Galvez et al., 2013). These mission
consist of the kinetic impactor, the NASA contribution DART (Cheng et al.,
2012), and the European Hera mission (Sears et al., 2004), which will characterise the post-impact effects to the asteroid.
Another related topic quickly gaining traction is the exploitation of asteroid
resources. Asteroids are a huge source of resources completely unexploited
until now. Asteroid mining can be the next stepping stone into making deep
space exploration more accessible. The first stages for asteroid exploration and
mining have already been achieved by JAXA, with Hayabusa spacecraft which
was able to bring back to Earth a sample of the asteroid (Kawaguchi, Fujiwara,
and Uesugi, 2008) back in 2010, and the second version, Hayabusa 2, that follows on the work of its predecessor to improve the technology. Hayabusa 2 is
planned to land with the sample by end of 2020. NASA is also contributing
with OSIRIS-REx (Lauretta et al., 2017), which is already in the vicinity of the
asteroid mapping it, and it is expected to take the sample by June 2020 and
return to Earth in 2024.
One common factor shared by all the previous missions mentioned before,
is the requirement of knowing the position of the asteroid. This is achieved
adding a third ingredient to astrometry and celestial mechanics, the orbit computation algorithms. Since the ancient astronomers tried to predict the position of the planets in the sky, the orbit computation has evolved incredibly.
There are multiple approaches and algorithms developed for different situations. This thesis fall inside this field, and it will try to show that is possible
to use trailed observations (streaks) as input of orbit computation with some
advantages.
This thesis will work with the existing open-source software, OpenOrb,
which will be explained later in Chapter 3 It provides the tools for orbit determination of asteroids, discovery of new asteroids and ephemeris computation for follow-up observations amongst many other. This software has been
in public domain for more than ten years with several contributors all around
the world. OpenOrb has made available to everybody, a powerful tool for orbit
determination of asteroids, amongst several other functions. But this software
has reached everybody thanks to the initiative of Open-source software (OSS)
and GitHub.
Open-source software is a type of computer software in which source code
is released under a license in which the copyright holder grants users the rights
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to study, change, and distribute the software to anyone and for any purpose.
Any OSS project is constituted by four elements: the license, the community,
the development process and the software itself, and the right interplay between them establish the success or failure of the project (Laurent, 2004).
But OSS is much more than just a software, it is a huge source of information
and resources for the young developer community. The access to the source
code of several software gives the students the chances to fully understand
a software, so they can implement some features in their future projects. In
addition, creating communities around OSS, such us GitHub, has connected
thousands of passionate people about coding, making them interact to help
each other and increasing the coding skills of the whole community, which
results in more software creation with better quality.
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Asteroids in the Solar System
Asteroids (from Greek αστεροειδής, "star-like") are small rocky bodies in orbit
between Jupiter and Mars. These bodies are believed to be the residuals from
the formation and destruction of protoplanets in the early stages of the inner
Solar System. Asteroids fall into the family of minor planets, which is any
astronomical object in direct orbit around the Sun (or more broadly, any star
with a planetary system) that is neither a planet nor exclusively classified as a
comet. Minor planets can be dwarf planets, asteroids, trojans, centaurs, Kuiper
belt objects, and other trans-Neptunian objects. Alternatively to minor planets,
comets (from Greek κομήτης, "wearing long hair") are bodies evolved from the
formation of the outer parts of the Solar System instead. They are small icy
bodies, often only a few kilometers in extent, that come from regions of the
Solar System where temperatures are cold enough to sustain (predominately
water) ices. These chapter will try to explain the basics of asteroids, observing
them and their motions, so the reader can have the tools when more complex
concepts are presented.

2.1

Observing asteroids

Observational astronomy is a field of astronomy that is concerned with recording data about the observable Universe. It is the practice and study of observing celestial objects with the use of telescopes and other astronomical instruments. Since the ancient Greek astronomers, who looked at the sky with
their bare eyes, observational astronomy has made steady advances throughout history. The biggest revolution came with the invention of the telescope
by Galileo Galilei. From that moment on, observational astronomy has grown
with each improvement in telescope technology. Another huge step forward,
that is happening right now, was the translation of telescopes to the space getting rid of the atmospheric effect. The Hubble Space Telescope opened a huge
range of new possibilities to astronomers.
Before talking about the new approach to observe asteroids proposed in this
document, it is necessary to gives a brief overview of the current observation
strategy and reference frames. However, the differences between both methods are quite small so everything explained in this section will be helpful for
the reader.
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Observatories are the one in charge of making the observations and distributing them to the public or the agencies. For this reason, they operate on
their own reference system, the Topocentric Horizon Coordinate System. A
definition of this reference system is shown in Figure 2.1. It rotates with the
Earth and and its fundamental plane corresponds to the plane tangent to the
Earth in the observatory position. It uses the elevation, el, and azimuth, β, angles, usually the range is not defined as it can not be directly obtained from an
optical observation. However, this systems is not broadly used as each observatory would have a different reference systems according to their position on
the Earth’s surface. Because of it, the observatories provide the position of the
celestial body already transformed to a geocentric system.

F IGURE 2.1: Topocentric Horizon Coordinate System (SEZ) This
system moves with the Earth, so it’s not fixed. The SEZ system
is used extensively in radar observations and often involves azimuth, β , and elevation, el. Source: Vallado, 2001

The Earth Centered Inertial (ECI) reference system is the most common geocentric system in astrodynamics. This system originates at the center of the
Earth. The fundamental plane is the Earth’s equator. The system is defined
by one axis pointing to the vernal equinox and another one to the north pole,
the third one, contained in the equatorial plane, completes the system. The
equinox and plane of the equator move very slightly over time, so the term
“inertial” can cause confusion. To get rid of this issue, astronomers refer to the
position of both at a particular epoch, the more used is J2000. Figure 2.2 shows
this system and here below there is a description of the two angles of the system. These two angles are main source of information of modern astronomy.
• Right ascension (RA) is the celestial equivalent of longitude. RA can be
expressed in degrees, but it is more common to specify it in hours, minutes, and seconds of time. A whole turn in RA is equivalent to 360◦ , the
whole circumference. The zero point for RA is one of the points where
the ecliptic circle intersects the celestial equator circle. It’s defined to be
the point where the Sun crosses into the northern hemisphere beginning
spring: the vernal equinox, also known as the first point of Aries.

2.1. Observing asteroids

7

• Declination (Dec) is the celestial sphere’s equivalent of latitude and it
is expressed in degrees. Opposite to RA, Dec has a range from −90◦
to +90◦ , north and south pole respectively, and 0◦ corresponding to the
equator. This means that for positive values of RA I am moving to the
north and negative values brings me to the south.

F IGURE 2.2: Earth Centered Inertial (ECI) reference system. This
system uses the Earth’s equator and the axis of rotation to define
an orthogonal set of vectors. The vernal equinox direction is fixed
at a specific epoch for most applications. Source: Wikipedia

Most of the asteroids are bounded to the Solar System and not to the Earth,
there are some cases of Earth’s temporarily-captured satellites but these are
small in number. In order to make easier the orbit computation of asteroids,
the observations are converted to a Sun based reference frame. The International Celestial Reference System (ICRS) is the fundamental celestial reference
system that has been adopted by the International Astronomical Union (IAU)
for high-precision positional astronomy. The ICRS, with its origin at the Solar
System barycenter and "space fixed" axis directions, is meant to represent the
most appropriate coordinate system for positions and motions of celestial objects. The angles of this reference frame are also called Right Ascension and
Declination. The transformation between both system is trivial as the position
of the Earth with respect to the Sun is known at all times.
One addition that should be made to this section is to mention the satellite based telescopes, they used a different reference frame than observatories.
There are multiple reference systems that could be used for observational astronomy, depending on how the observations are carried out. And because
this is still a hot topic I will not go into more detail.(See Kovalevsky, Mueller,
and Kolaczek, 2012 for more details).
For the purpose of this master thesis, the reference systems used are exactly
the same. The only difference with the proposed method is the information
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obtained from each observation. At this moment, every observatory around
the world is only providing information about RA and Dec of the asteroids.
However it is believed that there are far more information that can be obtained
from optical images. This involves trailed observation (streaks) where asteroid
appears to the camera as a long line. Actually, all asteroid shows up in photos as slightly deformed dots but these are reduced to the coordinates of its
middle point. Under current observational conditions, the asteroid does not
create a trail long enough to be used, but with new space missions like Euclid
being launched and changes in the observation methods, long enough streaks
can be obtained. The streaks would provide additional information about the
angular velocities of the asteroid on the sky plane, dRA and dDec, allowing
each observation to contain double the information. All these concepts will be
explain further in the Chapter 3.2.1

2.2
2.2.1

Dynamics in the Solar System
Historical background

The vision of the Universe and its motion, and especially the Solar System, was
changed completely with the work of Johannes Kepler (1571-1601). His two
main astronomy books, Astronomia nova (1609) and Epitome Astronomiae
Copernicanae (1617-1621) where he explains the the Kepler’s Laws, set the
basics for the understanding of the movement of any body in the Universe.
These three laws are still the pillars of the modern astrodynamics, therefore its
importance for this thesis. A brief explanation of the laws is as follow:
• The orbit of a planet is an conic section with the Sun at one of the two
foci. The three types of conic section are the hyperbola, the parabola, and
the ellipse depending in the eccentricity of the orbit.
• A line segment joining a planet and the Sun sweeps out equal areas during equal intervals of time. A more practical explanation of this law is
that he orbiting object travels faster at the periapsis, closer point to the
focus, and slows down in the apoapsis.
• The square of the orbital period of a planet is directly proportional to the
cube of the semi-major axis of its orbit.
These laws worked as a stepping stones for many other mathematicians.
As remarkable as Kepler’s laws were, they did not completely solve planetary
motion. They captured the kinematics of motion, but the dynamics of motion
remained unsolved until Isaac Newton (1642–1727) unlocked them. With the
publication of his book Philosophiae Naturalis Principia Mathematica (1687),
Newton opened the doors to the new world of forces. His discovery of the
forces and how they interact with the objects drove him to write his three famous laws of motion:
• Any object either remains at rest or continues to move at a constant velocity, unless acted upon by a force.
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• The sum of all the forces F acting on an object is equal to the mass of that
object multiplied by its acceleration, ∑ F = ma
• When one body exerts a force on a second body, the second body simultaneously exerts a force equal in magnitude and opposite in direction on
the first body.
But Newton went farther and decided to apply these laws to any object in the
Universe, discovering the law of Universal Gravitation which is still a useful
approximation in, e.g., orbit computation.. It states that every particle attracts
every other particle in the Universe with a force which is directly proportional
to the product of their masses and inversely proportional to the square of the
distance between their centers,
F=G

m1 m2
,
r2

where G is the gravitational constant, which first approximation was also calculated by Newton following empirical methods.
Another important breakthrough in the following years, was finding a solution for the three-body problem. Leonhard Euler (1707-1783) and JosephLouis Lagrange (1736-1813) provided with several family of solutions for equilibrium points in the system, masses being collinear or forming a equilateral
triangle respectively. For example, in the Lagrangian points, equilateral triangle, of the system Sun-Jupiter there is a big concentration of Trojan asteroids
in equilibrium position with respect to both bodies. Finally, Albert Einstein
(1879-1955) has made the latest discovery up to the date. With his General
Theory of Relativity he supersedes the Newton’s law and opened the doors to
a whole new branch of research.

2.2.2

Modern astrodynamics

Nowadays, astrodynamics has been heavily standardized and simplified so all
the work can be easily shared around the world. Creating simple models allows a quicker understanding of the basics and jump right into more complex
concepts. It also makes astrodynamics more appealing for people who decide
too jump into this world for the first time.
In kinematics, for defining the motion of any object in a reference frame it
is necessary to provide six parameter, they can be any parameter (physical or
created) that relates to the motion of the object. An orbiting object is also a case
of kinematics, the object is following a stable motion, considering a Keplerian
orbit, around a center body, so an orbit can also be defined with six parameter.
One option is giving position and velocity vector of the object, each vector
contains three coordinates, which gives six variable so the orbit is fully defined.
However, the position and velocity vectors do not help to have visual representation of the orbit. It is not easy for the astronomer to decipher which kind
of conic curve is bounded to that combination of position and velocity. For
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this reason, it was decided to use a different set of six parameter to define an
orbit. There are multiple combination of parameters that can give a better performance according to which kind of orbit is being studied. But undoubtedly,
the keplerian elements, after Johannes Kepler, are the best options for quick
understanding of the orbit characteristics.. These six parameters give direct
information about the orbit and its characteristics. Another huge advantage of
this set is the time-independence of 5 out of the six parameters, this is considering a Keplerian orbit because perturbation do introduce time variations to
the other parameters. Figure 2.3 shows the definition of the six parameters in
a Earth-centered reference system and an explanation of each parameter will
be given below.

F IGURE 2.3: Keplerian elements for an orbit definition. Source:
NASA official

• Semimajor axis, a. This parameter is directly related to the size of the
orbit. Bigger values of the semimajor axis will correspond to objects orbiting farther from the center. It is the sum of the closest and the most
distant point from the central body divided by two. For the case of a
parabola, the value of semimajor axis is not defined (a = ∞) and for an
hyperbola it is negative.
• Eccentricity, e. It defines how deformed is the conic curve. There are
some special values worth to mention, e = 0 is the circular case, 0 < e < 1
is for an ellipse, the limit case of e = 1 is a parabolic orbit and e > 1 is an
hyperbolic orbit.
• Inclination, i. This parameter indicates how tilted is the plane of the orbit
with respect to the equatorial plane of the central body or with respect to
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the ecliptic plane. If the inclination is between 0◦ and 90◦ , the object travels in the same direction as the rotation of the central body, this is called a
prograde orbit. Opposite, an object in an orbit with a value between 90◦
and 180◦ is travelling in the opposite direction.
• Longitude of ascending node, Ω. This value indicates at which point the
orbit crosses the equator plane on its way from the south hemisphere to
the north hemisphere. It is measured with respect to the reference frame’s
vernal point and ranges the 360◦ degrees of the circumference.
• Argument of the periapsis, ω. It settles the orientation of the orbit giving a angular value to the closest point of the orbit, the periapsis. It is
measure from the RAAN on the direction of the motion of the satellite,
its range also goes from 0◦ to 360◦ .
• True anomaly, ν. This is the only time-dependent variable in the twobody approximation. It gives the position of the object along the orbit
at a specific epoch. It starts counting from the periapsis, positive in the
direction of motion.

2.2.3

From observations to orbits

The inverse problem entails the derivation of an orbital element probability
density from observed sky-plane variables, Right Ascension and Declination.
This problem has been around since the first civilizations, where they tried
with the methods they had available to predict the motions of celestial objects, although due to the fact that geocentrism was established as the reality,
most of their computations were wrong. In a sense, the first orbit determination were performed by scientist who produced astronomical tables of the
position of the planets and stars (ephemerides). But one of the first successful
astronomers were Kepler with his Rudolphine Tables in 1627, one century after
Nicolaus Copernicus (1473-1543) had explained the heliocentrism theory and
scientist had started using it. His data was accurate enough to predict the conjunctions of Mercury and the Sun to within five hours on November 7, 1631.
Then Newton devised and described in his Principia the first practical
method of finding the orbit of a body from three observations, achieving the
first success of his method with the comet of 1680. Newton’s method of determining a parabolic orbit from observations depended on successive graphical
approximations, and it is still unclear if he combined this graphical method
with calculus or other techniques.
Then, years later Edmond Halley
(1656–1742) used this same technique to discover the periodic Halley’s comet.
The first completely analytical method for solving the same problem was
given by Leonhard Euler (1707–1783) in 1744 in his Theoria Motuum Planetarum
et Cometarum. His technique required three relatively closely spaced observations. And in 1734, Euler discovered the equation connecting two radius vectors with an interval of time. However, history has favored Johann H. Lambert
(1728–1779) giving the name of Lambert’s problem to the problem of finding an
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orbit that connects two position vectors. He also generalized Euler’s formulas
to include elliptic and hyperbolic orbits. Some other names important to the
history of orbit determination are Lagrange, beside the three-body problem,
he also developed the Lagrange expansion theorem for Kepler’s equation and
the Lagrange planetary equations. And Pierre-Simon de Laplace (1749–1827)
published an entirely new method of orbit determination based only on angles
that did not require closely spaced observations.
All this lead to the work of Karl Friedrich Gauss (1777–1855), who is considered responsible for developing a practical technique for orbit determination. This work was encouraged by the rediscovery of the minor planet Ceres.
Gauss’ theory made use of the normal distribution of observational errors and
the method of least squares, and it is still used as a starting point for orbital
inversion from three observations, or in cases where there are several observations over a long period of time.
All this previous work was was aiming for one orbit, a deterministic solution, that would match the observations. But since the orbital elements are of
incomplete value without assessing their uncertainties, it is understandable to
try to implement the uncertainties from the beginning in the orbit computation. Since this realization, orbital uncertainties analysis has been carried out
by several scientists. Some important contribution was given by Brouwer and
Clemence, 2013, providing a detailed introduction to orbital uncertainties analysis in their description of the least-squares method. This opened the door to
a whole new branch of orbit determination methods.
This thesis deals with the orbit computation for a small number of observations during a short time span, a few observations taking during one single
night. So in this case, the distribution of the orbital elements cannot be assumed to be Gaussian (Muinonen and Bowell, 1993). Although the differences
between Gaussian and non-Gaussian modeling of uncertainties is still an actual source of discussion, and the advantages of applying one method over
the other remain questionable. For the case of non-Gaussian probability densities is necessary to apply other methods for the orbit determination. For optimisation methods, the solution could converge to a local minimum solution,
but there could be a different solution in another position of the space that is
missed. To compensate for this, the statistical ranging was introduced, where
the whole space is mapped and then through applying several restrictions a
group of good fit orbits is computed as a solution.
The statistical ranging paved the way to the orbit computation using
Bayesian probabilities by Muinonen and Bowell, 1993. This new approach was
revolutionary, due to the fact that the determination of orbits turned to a probabilistic solution, a family of possible orbits, rather than a single deterministic
orbit. The statistical ranging incorporates the uncertainties in the observations
and computation strategy, and convert them into orbit uncertainties. This theory will be further explained in Chapter 3

2.3. Population

2.3
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Population

Asteroids are divided into separate populations based on their Keplerian orbital and the resulting perihelion distance q = a(1 − e) and aphelion distance
Q = a(1 − e). A classification of the asteroids is shown in the Table 2.1.

Population

a
IEO
NEO
Mars-crosser
Hungaria
1.8AU < a < 2AU
MBO
2.2AU < a < 3.3AU
Cybele
3.3AU < a < 3.7AU
Hilda
3.7AU < a < 4.8AU
Jovian Trojan 4.8AU < a < 5.2AU
Centaur
5.5AU < a < 30AU
TNO
a > a[

Bounds on
q
q < 1.3AU
1.8AU < a < 2AU
q > Q♂
q > Q♂
q > 4.2AU
q > 5AU
-

Q
Q < q⊕
Q > q⊕
Q > q♂

TABLE 2.1: Approximate bounds for various asteroid populations in the (a,q,Q)-space. q⊕ ≈ 0.983AU is the perihelion of
the Earth, Q♂ ≈ 1.67AU is the aphelion distance for Mars,
and a[ ≈ 30.3AU is the semimajor axis of Neptune. Source:
(Granvik, 2007)

But there are three classification of asteroids that are more relevant than the
others, because of number of objects or human interest. The three groups of
asteroids are:
Main Asteroid Belt: The majority of known asteroids orbit within the asteroid belt between Mars and Jupiter, generally with not very elongated orbits.
The belt is estimated to contain between 1.1 and 1.9 million asteroids larger
than 1 kilometer (0.6 mile) in diameter, and millions of smaller ones.
Jovian Trojans: These asteroids share an orbit with Jupiter, but do not collide with it because they gather around the two Lagrangian points of SunJupiter system. It is thought that they are as numerous as the asteroids in the
asteroid belt. But there are Trojans asteroids belonging to other planets systems, such as Mars and Neptune Trojans, and NASA announced the discovery
of an Earth Trojan in 2011.
Near-Earth Asteroids (NEA): These objects have orbits that pass close by
that of Earth. Asteroids that actually cross Earth’s orbital path are known as
Earth-crossers. The main classification are:
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Amors Earth-approaching NEAs with orbits exterior to
Earth’s but interior to Mars’
a > 1AU 1.017AU < q < 1.3AU
Apollos Earth-crossing NEAs with semimajor axis
larger than Earth’s
a > 1AU q < 1.017AU
Atens Earth-crossing NEAs with semimajor axis
smaller than Earth’s
a < 1AU Q > 0.983AU
Atiras NEAs whose orbits are contained entirely
within the orbit of the Earth
a < 1AU Q < 0.983AU
Source: cneos
Inside this group there are an alternative classification of asteroids with high
human interest, the Potentially Hazardous Objects (PHO). They are defined as
having a Minimum Orbital Intersection Distance (MOID) with Earth of less
than 0.05 astronomical units (19.5 lunar distances) and an absolute magnitude
of 22 or brighter, in other words, larger than about 140 m. As of January 2020
there are 2,044 known PHAs (about 9% of the total near-Earth population), of
which 157 are estimated to be larger than one kilometer in diameter.
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Theory
This chapter will try to explain all the theoretical concepts that have been used
for the development of this software. Some of this concepts belong to other
authors, all of them have been cited for their work. However, due to the importance of understanding this concepts for the software, it has been decided
to provide a few details about them. And if the reader wants to obtain a deeper
knowledge there will be references to all the original works in the text.
Just to be clear, orbit determination of asteroids is the main focus of this
document. To date, there are an enormous number of approaches for computing the orbital parameters of any body in Solar System, and every one of them
has their pros and cons. Then it is good to understand that the efficiency and
success of each method are highly dependant on the conditions of the observer
and what it is desired to obtain.
But before jumping into the method used, it is necessary to give an explanation on the inverse problem. The inverse problem is the derivation of the
orbital parameter from observations in the sky. The most basic version of this
problem can be solved by the Gauss’ method, which uses three observations
and a least-squares fit to obtain a deterministic solution of the orbit. However,
with time the orbit computation evolved to a statistical pursuit (Bowell et al.,
2002) where a family of possible orbits is desired.

3.1

Statistical Ranging

The main objective of this work is to implement new features to the existing
software OpenOrb developed by Granvik et al., 2009. OpenOrb is an opensource asteroid orbit computation software package. It is built on a wellestablished Bayesian inversion theory, which means that it is to a large part
complementary to orbit-computation packages currently available. The feature that is going to be added with this will be using the same idea that the
original software. It is because of this that understanding how statistical ranging work is beneficial for the reader.
The idea behind the current orbit computation is to find an orbit that provides computed position in the sky-plane similar to the observed ones, plus
an error inherent to the observational and computational process. The general
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observation equation that describes this relationship is,
ψ(t) = Ψ(P, t, t0 ) + ε + ν,

(3.1)

where the vector ψ is the observed positions at the observation time t. This
vector usually contains a pair of RA and Dec measurements, although for the
streak ranging this will contain information about the angles and the angular
velocities at time t, but this will be explained more in the coming section. Then
the function Ψ(P, t, t0 ) is the ephemeris computed from the candidate orbit,
where P contains the six orbital parameters. Then, ε and ν are the random and
systematic errors, respectively. Usually the systematic error is included in the
random error as this is negligible compared to it, so in a practical approach
ν = 0.
Summarizing the previous paragraph, the idea is to guess a candidate orbit
from two observation and then check if that orbit also fits additional observation at different epochs that are known, or assumed, to belong to the same
asteroid. Every additional observation constrains more the family of possible
orbits. A longer time between observations, the so-called observational timespan, also has a constricting effect on the results.
Now the question that arises is how to obtain the orbital parameters from
the 4 sky-plane parameters. The starting point is always 2 pairs of RA and Dec
parameters, which left undetermined 2 parameters to complete the 6 elements
required to define an orbit.
As explained by Granvik et al., 2009, a random topocentric distance is drawn
from a uniform distribution for the first observation date using a, typically,
broad interval such as 0 AU to 100 AU. The topocentric distance for the second
observation date is generated from an interval relative to the topocentric distance on the first observation date. Since the location of the observatory with
respect to the Sun is usually known, the four plane-of-sky coordinates and the
two topocentric distances can be transformed into two heliocentric positions
corresponding to the two observation dates. An orbit can be computed using
the two heliocentric positions by using, e.g., the so-called p-iteration method
or the so-called continued-fraction method (Danby, 1992).

3.2. Streak Ranging
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F IGURE 3.1: Graphical representation of acceptance criteria for
O-C residuals in a sky-plane reference. In black the two input
observation with RA and Dec values and their respective deviations, and the additional observation for checking purposes in
red. Two candidate orbit represented: in green an accepted orbit
and in red a discarded one.

The generated sample orbit is then used to compute predicted positions for
the other observation dates. If the observed-computed (O/C) residuals are
acceptable and the probability density function (PDF) value is good enough
with respect to the until-then best-fit orbit (the so called ∆χ2 criterion), the
sample orbit is accepted. In the figure 3.1, a graphical representation of the
O/C residuals criteria is shown.

3.2

Streak Ranging

For the streak ranging, the main idea behind the orbit computation will remain
the same as explained in the previous section, but there are some differences in
both methods, mainly in the information contained in the observations. This
section will explain those variations with the previous method and then try to
point out the advantages that can be worked out from them.
The most relevant difference is the information contained in each observation. The addition of angular velocities in the observation file provides double
the information for the orbit computation, and it also allows the use of some
techniques to improve the efficiency of the software.

3.2.1

Observation strategy

Although the observation strategy is not the main objective of this document,
some information in this aspect is considered to be beneficial. Nowadays, there
are two main ways of observing asteroids, radar and optical telescopes. Radar
astrometry are mostly used for providing information about the asteroid’s size,
shape, spin vector, decimeter-scale morphology, topographic relief, regolith
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porosity, and metal concentration. (Ostro, 1985). They can also be used for for
orbit determination providing information in the range and range rate. (Yeomans et al., 1992).
On the other hand, optical observation only provides information in the RA
and Dec of the asteroid. Here we focus on optical observations in which asteroids occasionally show up as streaks. An example of an optical observation
is shown in the figure 3.2 used for the discovery of the asteroid 2018 LA eight
hours before it entered the Earth and disintegrated in the upper atmosphere.

F IGURE 3.2: Discovery observations of asteroid 2018 LA from the
Catalina Sky Survey, taken June 2, 2018. Credit to: NASA/JPLCaltech/CSS-Univ. of Arizona

Usually, as it can be observed, stars appears as dots because the telescope
tracks the sky at the sidereal rate cancelling out the Earth’s rotation, hence the
stars don not move on the focal plane. In contrast, asteroids appear as small
deformed dots because they are moving at a different speed, thanks to this
they are able to be identified as asteroids. However, in current astrometry, this
small trailed observations are considered to be dots, and therefore the post
image processing reduce them to find their middle point and take only the RA
and Dec information.
Then, it is known that the length of the streak will depend directly on the
combination of the exposure time of the camera and the angular velocity of the
asteroid. The exposure time depends mostly on the objectives of the satellite

3.2. Streak Ranging

19

or the telescope, so it can be modified according to it. The angular velocity, on
the other hand, depends only on the orbit of the asteroid and it is beyond our
control. Asteroids closer to the observer move faster than those far away, and
it is because of this reason that it is expected that this method is more useful for
NEOs. This statement is made only from a observation and image processing
point of view.
In the near future, the collection of trailed observations will be more feasible
with the improvement of image processing algorithms and the launch on new
missions that will provide with undedicated and synoptic surveys of asteroids.
One of the missions that is expected to have the biggest contribution is the
ESA-mission Euclid (Amiaux et al., 2012). One of the spacecraft’s objectives
is observing the relative movement between galaxies to study the acceleration
of the Universe. To achieve this, the spacecraft will be pointing towards the
same point in the sky with long time exposure to obtain a good signal from
distant galaxies. These are perfect conditions to capture asteroids’ streaks as a
by-product of the mission.

3.2.2

Admissible region

One of the improvements mentioned above, is the definition of an admissible
region for the sampling. This technique was designed for two observations
very close to each other. These two observations can be rearranged as a trailed
observation where they are the starting and ending point of an streak.
In this section, only the most important characteristics will be mentioned
to allow a proper understanding of what will be used in the software. Every asteroid in the Solar System can be characterised by an attributable that
contains two angles and two angular velocities. Its exact definition is a vector
(e, θ, ė, θ̇ ) ∈ [−π, π ) × (−π/2, π/2) × R2 , observed at a time t. This attributable
along with the distance r and range rate ṙ, which are undetermined, can provide the six parameter required for defining an orbit.
Opposite to the statistical ranging where, the range of each observation is
sampled among the whole space, the sampling is performed for the distance
and the range rate in the set of R2 . However, this region can be reduced by
using inner conditions to asteroids of the Solar System. The 4 conditions are:
(A) {(r, ṙ ) : ε ⊕ ≥ 0} The asteroid is not a satellite of the Earth
(B) {(r, ṙ ) : r ≥ RSI } The orbit of the asteroid is not controlled by the Earth
(C) {(r, ṙ ) : ε ≤ 0} The asteroid belongs to the Solar System
(D) {(r, ṙ ) : r ≥ R⊕ } The asteroid is outside the Earth
These equations have a physical interpretation that can be transform into
equations. Assumptions (B) and (D) have straightforward application to the
range. Meanwhile, assumptions (A) and (C) uses the equation of the orbital
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energy for two references, Earth-moon system and the Sun. The energy equation for each system are as follow,
Heliocentric two − body energy
ε

1
1
,
= ||v||2 − k2
2
||r ||

(3.2)

Geocentric two − body energy
ε⊕ =

1
1
||v − v⊕ ||2 − k2 µ⊕
,
2
||r − r⊕ ||

(3.3)

where r and v are the position and velocity vectors of the asteroid respectively,
r⊕ and v⊕ are the Earth’s position and velocity vectors, k = 0.01720209895 is
Gauss’ constant and µ⊕ is the ratio between the mass of the Earth and the mass
of the Sun.
These equations have to be rearranged so the relationship between the attributable and the undetermined variables becomes explicit and can be directly
used. The arithmetic work behind these transformations will not be explained
in this document as it is not the main scope, but if the reader is interested in
them please take a look at the original paper mentioned earlier.
To sum up, the figure 3.3 shows an sketch of the possible solution for the
equations. It is worth to mention that the solution could have an additional
isolated component further in the r axis. This regions usually appears for asteroids with a semimajor axis much bigger than the Earth semimajor axis, as is
the case of the a retrograde transneptunian object (TNO).

F IGURE 3.3: Qualitative representation of the admissible region
for an asteroid of the Solar System. Case with a single connected
component.

3.2.3

Orbit computation

In this section I will explain the theory behind the streak ranging code. This
streak strategy uses the underlying concept of statistical ranging to perform
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the orbit computation. To sum up, the idea is to map the whole space of possible candidate orbits and the filter out them according to physical constraints,
constraints defined by some prior knowledge of the possible solution and statistical disparities. The solution is a family of N_orb orbits with a probability
density function (PDF) that categorizes the orbits according to how likely they
are.
So the first step is converting the observation information into an orbit.
This is easily accomplished in for streak ranging, opposite to the original code
where it is necessary to use iteration methods to obtain the keplerian elements.
For the case of a streak, it provides 4 (RA, Dec, dRA and dDec) out of the 6 variables needed for defining an orbit. And the two left ones are chosen randomly
during the mapping process. This is one advantage of using trailed observations as the 4 variables are contained in the same observation, same epoch, in
spherical coordinates.
First it is required to convert the RA, Dec and their velocities, from sky-plane
coordinates to a geocentric reference (θ, θ̇, e and ė), as the position and velocity
of the observatory, or observatories, is known. Then, ρ and ρ̇ are chosen following the admissible region criteria explained in section 3.2.2. It is assumed
that the probability of any combination of ρ and ρ̇ has the same probability,
which means that they are assumed to have a uniform distribution. The original code gives the chance to chose a Gaussian distribution for the variables,
although this option hasn’t been implemented yet at this stage. Something
worth mentioning is the uniform deviation added to account for possible errors in the observation. This deviation is directly proportional to the standard
deviation provided by the observation file. The cross shown in figure 3.2 represents that any value inside those ranges is equally valid. After this, the 6
spherical coordinates are defined, and so is the candidate orbit.
Candidate orbits are first pruned based on physical constraints and a priori
information. For example, the geocentric distance has to be greater than the
radius of the Earth. The user can also specify acceptable values for orbital parameters. Then, it is filtered out using user-defined limits range for the orbital
parameters. This is used in case there is some information about the asteroid,
such as it is known to be a TNO then the minimum and maximum value of
the semimajor axis is known. Although, this is used more for matching new
observations to already known asteroids, because usually in new discoveries
there is no previous information.
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Software
Now that the theory has been explained in the previous chapter, it is necessary
to define the characteristics of the designed software. As explained in the chapter 1, the goal of this master thesis was to extend an existing software adding
new features. The two main features consist of a new input format for input
and output files. It has been observed that the standard Minor Planet Center
(MPC) format has some deficiencies, limited space and fixed structure which
brings lack of information, and it has not an user friendly structure. In the first
section of this chapter, both formats will be explained so that the strengths of
the Extensible Markup Language (XML) as compared to the MPC format become obvious. Then a brief explanation of how the input/output software is
structured will follow at the end.
Secondly, the main body of the master thesis consist in the orbit determination for asteroids using streaks. It is in this section where the main working
flow of the software will be explained. How it works, step by step. Additionally, some comments about issues that couldn’t be solved at this stage of the
development will be given so more people can join in the last stage. As mentioned previously, this is a open-source software so everybody has fully access
to the source code in GitHub.
Finally, it would be necessary to mention that an object-oriented programming paradigm has been applied (Decyk, 1997). Fortran 90/95 is not an objectoriented language, although with this approach it is possible to use classes.
This is achieved with Fortran by defining new user-defined types of variable
for each object. Also note know that this software is optimized for be used
from a command windows, recommending Linux, as it is a free operating system with a lot of users that can help to solve potential issues.

4.1
4.1.1

Format
MPC format

The MPC format is the standard distribution format for the Minor Planet Center, the official international organization in charge of collecting observational
data for minor planets (such as asteroids, comets and natural satellites), calculating their orbits and publishing this information. This format is represented
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by a standard 80-column record detailed in Table 4.1 and it is described below.
The columns from first to thirteenth are different for minor planets, comets and
natural satellites. Because the document focuses mostly in asteroids, only the
case of minor planets will be showed.
Column
1-5
6 - 12
13
14
15
16 - 32
33 - 44
45 - 56
57 - 65
66 - 71
72 - 77
78 - 80

Format
A5
A7
A1
A1
A1

Use
Packed minor planet number
Packed provisional designation, or temporary designation
Discovery asterisk
Note 1
Note 2
Date of observation
Observed RA (J2000.0)
Observed Decl. (J2000.0)
9X
Must be blank
F5.2,A1 Observed magnitude and band
(or nuclear/total flag for comets)
X
Must be blank
A3
Observatory code
TABLE 4.1: MPC format file

For more information in this type of format, the link of the MPC website
can be consulted (https://minorplanetcenter.net/iau/info/OpticalObs.html).
It gives a detailed explanation of each use, such as the letter code used for the
notes columns and others.
As it can be observed there are some valuable information that is missing
in this format. Mainly point out the uncertainty information, such as the covariance and correlation values, for each of the observed sky-planes variables.
Due to the inaccuracy on current measures, this values would be important to
be provided by the observatories, as it would improve the quality of the results
for statistical ranging.
Substituting the columns that must be left blank could be a way to increase
the information contained in the MPC format without big changes. However
this space is limited and not many information can be included if a length of 80
columns is required. Another issue, is the loss of accuracy when giving values
for future computations, because every additional decimal takes one column.
In conclusion, it is assumed that this format will not adapt properly to future
changes as more information is required by researchers and astronomers, and
for this reason it has been proposed to use XML format as an alternative.

4.1. Format

4.1.2
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XML format

XML format describes a markup language that defines a set of rules for encoding documents in a format that is both human-readable and machine-readable.
The design goals of XML emphasize simplicity, generality, and usability across
the Internet. Although the design of XML focuses on documents, the language
is widely used for the representation of arbitrary data structures.
Due to the strength of this format for an easy distribution and implementation of information over internet, the Minor Planet Center has already started
to implement it with the Astrometry Data Exchange Standard (ADES) project.
It will provide many new features over the current 80-column format. The official format description is on Github (https://github.com/IAU-ADES/ADESMaster/). In this repository it can also be found how to implement the input
and output of this format for different programming languages, such as Fortran, Python and C. Due to the fact that OpenOrb is mainly written in Fortran,
from now on all aspects will be explained from a Fortran point of view.
In this thesis, the existing work in ADES has been taken, and enhanced to
provide information about the trailed observations that are proposed in this
document. Here it is displayed an example of the input document being used
by OpenOrb.

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25

<? xml version = ’ 1.0 ’ encoding = ’utf -8 ’? >
< ades version = ’ 2016 ’ >
< obsBlock >
< obsData >
< streak >
< permID > 2001 YP3 </ permID >
< stn > 644 </ stn >
< obsTime > 2001 -12 -16 T07:47:02 .400000 Z </ obsTime >
< ra > 264.6216095661 </ ra >
< dec > -21.7133583990 </ dec >
< dotRA > 0.4401001830 </ dotRA >
< dotDec > -0.0342792640 </ dotDec >
< rmsRA > 1.0 </ rmsRA >
< rmsDec > 1.0 </ rmsDec >
< rmsDotRA > 0.004 </ rmsDotRA >
< rmsDotDec > 0.0003 </ rmsDotDec >
< rmsCorr23 > 0.000000000 </ rmsCorr23 >
< rmsCorr25 > 0.000000000 </ rmsCorr25 >
< rmsCorr26 > 0.000000000 </ rmsCorr26 >
< rmsCorr35 > 0.000000000 </ rmsCorr35 >
< rmsCorr36 > 0.000000000 </ rmsCorr36 >
< rmsCorr56 > 0.000000000 </ rmsCorr56 >
< mag > 20.5 </ mag >
< rmsMag > -1.000000000 </ rmsMag >
< band >r </ band >

26
26
27
28
29
30
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< logSNR > 1.000000000 </ logSNR >
</ streak >
</ obsData >
</ obsBlock >
</ ades >

For these files it is not necessary to include every element in a different line,
it is possible to write similar elements in the same line. This layout is only to
make each element more clearly stand out. Each element has been named using camelCase writing. It is a practice which begins each word or abbreviation
in the middle of the phrase with a capital letter, with no intervening spaces or
punctuation.
For a better understanding of the format a brief explanation of the general
structure and each element will be provided. Most of the information show
in this section about ADES format has been extracted from the description
document in the GitHub repository (https://github.com/IAU-ADES/ADESMaster/blob/master/ADES_Description.pdf) Although, there are some elements that are not included in these document as the Minor Planet Center
does not use the information contained in trailed observations.
First of all the structure. A valid ADES XML file uses XML version 1.0 and
starts with an XML preamble. An ADES file must always include the ADES
root element ades with a version attribute.

1
2
3
4

<? xml version = ’ 1.0 ’ encoding = ’utf -8 ’? >
< ades version = ’ 2016 ’ >
< -- - ADES data here -- - >
</ ades >

5

The next level is of particular importance, the obsBlock, which is the only ades
element that it is permitted in a submission to the MPC. An obsBlock, contains
one obsContext and one obsData element, in that order. In this case the obsContext has been omitted as it doesn’t provide valuable information for the orbit
determination software, however it will be implemented in the future to meet
the ADES standards. Then the obsData element can contain only a single type
of observational data, either optical, offset, occultation or radar. In this document
it is used a fifth option, streak, to simplify the software, although this will be
changed in the future and the streak information will be included as part of the
optical one. It is possible to combine different types but they have to be under
different obsBlock elements. This document will focus on optical observation
element.
After this explanation of the high-level structure of ADES, the definition for
each element under obsData are as follow:
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• permID or provID: IAU permanet designation or MPC provisional designation for unnumbered objects.
• stn: Observatory code assigned by the MPC
• obsTime: UTC date and time of the observation. It follows the ISO 8601
extended format, i.e., yyyy-mm-ddThh:mm:ss.ssssZ. The time accuracy
may be greater but it must be appropriate for the astrometric accuracy.
• ra & dec Right ascension and declination in decimal degrees in the J2000.0
reference frame.
• dotRA & dotDec: Sky-plane velocities for trailed observations in decimal
degrees per second. It is assumed the observatory provide this information with the cosine of the declination correction.
• rmsRA, rmsRA, rmsDotRA & rmsDotDec: Random component of the uncertainty (1σ) in arcseconds as estimatd by the observer.
• rmsCorrXX Correlation between RA, dec and their velocities that may
result from the astrometric reduction.
• mag Apparent magnitude in specified band
• band Passband designation for photometry.
• logSNR The log 10 of the signal-to-noise ratio of the source in the image.
In the official document there are several more elements that can be included in the obsBlock, for more information about them visit the link mentioned earlier.
This format has huge flexibility to accept changes, and that is one of its
main strengths. Any new addition that can be implemented in the format just
by inserting any new element. Additionally, because each value is preceded
by its name, it makes the reading of the file much less memory heavy as you
can simply read in the values that are used by the software. Switching to this
format seems like the logical thing to improve the distribution of observation
files to the astronomy community, and even for amateurs that can give their
first steps in this field.

XML reader/writer class
To finalise this section, a few comments about the software that has been implemented for the I/O of XML files.
First of all, acknowledge the work of the GitHub user andreww and its FoX
package (https://github.com/andreww/fox). Fortran doesn’t have a way of
reading XML files directly so an interface is required. Andreww made an excellent job in developing a package to make this issue not a concern at all for
the Fortran community. Within, FoX, there are more than one package to handle XML files according to the situation. For these software, two sub-packages
will be used, FoX_sax and FoX_dom. The main difference between these is
that SAX goes through the document only storing the needed information accessing multiple times to the file, opposite to DOM package that stores all the
information in the file in a memory slot, accesing the external file one single
time, and then works from there. When and why is used each package will be
explained in the coming section.
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Although, its implementation in OpenOrb wasn’t an easy path and there is
still some work to do in this aspect. The problem is some hidden interaction
between the package and OpenOrb that doesn’t allow at all the compilation of
the code with gfortran, the main compiler for OpenOrb. The error that arises
is as follows,
PROGRAM oorb
Error: Fortran 2003: Procedure pointer at (1)
Unluckily, this error appears by just adding the USE FoX_sax statement to the
code and not using any additional function of the package or anything. Just the
use statements makes the code impossible to compile. On one hand this error
doesn’t appear using ifort as the compiler which allowed moving forward, so
the code was able to be tested and implemented. On the other hand using ifort
as a compiler reduces the flexibility of the compile process. Ifort does not allow
the creation and implementation of new module files so the whole routine for
reading and writing in XML has to be inserted in existing files making the code
messier. This is planned to be solved in the future.

4.2

Streak ranging

Now it is the turn to explain the main body of this thesis. The orbit determination of asteroids using trailed information (streaks). Although the process is
similar to statistical ranging, it has been decided to use the name streak ranging from now on so it is clearer to know, in each moment, which is being talked
about.
Due to the length extension of the code it has been decided it won’t be added
to this document. This section will be a step-by-step explanation, simplified to
main processes, of the software, how it flows and how the orbit computation
is achieved according to the theory explained in chapter 3. If the reader is not
interested in the working of the software and they want to jump straight into
the analysis of results please go to chapter 5 where the products of the software
will be analysed.
The first thing and quite important is the command line to launch the software for streak ranging.
$ oorb –task=ranging –flavor=streak –obs-in=[obs_file].xml
–orb-out:[orbit_file].orb
Opposite, to the statistical ranging command it was decided to add the streak
ranging as a different flavor to make easier the code in this first version. It will
be reconsidered if using an internal flag, instead of a different flavor, to distinguish the streak ranging case is a better idea. For this reason, if this document
is being consulted after some months from its publish date please double check
with the updated documentation in GitHub.
At this point, it is important to remember the object-oriented approach that
is going to be used in this software. Along the code several user defined types
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of variables has been defined to allow a more organized way of storing and
managing the data. The structure of these variables will not be explained in
this document, but keep in mind that these variables contain all the relevant
information for each class and all are private to other classes.
The software kicks off opening and reading the oorb.conf file. This file contains several inputs to be decided by the user. It configures the main aspects
of the software, e.g. using Cartesian or Keplerian coordinates for output files
among others. The a priori knowledge of the orbital elements is also specified
here.
Then, it reads in the information from the observation file in a observationstype variable, where all the information from each one (sky-plane variables,
observatory code, epoch...) is stored in an array of observation-type variables.
For these process the sub-package FoX_sax is used. SAX has been decided for
this task because in some situations not all the information in the observation
file is required, so this way eases the memory load of the software.
After all the information is stored, the software main program calls to the
streak ranging subroutine. In first place the code initialize some parameters
and variables.
It stores the sky-plane position and velocities in a
SphericalCoordinates-type variable for easy access and frame transformations.
During this, the admissible region is defined as it preferred that remains the
same and is not affected by the deviation introduced to RA, dec, dRA and
dDec. To find the boundaries of these region, it is needed to solve a 6-order
polynomial ṙ = ∑6i=0 Ai ri , where Ai are coefficients defined in Milani et al.,
2004. Because it is not required to know the roots of the polynomial with high
precision, it was decided to use a simple approach to solve it. A DO loop will
calculate the value of the polinomial for increasing values of r, with a step size
of 0.1 AU. Every time there is a change in the sign, the value of r is stored as a
root. The roots obtained are kept until the end of the orbit computation.
The core of the code is formed by a main loop sor_main that encompass the
whole process and it does not end until N_orb orbits (typically N_orb=2000)
have been accepted. this is a big enough sample to provide reliable information
about the family of solutions. On top of that, the loop is designed to stop at 1
000 000 trials orbits to avoid for infinite loop. Both numbers, required orbits
and maximum nuber of trials can be modified by the oorb.conf file.
Inside sor_main, there is another two WHILE loops one for orbit generation,
sor_orb_gen and another for orbit acceptance, sor_orb_acc.
The sor_orb_gen has the task of generating 10 times the required orbits for
the orbit computation, for the first iteration this loop generates 20000 candidate
orbits to be input into the next loop. The first step is to add the uniform deviation to θ, θ̇, e and ė, simultaneously to the random selection of ρ and ρ̇. This
two calculations have been implemented in the same subroutine so it takes the
observation information and automatically gives you the 6 spherical coordinates of the candidate orbit. This orbit is transformed then to and heliocentric
reference frame and checked against the physical constraints. It is also checked
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for the a priori information about the knowledge introduce by the user. Every
time an orbit is discarded for some reason the loop cycles and generates a new
orbit increasing the number of trials by one. Every candidate orbit is stored in
a orbit-type variable.
After the required number of orbits has been generated, the sor_orb_gen
ends. Then the ephemeris for each orbit is computed using each different observatory and epoch in the input observation file. To achieve this, the orbit is
propagated to the same epoch as the observation and a the orbital elements are
changed to a topocentric reference with the observatory in the origin, because
the position of the observatory in the Solar System is known at every moment.
With the ephemeris already stored in a array, the sor_orb_acc starts. The
first calculation is to compare each computed ephemeris with the unmodified information of the input observations. Residuals = computed_ephemeris −
observed_ephemeris. The residual of each coordinate is verified to fall into the
range of acceptable residuals, if only one out of all the residuals does not falls
into the accepted region, the orbit is still discarded and the loop cycles taking
the next candidate orbit.
During the previous step the values for the residuals of each observation
are stored in an array and it is passed into the next step for the χ2 filter. The
χ2 assesses the goodness of the fit of each candidate orbit with respect to the
maximum likelihood orbit.
After this test is finalised, the software counts how many accepted orbits are
at the end of both loops. If the number is not enough the code comes back to
the beginning of sor_orb_gen loop restarting the whole process. However, for
this second iteration the number of generated orbits is smaller, only ten times
more than missing orbits (norb_gen = 10x (2000 − accepted_orbits)). Then the
code will carry out the same process described above once more, and at the
end of it will check again enough orbits have been accepted. If the answer is
negative again, then the code will start a third time. This will keep happening
until accepted orbits or maximum number of trials are reached.
Finally, the software will use the array of 2000 orbits to create the output
files. This software has two main output: the orbit file (*.orb) and the statistical
orbit ranging file (*.sor). The orbit files contains the coordinates (Cartesian or
Keplerian) of the 2000 orbits and the statistical properties of each one, such as
PDF or the χ2 value. This file is difficult to read for a human and it is mostly
used for plotting or as input for another other code. Alternatively, the .sor file
contains information about the statistical properties of the whole solution, such
as the maximum likelihood orbit or the credible interval for each parameter the
solution among several others.
To sum up everything explained in this section. A flow diagram of the
whole ranging process is shown in the following pages. It contains the main
task that the software performs, if the reader is interested in the details of the
code it is recommended to check the source code in the GitHub repository.
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Chapter 5

Analysis and result
As mentioned previously, streak ranging has been developed with the idea of
providing a different approach for the early stages of asteroid orbit determination and identification. This method will not substitute any existing method
or algorithm, it provides astronomers with an additional tool for orbit determination that can be of use for some observation scenarios, such as trailed
observation or two very close observations that can be turned into an streak.
This chapter will show results obtained for different observation schemes
and will compare them with existing methods to validate the software. The
validation will be carried out in the first section where it will be compared
with the classical approach of three observations, with only right ascension
and declination information, for the orbit determination. Then several run
with different configurations will be performed to the test the robustness of
the software, such as changing values of standard deviation or observation
timespan. Finally, a follow up and discovery process will be tested.
Before starting it is necessary to explain some statistics concepts as they
have an important role in the following discussions. There are multiple distributions although in the Figure 5.1 I show a normal distribution, the most
common and simple. The most important parameters in any probability distribution are the mean µ, called Maximum Likelihood (ML) orbit in this document, and the standard deviation σ, which corresponds to the uncertainty of
the observations, and as consequence, the uncertainty of the solution.

34

Chapter 5. Analysis and result

F IGURE 5.1: Standard deviation and credible intervals for a probability distribution

5.1

Orbit computation

For the first case and most generic one, I decided to use a NEO object, especially a potentially hazardous asteroid. This asteroid has been chosen as the
candidate because it is expected to provide with more valuable results to the
software. The orbital parameters of the asteroid are found in Table 5.1

Designation a (au)
K01Y03P
2.5

q (AU)
0.95

e
i (◦ ) Ω (◦ )
0.62 7.9 101.9

ω (◦ ) M (◦ )
36.3 131.3

TABLE 5.1: Orbital parameters of the asteroid K01Y03P

Now the orbit computation will be executed without any additional feature,
just to see the results obtained and check that they are acceptable comparing
them with the original software. This is an important step because it will validate the new code, allowing that the rest of analysis made in this chapter can
be accepted. Results for the same asteroids but performed with different codes
are shown in the figure 5.2 and figure 5.3.
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F IGURE 5.2: Keplerian orbital-element PDF for the asteroid
K01Y03P using streak ranging. Only two observation have been
used with a observational timespan of 1 day.
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F IGURE 5.3: Keplerian orbital-element PDF for the asteroid
K01Y03P using original code. Three observation have been used
with a observational timespan of 1 day, between the the first and
the last observation.

Comparing both figures shown above, it can be observed that the results
are quite similar. There are some differences but they can be acceptable as
the biggest clusters in both methods are in the same position. Although it
looks like the streak ranging has a worse performance due to having a more
spread distribution, it is necessary to remember that the original code is using
3 observations at different epochs. Keep in mind that the objective of this code
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is to compute preliminary orbits with few observations to allow the follow up
in a bunch of situations where trailed information can be used.
As mentioned previously, the orbit computation is performed mapping the
whole space of possible orbits that can fit the observations. Due to this is interesting to look to the orbit computation results obtained during the execution.
Here below it is shown the fail percentages for the original code and streak
ranging code showing the reason why the candidates orbits were discarded.
Streak ranging code

Original code

Final number of orbits : 2000
Final number of trials : 21624
Failed-% - total : 3.87
- E-m bounded : 0.00
- a too small : 3.47
- a too large : 0.39
- q too small : 0.00
- q too large : 0.00
=======================
- residuals : 74.14
- p.d.f. : 12.43

Final number of orbits : 2000
Final number of trials : 32172
Failed-% - total : 37.68
- 2-point : 0.00
- a too small : 37.29
- a too large : 0.39
- q too small : 0.00
- q too large : 0.00
=======================
- residuals : 49.56
- p.d.f. : 6.48

There are some details worth mentioning in the previous list. First of all,
make clear that the total percentage of failed orbit only takes into account discarded orbits due to non compliance with the a priori restrictions in the orbital
parameters. It is observed a huge improvement here for the use of the admissible region defined in the section 3.2.2. Although the performance have been
improved, there is an issue since 3.47% of the orbits fail due to small semimajor
axis. a too small means negative semimajor axis, which physically means that
the asteroid is in a hyperbolic trajectory not bounded the Solar System. One
reason that could explain this is the deviation introduced to the observations
that could cause it to go out of the admissible region.
Then, it is important to point out the difference between the failed orbits
due to residuals. For streak ranging, you need to match 8 residuals, opposite
to the original code that is only matching 6. Making the orbit fit 8 variables,
RA, declination and angular speeds for two observations, it is the cause to
obtain good precision in the results with less observations.
To finish the orbit computation section, hereafter the table 5.2 have information about the statistical properties of the solution.

5.2. Software performance

Nominal orbit
Maximum
likelihood orbit
68.27% credible Lower
Upper
intervals
99.73% credible Lower
Upper
intervals
Maximum
likelihood orbit
68.27% credible Lower
Upper
intervals
99.73% credible Lower
Upper
intervals
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i (◦ )
7.9

Ω (◦ )
101.9

ω (◦ )
36.3

7.03

110.117

159.22

1.73 0.203 5.24
50.54 0.969 10.16
0.79 0.051 3.76
71.30 0.999 61.67
Original code

91.36
119.83
73.31
132.08

9.21
340.38
0.92
359.95

a (au)
e
2.5
0.62
Streak ranging
5.97

0.474

2.09

0.531

7.63

104.24

34.31

1.08
6.12
1.02
82.71

0.016 3.45
0.848 9.74
0.009 2.467
0.997 21.15

98.180
215.77
95.33
251.83

19.934
166.09
15.30
182.81

TABLE 5.2: Nominal orbit, ML orbit and credible regions for each
software

5.2

Software performance

The results of orbit determination are highly influenced by the observation
strategy, as it has been mentioned along this document. Small modification can
alter completely the output of the software and in some cases make the results
invalid. It is for this reason that orbit determination methods must be robust,
so they can provide a valid solution to almost every combination of observations, or at least inside the limitations the code was design with. However,
sometimes just a robust method is not enough, and the user needs a software
that increases its performance as there are improvements in the observation
information and strategy.
During this section, the performance of the code will be tested for two parameters linked with the observations, observational timespan and standard
deviation of the sky-plane variables. First, a brief explanation of each aspect
will be given and then some results will be shown so the performance of the
code can be judged. Something worth mentioning, the ultimate objective of
this section is not to show an outstanding performance of the code, because it
will not be the case here. The goal of this section is to show different characteristics of the code and find its strengths and weaknesses.

5.2.1

Observational timespan

The observational timespan is directly related to the observation strategy. Longer
time between observations should give orbits better constrained. However this
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is not always possible because observations have to be obtained during the
night. For this reason, usually there are several observations during a night
and with these a preliminary orbit can be computed so it is possible to do a
follow-up of the asteroid in the coming nights (see next Section 5.3).
To test the software it has been decided to use two cases. First one with a
smaller timespan of a bit less than 5 hours so both observations were obtained
during a single night, and the second with a timespan of 2 days. For this case
only the numeric results are shown in Table 5.3 because the differences between plots are not easily seen.

a (au)
e
i (◦ )
Ω (◦ )
Nominal orbit
2.5
0.62
7.9
101.9
Timespan of 0.1816 days (< 5 hours)
Maximum
19.73 0.84
6.56
107.80
likelihood orbit
68.27% credible Lower 1.36 0.069 5.62
89.36
intervals
Upper 36.55 0.995 29.92 111.06
99.73% credible Lower 0.55 0.069 4.52
46.88
intervals
Upper 94.23 0.999 174.89 131.01
Timespan of 2.0149 days
Maximum
13.40 0.766 6.89 116.73
likelihood orbit
68.27% credible Lower 0.70 0.268 5.97
77.89
Upper 32.56 0.999 165.39 118.13
intervals
99.73% credible Lower 0.20 0.098 3.84
2.02
Upper 85.02 0.999 176.55 319.32
intervals

ω (◦ )
36.3
131.98
5.6
357.27
0.06
359.82
172.26
0.43
358.64
0.21
359.85

TABLE 5.3: ML orbit and credible regions for different observational timespans

This table above looks like not good news, as the difference in observational
timespan does not correspond to a more constrained orbit, the improvement
in the each region can be considered negligible. Moreover, the code has been
run several times with exactly the some inputs and due to the code involving
a random generation of orbits the results change broadly from one run to the
next. Note that increasing the number of orbits N_orb improves the statistics
and would solve these kinds of fluctuation issues. I see a variation in the upper
limit, e.g., the 68.27% credible region, so that the value ranges from 20 au to 50
au. In some cases the shorter observational timespan corresponds to a wider
distribution which should not happen.
However it does not necessarily mean that the code is not working properly.
As it has been mentioned before this method wants to provide a preliminary
orbit that can be further developed with additional observations.
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Standard deviation

The standard deviation of an observation is a direct indicator of the precision
of the method used by observatories. These uncertainties come from different
sources such limitations in optical cameras, pixel size, or the image processing.
Improvements in the observation field point to more reducing the uncertainties of the observations so the orbit computation are able to give more precise
orbits.
Nevertheless, this field is still unexplored, because as mentioned already
in this document, current image processing reduce the trailed observations to
the RA and Dec of the middle point, so there is no previous knowledge of the
uncertainties for dRA and dDec. For that reason, this section will deal more
with how the software reacts to changes in these uncertainties rather than a
precise definition of them.
In this thesis, it has been decided to use 1 arc sec for angular values. For
the angular rates it has been decided to take an uncertainty proportional to
the observational value but two orders of magnitude lower. It is still unsure
if the uncertainty should be or not proportional to the observed angular rate,
but in this thesis it has been decide to take that approach. For comparison
purposes, in the following orbit determination a larger uncertainty, one order
of magnitude higher, was used.
Similar to the observational timespan case, the process has a huge random
component that does not allow a significant analysis of the different solution
for two single observations. However, looking at the summary of discarded
orbits, shown below, there are some interesting details to the software.
rms of dRA and dDec ∝ 10−2

rms of dRA and dDec ∝ 10−1

Final number of orbits : 2000
Final number of trials : 21624
Failed-% - total : 3.87
- E-m bounded : 0.00
- a too small : 3.47
- a too large : 0.39
- q too small : 0.00
- q too large : 0.00
=======================
- residuals : 74.14
- p.d.f. : 12.43

Final number of orbits : 2000
Final number of trials : 6840
Failed-% - total : 10.45
- E-m bounded : 0.00
- a too small : 10.28
- a too large : 0.18
- q too small : 0.00
- q too large : 0.00
=======================
- residuals : 24.56
- p.d.f. : 34.37

Previously, it was mentioned a concern regarding the percentage of orbits
failed due to a too small, as this should not happen because of the implementation of the admissible region (see Section 3.2.2). And one possible reason
given was the deviation introduced to RA, dec, dRa and dDec, these results
confirm that hypothesis as increasing the uncertainties has a direct effect increasing the windows for the deviation, which means that the changes in the
sky-plane variables are wider. This was considered to not be a main issue for

40

Chapter 5. Analysis and result

the code, but instead it serve a purpose to better understanding the code so it
was decided not to fix this small issue. In future iterations of the code, it will
be reconsidered.
Then the residuals and PDF rejected percentage also shows a correct operation of the software. Because the residual acceptance limit is proportional to
the standard deviation of the uncertainties, greater angular rates mean less restrictive residuals. On the other hand, because the orbit are more spread due
to this wider residual window, this translate into more orbits discarded by the
χ2 criteria as is seen in the output of the software.

5.3

Discovery and follow-up

The discovery of new asteroids is one of the main goals of astrometry. Creating a map with all the existing small bodies in the Solar System is desired
by the scientific and engineering community. Although, not all the asteroids
have the same importance. Right now, the identification of all the potentiallyhazardous asteroids has priority over the rest of the small bodies, because protection of the Earth sounds like a more convincing reason for governments to
invest money. The most notable political decision was made by the congress
of the United States of America. The initial goal was to discover 90% of these
dangerous asteroids with diameter higher than 1 km. These goal has been already been achieved (Harris and D’Abramo, 2015), and now it is desired to
extend this database to a diameter of 140 m by 2030.
Sometimes, these identification have to be performed in one single night as
the asteroid will enter the Earth’s atmosphere in a few hours after the discovery. However, most of them will continue their orbit after the close encounter
with the Earth. Every asteroid will be tracked to obtain new observations at
different epochs of it that can provide a more precise orbit determination. But
in order to achieve this it is necessary to know where in the sky the asteroid
will be at the time of the next observation.
The procedure is then to propagate every one of the accepted orbits to the
epoch of the next observation. Currently, there are a large number of propagators available for different methods and situations, and a whole other document would be needed to give a introduction about this topic. Because it is
out of the scope of this work, the propagator implemented in OpenOrb will be
used for this without further explanation.
The orbit determination is quite accurate in the nights after the observation,
the problem is when it is needed to find the asteroid after a year or more,
e.g. during the next close approach of the asteroid to the Earth. And there
is another issue of mistaking the desired asteroid with any of the thousand
asteroids in the Solar System. For this reason is important to have a precise
knowledge of the sky-plane position of the asteroid.
There are several factor that impact in how much the orbit diverge from
each other. One cause is the initial distribution of the orbits family, assuming
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ideal propagation, that is the ideal case of the two-body problem, the orbits
start diverging from the moment after the last observation. Another way to
explain it, could be imagining that all orbits have to go through the "eye of the
needle", a.k.a. the observation, and after it they spread again.
Although due to the fact that real physics have to be applied to the propagation, there is an additional factor that introduces deviation in the orbits, all the
orbital perturbations affecting any bodies in the Solar System, such as other
planets, solar radiation.
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Figure 5.4 shows the distribution of the sky-plane positions of the asteroid
for different times in the future. Below, the figure 5.5 shows the same skyplane positions but for the orbits calculated with the original software, so both
methods can be compared.
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F IGURE 5.4: Sky-plane positions of the asteroid K01Y03P for future epoch from the Earth’s center. Orbits computed using streak
ranging method. From left to right, 2 days, 5 days and 10 days
from the last observation date respectively.
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F IGURE 5.5: Sky-plane positions of the asteroid K01Y03P for future epoch from the Earth’s center. Orbits computed using the
original code. From left to right, 2 days, 5 days and 10 days from
the last observation date respectively.

The previous figure show the results for different times during the subsequent nights to the last observation. Plots for different epoch look quite similar, but this is normal because 5 days is a short time that does not allow the
solution to disperse significantly.
At first glance, it can be observed that there is a improvement in the divergence of the sky-planes variables using streak ranging. However, these are
unexpected results, because the streak ranging was considered to be a less precise method. For this reason, it is necessary further work and testing to validate
these results. If this is the case, then it would mean a great advantage for using streak ranging as one less observation is needed but you are getting more
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accurate ephemeris. Note that this doesn’t mean streak ranging is better than
the original code, because as mentioned before, to obtain streaks some specific
conditions have to be meet.
For a final test, it has been decided to simulate a real situation of a asteroid’s
follow up. Two observation with a timespan of 1 day where used for the computation of the orbit, and then a third additional observation taken 6 months
after were also used to try and discover the asteroid. However, the code is not
able to find the necessary orbits in the maximum number of trials, as is shown
below:
Observational arc: 182.18 days
Final number of orbits : 3
Final number of trials : 1000000
Failed-% - total : 3.82
- 2-point : 0.00
- a too small : 3.42
- a too large : 0.40
- q too small : 0.00
- q too large : 0.00
=======================
- residuals : 99.99
- p.d.f. : 0.00
It can be observed that the problem arises because the residuals of each
candidate orbit can not be fit in the acceptance interval. It is unsure if this
is due to a problem with the code or this method has reached his limits on
this aspect. Additional work must be put into this to clarify the reason for this
performance.
However, there are three computed orbits out of the whole trial and they
are shown in the Table 5.4. These three computed orbits are pretty close to
the nominal orbit, which shows that the software is actually computing quite
precise orbits for this case. This suggests that probably the error is not inside
the orbit computation code and maybe it is necessary the modification of some
parameter to fix this issue.

5.3. Discovery and follow-up
a (au)
Nominal Orbit
2.5
3.30
2.97
2.54

e
0.62
0.535
0.433
0.715
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i (◦ )
Ω(◦ )
7.9
101.9
8.72 92.19
7.15 114.99
11.35 99.50

ω(◦ )
36.3
63.04
39.86
32.89

TABLE 5.4: Orbit solution for the simulation of follow-up and
discovery of asteroid
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Conclusion
As space missions’ objectives evolve into more complex ones, so should do
the orbit computation. Asteroids are going to have a huge importance in the
coming years and decades. It is not just important to protect the Earth from
asteroid impacts, but asteroids will also facilitate space exploration.
For this reason, it is believed that the work carried on this document has
some importance. Streak ranging, as explained in this document, explore the
possibility of new way to observe the Universe and take advantage of information that has not been used before. Having 4 out of the 6 parameters required
to define an orbit in a single observations has some advantages when it comes
to preliminary solutions. If the streaks become a reality and real observations
are taken, the analysis of this software could be way more deep. The lack of
real cases to test could be a reason to distrust the software, although for a first
study the generation of synthetic astrometry is considered to be enough.
As it has been mention multiple times along the document, this method is
presented just as an alternative option to the current observation strategy. It is
believed that in the future there will be some chances where the code will be
of help for the orbit computation, so it is better to be ready and start working
on it. The space mission Euclid will be one of these possible chances, and
although its main objectives is not observing asteroids, with the streak ranging
it will become possible to do it. With the current methods some of the asteroids
would be missed, but using trailed observations will increase considerably the
scientific value of the mission.
This thesis provides a working code that can be used to compute orbits from
those trailed observations. It has been made joining multiple concepts of different authors trying to get a code as optimized as possible. There is still some
work to properly optimize it and make it efficient, but this is a work in progress
and more effort will be put into it.
The results show that the code is performing well and it is providing with
a valid solution for the orbit computation of asteroids. It is true that there are
some details that need to be polished yet but the core of the software is done
and that is a huge step. On top of that, the results obtained for the ephemeris
are promising and could provide the code with a great value for astrometry
and the discovery of asteroids.
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The last thing to mention is if anyone who reached this point is still interested in asteroids, don not hesitate to visit the GitHub repository. Get familiar
with the code, play around with several asteroids and their orbits, enjoy and
learn from it. As more people join and contribute to the code the more chances
to quickly improve. That is one of the beauties of the open-source software, it
brings together people to move forward and improve together.
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