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Novel classes of astronomical objects are high-level information sources for understanding the universe and life
itself. We present an example of data mining, based on mathematical theory (Chen et al, 1996), for the
detection of close encounters among asteroids recorded in the public database AstDys (http://
hamilton.dm.unipi.it/astdys/ ). One of detected close encounters led to the first ever dynamical confirmation of
the existence of an object made solely of iron (16) Psyche (Kuzmanoski and Kovacevic 2002). It made (16)
Psyche a potential target in the recently proposed space mission (Elkins-Tanton et al., 2014, 2015). This
demonstrates power of data mining for detecting outliers amongcelestial objects and, consequently, propelling
new types of space missions.
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The knowledge that we have can be analogous to a circle. Inside the circle is what
we know and what we call knowledge; outside the circle is what we don't know
and need to explore. As our circle of knowledge expands, so does the
circumference of darkness surrounding it. So the more we know, the more we feel
that we don't know.
Tian Hao, stating an idea inspired by Albert Einstein, in Electrorheological Fluids:
The Non-aqueous Suspensions (2005)
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DATA MINING CATEGORIES
-dependency detection,
- class identification
-class description,
-exception/outlier detection
The first three categories of tasks correspond to patterns that apply to many
objects, or to a large percentage of objects, in the data. Most research in data
mining, such as association rules, classification, and data clustering, belongs to
these three categories. The fourth category, in contrast, focuses on a very
small percentage of data objects, which are often ignored or discarded as
noise.
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identifying outliers

Outliers are extreme values that fall a long way outside of the other observations. For example, in a normal
distribution, outliers may be values on the tails of the distribution.

The process of identifying outliers has many
names in data mining and machine learning such
as outlier mining, outlier modeling and novelty
detection and anomaly detection.
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HISTORICAL EXAMPLES OF NOVELTY DETECTION
( identifying outliers)

•

1697 the Dutch explorer Willem de Vlamingh discovered black swans in Australia. This was an
unexpected event in (scientific) history and profoundly changed zoology. After the black swan
were discoverd, it seemed obvious that black swans had to exist just as other animals with
varying colors were known to exist as well.

•

Penicillin was mold that Alexander Fleming happened to notice.

•

When the laser was first invented it had no known application.
It illustrates a severe limitation to our learning from observations or
experience and the fragility of our knowledge. One single observation
can invalidate a general statement derived from millennia
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‘BLACK SWAN’ EVENT

Nassim Nicholas Taleb, The Black Swan: The Impact of the Highly
Improbable, (published by Random House (US) and Allen Lane (UK), 2007
A Black Swan is an event with the following three attributes:
- it is an outlier, as it lies outside the realm of regular expectations,
because nothing in the past can convincingly point to its possibility
-it carries an extreme impact.
-in spite of its outlier status, human nature makes us concoct
explanations for it’s
occurrence after the fact, making it [seem] explainable and predictable.
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Scott Manley, Armagh Observatory, The UK,
Legend:

Earth Crossers
Earth Approachers (Perihelion < 1.3AU)
Others
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approximately to the expected observing period of Gaia. Table 3
provides the number of close approaches for a set of criteria,
the number of perturbers and target asteroids that were found,
as well as the number of bodies which are both perturber and
targets.
The number of significant close approaches (significant in
relation to the Gaia astrometric accuracy) is huge in comparison
with the few isolated cases available with ground-based observations and sub-arcsec astrometry. These approaches are fairly
uniformly distributed over the Gaia lifetime with a small scat3. The selection of target asteroids
ter over the years as shown in Fig. 11 on the histogram with
An important step for mass determination is the selection of suit- 2-month bins. In this plot, a close approach has been selected
able target over which the gravitational pull of a larger asteroid when the minimum distance between the two bodies is less than
is detectable. The classical criteria to select the interesting en- 0.5 AU and the deflection angle computed with the impulse forDeflection Criterion
counters
are (i) the minimum distance between the target aster- mula asteroids
is >1 mas.
approach
occurring close to the start or
The intensity of gravitational interaction between “perturbed” and “perturbing”
canAbeclose
estimated
by a deflection
oid
and
the
perturber
and
(ii)
the
deflection
angle
θ
of
the
path
the end of the observation period will not carry much informa(scattering) angle using the two-body problem approximation
of the perturbed asteroid. This angle gives in many cases a good tion on the perturber mass, since the orbit of the target (assumapproximation of the magnitude of the perturbation to which the ing no other close approach during the Gaia mission) would be
target asteroid is subject. It is determined according to a two- unperturbed during the observation interval. Dedicated ground
body ballistic approach where the relative trajectory of the tar- based observations before or after the mission could benefit this
get with respect
to the perturber
be modelledmasses
by a hyperbola
close approach by combining
the two sets of observations. This
S. Mouret
et al.:canAsteroid
and improvement
with Gaia
(see Fig. 10).
would be valuable for the strong perturbations only, given the
From the hyperbolic two-body problem the deflection an- accuracy of the ground-based observations compared to Gaia.
gle θ is given by,
formed during this transit.
With 350 000 possible targets in the main belt over five years
the number of efficient close approaches will be very large, at
least for the largest bodies. Therefore their mass will result from
the perturbation of several tens or even hundreds of small bodies,
a circumstance that will seriously limit the risk of systematic
effects while improving the statistical significance of the mass.

CLOSE APPROACHES OF SMALL BODIES

θ G(m + M)
=
(3) 4. The method for mass determination
2
v2 b
4.1. The O–C linearized formulation
where G is the constant of gravitation, M is the mass of perturber, m that of the target asteroid, v the relative velocity of The method to derive the masses is based on the fitting of the
the encounter and b the impact parameter which can be re- initial conditions of target asteroids to the observed positions,
duced to the minimal distance between the two asteroid trajecto- by including in the dynamical model the masses and the orbits of
ries in the case where we do not take into account their mutual the perturbers. One starts from reasonable values for the initial
perturbations.
conditions and the masses of the perturbers and the goal is to
In the following simulations the target asteroids are selected compute the corrections to the initial conditions of the asteroid
among the first 20 000 numbered asteroids using a software de- orbit by minimizing the differences between the observed and
veloped for the Gaia mission by a member of our group Fig.
(FM) 10.
computed
positions
(O−C). The observations
are expressed
Impulse
approximation
of a small
targetinasteroid

tan

perturbed by a
larger one. vi and vo are respectively the incoming and outgoing velocity
vector. The effect of the perturbation is expressed by the vector ∆v.
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which searches systematically all the close approaches within a
set of bodies over a prescribed duration. The perturbers are also
chosen among the 20 000 asteroids as the bodies having a mass
larger than a given threshold (here set at 10−13 M# ). The program
starts from a list of orbital elements at a given epoch and deter-
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BACK TO ..GEOMETRY

X-ray diffraction image of DNA
taken by Raymond Gosling in May
1952,a PhD student Rosalind
Franklin at King's College London

ILLUMINATE DNA..
DATABASE
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York Minster ,
the pattern at center actually represents a
pseudo-colored array of atoms viewed
Gothic cathedral in York
along the axis of a double-helical DNA
The UK
molecule some two nanometers across.
(Red denotes oxygen atoms; blue,
nitrogen; green, carbon; yellow,
phosphorus; hydrogen is not shown.)

our selection procedure ,
description Kovacevic, A., 2012, MNRAS, 419 (3): 2725-2736.

p
r1
ρ<0.05 AU, million pairs

s

r2

ρ
p’

2BD approx
checking probab of CE within given time span

num. integration within full
dynamical model

grav. effects,
dist, rel. vel

First, using a simple geometrical consideration, we find all the pairs with Ceres, whose osculating orbits are close enough to
enable a real approach of these bodies. Then, using two-body dynamics, for each pair, we check for the occurrence of such
an approach within a given time-span. Finally, the two orbits are numerically integrated within the dynamical model in order
to determine the parameters of the CE more precisely (e.g. epoch, distance, relative velocity, deflection angle, etc.) and to
make definite conclusions.
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Ostro et al., 2002, Asteroid Radar
Astronomy, in Asteroid III
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M. Kuzmanoski, A. Kovacevic,2002, Motion of the asteroid (13206) 1997GC22 and the mass of (16) Psyche, A&A 395, L17-L19
Abstract. From the perturbing e↵ects of the asteroid (16) Psyche on the motion of the asteroid (13206) 1997GC22 the

mass of (16) Psyche is determined. A close approach between these two asteroids at 0.00376 AU, and at a relative velocity
of 0.74 km s 1 , occured in July 1974. The value of (3.38 ± 0.28) 10 11 M has been found for the mass of (16) Psyche, which
yields a density of (6.98 ± 0.58) g cm 3 . These values are very di↵erent from those obtained by other authors, but the mass is
much closer to the value based on the IRAS estimation of (16) Psyche diameter and its M-type taxonomical classification.
Key words. celestial mechanics – minor planets, asteroids – methods: numerical

M. Kuzmanoski and A. Kovačević: Motion of the asteroid (13206) 1997GC22 and the mass of (16) Psyche
of the asteroid (13206) 1997GC22 and the mass of (16) Psyche
Table 3. Correlation coefficients for Keplerian orbital elements of
ynamical
(13206) 1997GC22 and mass of (16) Psyche.

1. Introduction
M0

!

'

i

⌦

n

MP

L19

mean density of 5.3 g cm 3 for an asteroid of M-type (Standish
2000; Krasinsky et al. 2001), one gets an estimated value
of 2.5 ⇥ 10 11 M .

It is well
known that the gravitational influences of the large
M 1.000 –0.250 0.079 –0.091 0.047 –0.775 –0.767
!
1.000 –0.018
–0.975 0.215 of
0.223
main–belt
asteroids
in –0.232
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'
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not0.260
be 0.120
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0.121
⌦
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racy in the
measuring of the positions
of the solar system bodies 2. Procedure of mass determination
n
1.000 0.995
M
1.000
requires including of large asteroids as perturbing bodies in the
(1992).
In a list of asteroid close encounters we compiled, we
dynamical
modelcoefficients
of thefor solar
system.
Thus,
in2. Di↵erences
the construcplanets
Table 4. Correlation
initial position
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of Fig.
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found
the
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1997GC22
and
mass
of (16)
given in Fig.
1. Mutual
distance
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(16)
Psyche
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(13206)
(13206) 1997GC22,
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gravitational
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DE403
(Standish
1995)1997GC22
and DE405body
(Standish
1998)
from 1960 to 2002.
of the perturbing body (16) Psyche.
ephemerides,
300
asteroids
with the masses de- roid (16) Psyche and asteroid (13206) 1997GC22. These
turb the
x
y
z
ẋ
ẏwere
ż included,
M
me con- Table 2. Orbital elements of (16) Psyche and their standard deviations
two asteroids approached each other on July 17, 1974, at
x by
1.000di↵erent
0.936 0.566 methods.
–0.970 0.939 0.720 0.069
d all as- (intermined
degrees), fory the epoch JD
2437000.5.
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successful
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M
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30–0.201
asteroids
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'
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67 AU).
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in
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Summary
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2.020701
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2001
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Elkins-Tanton, L. T. et al., 2014, Journey to a metal world: Concept for a
discovery mission to Psyche, 45th Lunar and Planetary Scinencel, Conference,
March 17-21, The Woodlands, Texas, USA, Abstracts, 1253
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"But here's the thing: we don't know what we're going to see," says ElkinsTanton. "We've seen rock worlds and ice worlds and gas worlds, but we've
never visited a metal world. We have no idea what it will look like. We only know
we're going to be surprised."
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Summary
The minimum distance computation problem between two object is general :geometric modeling, computer graphics,
computer vision(object recognition, image classification and retrieval), document classification.
.Sederberg et al 1989 pointed importance of collinear normal points in detecting minimum of distances (points on the
two surfaces at which normal vectors are collinear:

We found collinear normal points on orbits by means
of COSINE SIMILARITY

(*)

(**)

benefit of Cosine is performance - computing it on very
sparse, high-dimensional data is faster than Euclidean
distance and not subjected to the noise of sum of squares of
distances,
relative distance and tanget vectors decorrelated

The difference between (*) and (**) is that when two surfaces transversaly intersect
at the points of intersection, the first set of equations (*)
is not satisfied while (**) are automatically satisfied

We applied mathematical method of data mining, consisting of 3 steps: II and III step not so fast
but detected an odd-‘black swan’
Our case implies that hard core math methods can be used for anti knowledge data mining
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