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Abstract
Given a limited warning time, an asteroid impact mitigation campaign would hinge on uncertainty-based
information consisting of remote observational data of the identified Earth-threatening object, general knowledge
on near-Earth asteroids (NEAs), and engineering judgment. Due to these ambiguities, the campaign credibility
could be profoundly compromised. It is therefore imperative to comprehensively evaluate the inherent uncertainty
in deflection and plan the campaign accordingly to ensure successful mitigation. This research demonstrates
dual-deflection mitigation campaigns consisting of primary and secondary deflection missions, where both
deflection performance and campaign credibility are taken into consideration. The results of the dual-deflection
campaigns show that there are trade-offs between the competing aspects: the total interceptor mass, interception
time, deflection distance, and the confidence in deflection. The design approach is found to be useful for
multi-deflection campaign planning, allowing us to select the best possible combination of deflection missions
from a catalogue of various mitigation campaign options, without compromising the campaign credibility.
Keywords: near-Earth asteroid, deflection technique, short warning time, dual-deflection campaign,
uncertainty-based information, multi-objective optimization
1.

Introduction

As of today, several asteroid deflection concepts have been proposed and they are under preliminary
investigation. Some of these concepts appear to be feasible with the current technology developed through deep
space exploration missions, whereas others require certain levels of technological advancement before they can be
considered as feasible deflection alternatives. Also, a deflection technique which makes use of nuclear devices for
example, involves political issues to be tackled in global cooperation. Nevertheless, we now recognise that it is not
unrealistic to prevent an impact event by a modest-sized (<150 metres in diameter) near-Earth asteroid (NEA) if it
can be discovered and identified to be threatening about a decade in advance of the impact event [1]. Most
importantly, even such small asteroids can cause a local devastation far greater than the Tunguska event in 1908 or
the Chelyabinsk meteor event on the 15th of February in 2013. Fortunately, statistically speaking, or based on the
NEA population that has been discovered so far, it is more likely that hazardous NEAs to be mitigated will be in
this modest size range, rather than kilometre-sized NEAs which can potentially trigger a global catastrophe such
as the K-T boundary impact event [2]. This research will therefore focus on hazard mitigation of the modest-sized
NEAs with warning times of <10 years.
The most notable feature of asteroid deflection mission is that the characteristics (orbital parameters, physical
properties, dynamical properties, etc.) of the NEA are deeply embedded into the design as an integral part of the
mitigation systems, and influence their deflection performance. Figure 1 is a schematic diagram that describes
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Figurre 1 Hazardouus NEA mitigaation system design.
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Design of a dual-deflection mitigation campaign involves trade-offs between the competing aspects (the total
interceptor mass, interception time, deflection distance, and the confidence in deflection) which are to be
optimised in order to minimise the launch cost of hazardous NEA mitigation systems and total campaign period
while maximising the deflection performance and the confidence in successful mitigation campaign.
This paper is articulated as follows. In Section 2, the fundamental aspects of preliminary NEA characterisation
subject to warning times and associated epistemic uncertainties, and inevitable measurement errors are briefly
highlighted. Section 3 gives an overview on hazardous NEA deflection missions and associated uncertainty in the
performance of a given deflection mission due to the incomplete information on the characteristics of the target
NEA. Section 4 details the planning of a combined hazardous NEA mitigation campaign consisting of two
different deflection missions, followed by optimisation of the initial results. Finally, we present the results of the
dual-deflection campaigns consisting of a KI backed up by a GT in Section 5.
2.

Preliminary characterisation of hazardous NEA

Preliminary characterisation of an identified hazardous NEA is essential during the early stages of mitigation
campaign planning to appropriately design mitigation systems based on the available information regarding the
fundamental characteristics (e.g. physical, dynamical, orbital properties, etc.) of the target NEA. Sending a
precursor mission to the NEA is obviously preferable in terms of measurement accuracy as well as to avoid
possible mischaracterisation in size, mass, etc.; however, in reality, available characterisation options will be
dependent on the given warning time and the NEA orbit.
In the following subsections, three different characterisation approaches – ground-based, space-based, and
proximity characterisation – are presented and their degrees of measurement accuracy are briefly summarised.
The ground-based characterisation approach is explained more in detail here along with its characterisation
diagram as this is the most likely characterisation scenario. Two types of uncertainties – epistemic uncertainties
and measurement errors – associated with the preliminary NEA characterisation are then introduced. In addition,
aleatory uncertainties are presented for reference, since these are related to the practical limitations (i.e. errors) on
mitigation systems (e.g. lack of precision).
2.1.

Characterisation scenarios

Depending on the available warning time, preliminary characterisation of a hazardous NEA will vary since each
characterisation approach will have a different degree of uncertainty. There are basically three different
preliminary characterisation approaches: ground-based, space-based, and proximity characterisation.
The ground-based characterisation makes use of telescopic and radar observations from the Earth whereas the
space-based characterisation leverages infrared astronomical satellites (IRAS) in space in addition to the
ground-based observation options. These two characterisation scenarios would require only a few days during
close Earth approaches of NEAs to complete the preliminary characterisation [7], which means they could be
possibly used simultaneously with the first discovery of a hazardous NEA by radar or telescope. On the other hand,
the proximity characterisation approach, which requires a precursor mission to the target NEA, would take <1¼
years to complete the preliminary characterisation [8]. The availability of precursor mission is subject to the orbit
of an identified threatening NEA while, particularly for the short warning-time cases, quick preliminary
characterisation is essential to ensure a wider mitigation campaign window (i.e. the period between the Earth
departure of mitigation systems and the completion of NEA interception). The wider campaign window results in
more mitigation campaign options and more efficient mitigation, even though the preliminary characterisation
may remain incomplete without a precursor mission.
The accuracy of observational information by the ground-based characterisation is based on the capability of
ground-based telescopes and radar instruments on Earth, and thus the majority of physical parameters of the target
object will remain highly uncertain [9]. Microscopic properties of a NEA can be estimated by analysing the
surface colour and solar spectral reflectance while macroscopic characteristics such as the mass and the porosity
are much more difficult to be ascertained particularly when the object is only a few hundred metres or so in
diameter. According to Müller et al. [10], the ground-based telescopic observations with the state-of-art
mid-infrared module (TIMM-2) have demonstrated higher performance at NEA characterisation than the radar
telescopic observations (e.g. Arecibo and Goldstone) as the asteroid sub-surface/internal structures can be roughly
estimated through thermal characterisation of the asteroidal surface. However, in this study, such advanced
ground-based mid-infrared observations are not considered to distinguish the ground-based characterisation from
the space-based characterisation which makes use of infrared observation.
Figure 2 is the simplified diagram of the ground-based characterisation approach. The fundamental physical
characteristics (mass, size, albedo, and momentum enhancement) for mitigation system design are derived from
the ground-based observational data, meteorite analogues of the NEA, and expert opinions regarding the macro
porosity (i.e. large structural flaws inside the NEA). Crucially, the mass determination of the NEA cannot be done
directly through the ground-based observations since it requires additional information from meteorite analogues
regarding the microscopic characteristics of the main material that composes the asteroid and expert opinions
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Figuure 2 Ground--based charactterisation diaggram.
2.2.
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uncertainties in the solar flux, the asteroid surface condition, the mirror degradation with time. This type of
uncertainties cannot be completely eliminated but they can be mathematically modelled using a conventional
probability theory, once a sufficient amount of statistical data is available. However, such aleatory uncertainties in
deflection techniques are not considered in this work.
Epistemic uncertainties will be the most common cause of the uncertain physical properties of the target body,
followed by measurement errors unless our general knowledge on NEAs is abundant and non-biased. Table 1
and geometric albedo
corresponding to the three different
summarises the uncertainties in NEA mass
characterisation options and three different taxonomic classes: S-type, C-type, and M-type, where the NEA mass
can be determined by referring to the micro density
, bulk porosity
, and the equivalent diameter
of the NEA, according to Equation (1).
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These uncertainties originate from the lower and upper bounds of the uncertain NEA physical properties given in
Table 10 in Appendix A.1. As can be seen, more rigorous but possibly more time-consuming characterisation
results in smaller ranges of uncertainties in the physical properties for all the taxonomic classes. Interested readers
should refer to Appendices A.1 for further details on the uncertain NEA physical properties.
and the geometric albedo
of the NEA corresponding to the
Table 1 Uncertainties in the mass
ground-based, space-based, and the proximity characterisation scenarios. They are represented in percentage
relative to the mean physical properties of each taxonomic class. A) S-type. B) C-type. C) M-type.

3.

A)

Ground-based
-36.1–45.7%
-46.4–50.0%

Space-based
-28.8–36.8%
-23.8–31.7%

Proximity
-5.4–9.0%
-10.0–10.0%

B)

Ground-based
-41.3–45.6%
-26.5–34.1%

Space-based
-32.3–35.5%
-23.8–31.7%

Proximity
-4.0–4.7%
-10.0–10.0%

C)

Ground-based
-27.3–24.5%
-28.6–42.9%

Space-based
-21.5–20.8%
-23.8–31.7%

Proximity
-3.0–2.0%
-10.0–10.0%

Hazardous NEA deflection

The deflection representation of hazardous NEAs in this work is based on the b-plane concept that is applied to
planetary encounter analyses [4]. The b-plane is oriented normal to the incoming asymptote of the osculating
geocentric hyperbola, in other words, it is oriented normal to the object’s unperturbed geocentric velocity vector
as shown in Figure 3-A). The b-plane analysis can not only determine whether an Earth collision is
NEA |
possible, but also determine how close to Earth the encounter will be. Furthermore, understanding the position of
an Earth encountering object on the b-plane (i.e. the uncertainty ellipsoid projected on the b-plane) is prerequisite
to the keyhole analysis. The minimum distance of the unperturbed trajectory at the closest approach point on the
b-plane is called the impact parameter b denoted by a red line segment in Figure 3-B). The impact parameter itself
does not reveal whether the perturbed trajectory will intersect the Earth sphere; however, it can be available by
scaling Earth’s radius r according to Equation (2)
r
where v is Earth’s escape velocity and v

is the hyperbolic excess velocity given as follows.
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A given trajectory intersects the Earth sphere if is smaller than the scaled Earth-radius
, and not otherwise.
On the b-plane the coordinate is the minimum distance that can be obtained by varying the timing of the
encounter. This distance, known as the minimum orbital intersection distance (MOID), is equivalent to the
minimum separation between the osculating ellipses, regardless of the location of the objects on their orbits.
Throughout this work, the MOID between Earth and a NEA is set to zero and the Earth is located right at the origin
of the geocentric coordinate system , ,
on the b-plane as shown in Figure 3-A).

Figuure 3 A) Geocentric coordinnate system
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d
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p
motion equations aand Gauss’ vaariational
equationss [15].
Two innstantaneous deflection
d
techhniques (KI annd NI) and two
o slow-push deflection technniques (SC an
nd GT) are
considereed here. The mathematical
m
m
models
of thesse techniques are basically based
b
on the m
models used in
n the work
of Sugim
moto et al. [3], which are oriiginally develooped in the wo
ork of Sancheez et al. in 20009 [1].
In the next subsectioons, six virtuaal hazardous NEAs
N
to be miitigated and thhe associated hhazard scenario are
presentedd and the objeective of NEA deflection onn the b-plane is summarisedd. Finally, the derivation meethod and
algorithm
m to represent the uncertaintties in NEA deflection
d
by Evidence
E
Theoory are introduuced.
3.1.

V
Virtual
hazardoous NEAs

Virtuaal Earth-threateening impactoors are imaginnary hazardouss asteroids on collision courrses with Earth
h that will
be interceepted by mitiggation campaiigns in this stuudy. Six virtuaal impactors (V
VI1–VI6) weree generated to
o represent
a realisticc population of
o impactors byy taking into account
a
the relative impact frequency of eeach possible trajectory
[16]. Thee impact frequency of each trajectory
t
was estimated by means of Öpikk’s collision thheory [17] and
d Bottke’s
near-Eartth objects orbiital model [188]. The orbits of the virtual Earth impactoors are shown in Figure 4. The
T orbit
type of VI
V 1, VI2, VI4, annd VI6 is Apolllo whereas that of VI3 and VI
V 5 is Aten. The Keplerian elements of th
he virtual
impactorrs are given in Table 2.
The eqquivalent diam
meter of the virtual impactorrs is 140 metrres unless otheerwise stated. This is due to
o the fact
that NEA
As with 140 metres
m
in diameeter would reppresent more or
o less the worrst possible siize among the
subkilom
metre-sized NE
EA populationn in the foreseeable future. These
T
relativeely small NEA
As can cause serious
local-scaale devastationn on Earth andd yet are not suufficiently disscovered throuugh the previoous near-Earth
h object
(NEO) suurveys (e.g. thhe George E. Brown,
B
Jr. Neaar-Earth Objecct Survey section of the 20005 NASA Auth
horization
Mission, etc.). The B612 Foundationn’s Sentinel mission
m
may detect
d
90% of NEOs
N
140 meetres in diameter or
greater byy 2020 and a fraction of thoose smaller thhan 140 metress [19], howeveer detection of <140-metre sized
NEOs wiill not likely reach a 90% diiscovery rate, at least in thee next decade to come.
The Eaarth impact evvents of the viirtual impactorrs take place on
o the 13th off April 2036 w
while each imp
pactor is
discovereed and identifi
fied to be trulyy hazardous 100 years beforee the impact evvent, and thuss a mitigation campaign
will be laaunched and executed
e
someetime in this 10-year warnin
ng time (i.e. beetween 2026/44/13 and 2036
6/4/13).
Althoughh there is onlyy <20% chancee that a >200--metre sized NEA
N
would bee discovered bbefore the Eartth impact
given thee capability off current telesccopic surveillaance according to the work by Morrison et al. [20], thiis warning
time is asssumed to be a reasonable period
p
of timee for 140-metrre sized NEAss.

Figure 4 Orbitss of the virtuall impactors an
nd Earth on thhe ecliptic planne.
Table 2 Keplerian elements of thee virtual impaactors.
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m required defflection distance and the
There are two kinds of deflection distances to be considered – the minimum
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mum required deflection
d
disttance is simplyy equivalent too
whereaas the safe
deflectionn distance is set
s to
2.5 Earth-raddii throughoutt this work. Thhe latter is thoought to be a desired
d
deflectionn distance to safely
s
avoid an
a asteroid imppact with Eartth by the Com
mmittee to Revview Near-Earrth Object
Surveys and
a Hazard Mitigation
M
Straategies; Nationnal Research Council
C
[2].
The obbjective of hazzardous NEA deflection miission is thereffore to make the
t impact parrameter on the 2036
b-plane at
a least greaterr than
, or
if possibble. Table 3 shows
,
, required im
mpulsive velo
ocity
changes ∆
to achieeve
, and reequired impulssive velocity changes
c
∆
to achieve
for the mitigation
m
r
T
These
required impulsive velocity
v
chang
ges are computted for the opttimal intercep
ption
of VI1-6, respectively.
epochs (ii.e. perihelia of
o VI1-6) whenn a required veelocity changee is minimisedd, given the 100-year warning
g time.
M
deflection distancce
, safe deeflection distan
nce
, imppulsive velocitty change ∆ , and the
Table 3 Minimum
impulsivee velocity chaange ∆
thhat are requireed for the mitig
gation of VI1-66. The optimal interception epochs
e
for
respectivve virtual impaactors range 2026/10/9–20227/8/14.

VI1
VI2
VI3
VI4
VI5
VI6

(Eaarth-radius)
1.664
1.077
1.076
1.661
1.148
1.078

(Earth-raddius)
2.5
2.5
2.5
2.5
2.5
2.5

∆
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1.375
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∆
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0.443
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2026/10/9
2026/12/10
2026/11/21
2027/8/14
2027/2/17
2026/12/23

3.3.

U
Uncertainty
in NEA
N
deflectioon

In this subsection, thhe performancce of deflectioon techniques subject to epiistemic uncerttainties in the physical
p
propertiees of the hazarrdous NEA is evaluated, whhere Evidence Theory [12] is
i employed too quantify thee
uncertainnty in deflectioon performancce. KI, NI, SC
C, and GT are applied to VI1-6 of different taxonomic
classificaations (S-, C-, and M-types)) at different characterisatio
c
on levels (grouund-based, spaace-based, and
d
proximityy characterisaation) for referrence.
Evidennce Theory maakes use of tw
wo probabilityy measures callled Belief ( ) and Plausibility ( ) as illustrated
i
in Figuree 5. Belief reprresents confideence in the truuth of an eventt
(i.e. defleection) exclusiive of uncertainty while
Plausibiliity represents confidence inn the truth of the
t same even
nt inclusive off uncertainty.

Figure 5 Beelief and Plaussibility [21].
Unlike prrobability meaasures of convventional probbabilistic mean
ns, the sum off the Belief meeasure of the trruth of the
event
and that of itts negation is not
n necessarily unity as seeen in Equationn (5).
1

(5)

The two probability measures
m
are thherefore subjecct to the uncerrtain NEA chaaracteristics inn different waays;
however,, the more rigoorous the preliiminary characcterisation is, the less differrent the two measures will be. Belief
informs the
t lower bounnds of deflecttion outcomes whereas Plau
usibility inform
ms the upper bbounds of defl
flection
outcomess. To this exteent, Belief is found
fo
to be useeful for more strict assessm
ment of confideence level on deflection
d
missions.
In ordeer to evaluate Belief and Plaausibility of a given deflectiion, basic probbability assignnment (BPA) structures
is a
for the NEA
N
physical properties
p
must be assembleed (see Appen
ndix A.1 for further
fu
details)). A BPA
basic unccertainty meassure which reppresents the deegree of confid
dence in the trruth of an evennt (i.e. speccific NEA
physical property) andd satisfies the following
f
threee axioms:
0 for any

2

(7)

0
∑

1 for all

(6)

2

(8)

mpty set. All the
t events that
t are subsetts of the univeersal set
and tho
ose which
where denotes an em
0 are knnown as the foocal elements.
have
mic uncertainnties and param
metric uncertaainties (i.e. meeasurement errrors) in a giveen parameter are
a
Epistem
describedd as a set of inntervals with associated
a
BPA
As. Figure 6 is
i a schematic representatioon of such a BP
PA
structure for the uncerttain parameterr . In Tablee 4, the intervaals for
are non-nested with each otherr, however
in generaal, they can bee nested. These interval valuues are usually
y obtained froom observationns and experim
ments as
well as frrom expert oppinions and hyypotheses (see Appendix A.1 for further details).
d

Figure 6 BPA structuure for the unccertain parameter
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Table
4 Intervaals with associiated BPAs for the uncertainn parameter
Unceertain parameter
Interv
val
BP
PA
[ ,
[ ,
[ ,

.

m different souurces that supp
ports the truth of an event
can be aggrregated
Evidennce-based infoormation from
using exiisting rules off combination. In this study,, the Dempster rule of combbination [21] ggiven in Equaation (9) is
annd
aree the degrees of
used, whhere
o confidencee in the truth of
o an event
and that in the truth of
an event , respectiveely.
∑

,

∑

(9)

ming the BPAss of events that totally suupport the truthh of the event
while
Belief is then compuuted by summ
w
totally orr partly suppoort the truth off the event
Plausibiliity is computeed by summinng the BPAs of events which
as shoown Equation (10) and Equuation (11), resspectively. In other words, Belief and Plaausibility info
orm the
lower andd upper boundds of the evennt
respectivvely. They perrtain to each other
o
by Equattion (12).
∑
∑

(10)

|

(11)

|

1

(12)

In this woork, the follow
wing steps aree performed too evaluate Belief and Plausiibility of asterroid deflection
n:
a)
b)

c)

d)

e)
f)

Colllect all the neccessary inform
mation on the asteroid charaacteristics from
m different litterature (see Appendix
A
A.1 for further deetails on inform
mation gatherring).
Deteermine the noominal physicaal properties (i.e. mean valu
ues) of the NE
EA from the innformation colllected in
stepp a) as shown in
i Table 5, andd design a mittigation system
m based on thiis baseline forr the nominal deflection
d
distaance
wiithin
is a defflection distannce on the b-pllane that will be
b
achiieved throughh the given defflection missioon to the NEA
A with the nom
minal physicall properties.).
Assemble BPA sttructures for thhe NEA charaacteristics by forming
f
each uncertainty parameter as a set of
interrvals with thee prescribed BPAs and, if neecessary, integ
grate BPA struuctures of the same parameeter from
diffe
ferent sources by using the Dempster
D
rulee of combinatiion given by Equation
E
(9) (B
BPA structurees are
provvided in Tablee 10 in Appenndix A.1.).
Calcculate a set off intervals of thhe NEA masss
and mom
mentum enhanncement factoor with asso
ociated
BPA
As (The BPA for each intervval is simply the
t product off BPAs of relaated physical pproperties thaat support
the truth
t
of that innterval).
Given the mitigattion system deesigned in stepp b) and the BP
PA structures for
f
and from step d)), compute
o all the posssible deflection with asso
ociated BPAs..
a set of intervals of
mputed Belieff
and Plausibility
P
in an arb
bitrary deflecttion b by Equaation (13) and
d (14)
Com
.
wheere set
consists of a set of
o intervals off deflection b with
w associateed BPA
∑
∑

|

|

(13)
(14)

Table 6 shows an example of BPA structures for the NEA mass
, momentum enhancement factor ,
deflection on the 2036 b-plane, and impulsive velocity change ∆ given by KI. In this case, the nominal
is set to 2.5 Earth-radii and the target NEA is VI1 of S-type characterised at the ground-based
deflection
can be calculated simply by Equation (1) whereas is obtained by a solution of Equation (15)
level.
originating from the work by Holsapple et al. [22].
1

0.083

.

.

.

.

(15)

where
is impactor velocity, is the material strength of the target asteroid, and is the impactor density. The
material strength of S-type is assumed to be 10 kPa and the impactor density is set to 3.0 g/cm3. The bulk density
1
. The impactor velocity for the case of KI is one of the design variables,
is given by
hence is simply subject to the mitigation system design.
, micro porosity
, bulk
Table 5 Nominal physical properties of three asteroid classes; micro density
density
, bulk porosity
, geometric albedo , and NEA mass
. A) Ground-based characterisation
scenario. B) Space-based characterisation scenario. C) Proximity characterisation scenario. The mitigation system
is designed based on the nominal physical properties instead of considering a system margin approach or the worst
NEA characteristics.
A)
S-type
C-type
M-type

(g/cm3)
3.45
2.71
7.87

(%)
10.66
23.00
0.60

(g/cm3)
2.20
2.21
2.27

(%)
36.17
47.36
17.55

B)
S-type
C-type
M-type

(g/cm3)
3.45
2.71
7.87

(%)
10.66
23.00
0.60

(g/cm3)
1.42
1.43
1.47

(%)
36.12
47.34
17.45

C)
S-type
C-type
M-type

(g/cm3)
3.45
2.70
7.88

(%)
10.89
23.00
0.60

(g/cm3)
6.49
6.49
6.85

(%)
34.35
45.71
13.14

0.19
0.05
0.12

(kg)
3.17 10
2.05 10
9.32 10

0.18
0.05
0.12

(kg)
3.17 10
2.05 10
9.33 10

0.19
0.05
0.12

(kg)
3.26 10
2.11 10
9.84 10

, momentum enhancement factor , deflection on the
Table 6 Example of BPA structures for NEA mass
is set to 2.5
2036 b-plane, and the impulsive velocity change ∆ by KI with impact velocity of 16.4 km/s.
Earth-radii and the target NEA is VI1 of S-type characterised at the ground-based level.
(kg)
Lower
bound
2.02 10
2.07 10
2.19 10
2.32 10
2.32 10
2.37 10
2.51 10
2.66 10
2.78 10
2.85 10
3.02 10
3.19 10
3.25 10
3.32 10
3.52 10
3.72 10

Upper
bound
2.37 10
2.51 10
2.66 10
2.76 10
2.85 10
3.02 10
3.19 10
3.31 10
3.32 10
3.52 10
3.72 10
3.86 10
3.96 10
4.20 10
4.44 10
4.61 10

(Earth-radius)
Lower
bound
1.55
1.55
1.55
1.55
1.55
1.54
1.54
1.54
1.54
1.53
1.53
1.53
1.53
1.53
1.52
1.52

Upper
bound
1.54
1.54
1.54
1.54
1.53
1.53
1.53
1.53
1.53
1.52
1.52
1.52
1.52
1.51
1.51
1.51

Lower
bound
3.33
3.14
2.96
2.85
2.76
2.60
2.45
2.36
2.35
2.21
2.09
2.01
1.96
1.84
1.74
1.68

Upper
bound
3.93
3.84
3.62
3.41
3.41
3.33
3.14
2.96
2.82
2.76
2.60
2.45
2.41
2.35
2.21
2.09

∆
Lower
bound
2.33
2.20
2.07
1.99
1.93
1.82
1.72
1.65
1.65
1.55
1.46
1.41
1.37
1.29
1.22
1.17

cm/s
Upper
bound
2.75
2.69
2.53
2.39
2.39
2.33
2.20
2.07
1.98
1.93
1.82
1.72
1.68
1.65
1.55
1.46

0.04
0.04
0.05
0.01
0.09
0.08
0.09
0.02
0.04
0.04
0.05
0.01
0.13
0.12
0.14
0.03

The results for the uncertainties in the outcomes (i.e. deflection distance ) of respective deflection techniques
represented by the Belief and Plausibility measures are shown in Figure 7, Figure 8, and surmarised in Table 7.
Firstly, it can be seen that Belief and Plausibility measures inform lower and upper bounds of the outcomes of
deflection missions. Such straightfoward information is available through a conventional system margin approach
and ) without assigning
which only considers a series of possible ranges of system design parameters (e.g.
probabilities (i.e. outcomes of interception are always given as a plain interval value without carrying any
information about epistemic uncertainties within the interval.). On the other hand, these probability measures
associated with Evidence Theory indicate confidence in every possible outcome of deflection missions, which is
directly related to the source of uncertainty and current uncertainty level. To this extent, Evidence Theory allows a
more rigorous quantification of uncertainties than the aforementioned system margin approach does.
The results indicate that no matter how much literature or how many expert opinions one refers to for mitigation
system design, as long as there are epistemic uncertainties and measurement errors in observational data, the
uncertainty in deflection will be present. In other words, for whatever deflection b with
1.0, the
confidence in achieving that deflection distance is to a greater or lesser extent, compromised.
Depending on the physical properties that are related to each deflection technique and also the taxonomic class
of the asteroid, Belief/Plausibility of the deflection varies. Due to the substantial amount of uncertainty in albedo
shown in Table 1, the performance of the SC is fairly compromsied as seen in Figure 8-C) whereas Figure 7-A)
and Figure 7-B) indicate that the KI and the NI are subject to more or less the same amount of uncertainty. This
can be interpred as both KI and NI are instantaneous deflection techniques that are equally dependent on the
uncertainties in the mass and the momentum multiplication of the NEA but independent of the albedo value.
Figure 8-D) shows a series of results for the GT, where the amount of uncertainty in deflection is clearly
smallest among the four deflection techniques in any characterisation scenarios as well as for any types of asteroid.
These results indicate that the performance of GT is least dependent on the epistemic uncertainties in NEA
physical characteristics, particularly on the uncertainty in mass. The remarkable aspect of the GT technique is that
the performance of GT is a function of the NEA mass because the technique simply makes use of the gravitational
pull between the asteroid and the GT spacecraft; the heavier/lighter the asteorid mass is, the larger/smaller the
gravitational pull will be. This is remarkable considering the fact that the GT is the least efficient deflection
technique among the ones being evaluated, in terms of both yield-to-weight and interception period. To this extent,
a GT would be suitable for a secondary interceptor that backs up a more unpredictable but efficient instantaneous
deflection attept.
In summary, unless the preliminary characterisation is conducted at the proximity characterisation level, the
outcome of a NEA deflection mission will always lack precision, whatever the design parameters (e.g. nominal
NEA characteristics) and the design variables (e.g. interceptor mass, impact velocity, mirror size, etc.) are selected,
hence the deflection performance will be compromised. Considering a system margin (i.e. increasing the
deflection performance of a single mitigation system) in order to ensure
1.0 is valid here, however
the aim of this work is not to design a single mitigation system that is capable of providing a desired deflection at
its worst possible performance but to develop a mitigation campaign consisting of multi-deflection mission that
retains a certain level of confidence in achieving a desired deflection even if the primary deflection mission is
unsuccesful.
Table 7 Lower and upper bounds of the deflection (Earth-radius) on the 2036 b-plane for different deflection
techniques, characterisation scenarios, and taxonomic classes. A) KI. B) NI. C) SC. D) GT.
A)
Ground-based
Space-based
Proximity

S-type
1.70–3.97
1.81–3.55
2.29–2.66

C-type
1.70–4.38
1.83–3.75
2.38–2.61

M-type
2.05–3.33
2.11–3.11
2.45–2.57

B)
Ground-based
Space-based
Proximity

S-type
1.71–3.93
1.82–3.52
2.29–2.65

C-type
1.71–4.32
1.84–3.71
2.34–2.62

M-type
2.01–3.33
2.11–3.12
2.46–2.57

C)
Ground-based
Space-based
Proximity

S-type
1.11–5.23
1.34–4.23
2.15–2.85

C-type
1.60–4.60
1.74–3.90
2.35–2.63

M-type
1.46–4.54
1.61–3.99
2.35–2.74

D)
Ground-based
Space-based
Proximity

S-type
2.32–2.81
2.35–2.79
2.48–2.56

C-type
2.38–2.85
2.41–2.80
2.49–2.54

M-type
2.25–2.86
2.29–2.77
2.48–2.54

S-type

C-type

M-type

S-type

C-type

M-type

Proximity

Space-based

Ground-based

A)

Proximity

Space-based

Ground-based

B)

Figure 7 Belief and Plausibility of deflection on the 2036 b-plane for different characterisation scenarios and
asteroid classes. Black lines represent Belief measures whereas dashed black lines represent Plausibility
. A) KI. B) NI.
measures. Green lines represent the nominal deflection distance

S-type

C-type

M-type

S-type

C-type

M-type

Proximity

Space-based

Ground-based

C)

Proximity

Space-based

Ground-based

D)

Figure 8 Belief and Plausibility of deflection on the 2036 b-plane for different characterisation scenarios and
asteroid classes. Black lines represent Belief measures whereas dashed black lines represent Plausibility measures.
. C) SC. D) GT.
Green lines represent the nominal deflection distance

4.

Mittigation camp
paign plannin
ng

Mitigattion campaignns should be accurately
a
plannned in order to provide a successful
s
defflection even if the
preliminaary NEA charracterisation iss incomplete. Sending multiiple spacecrafft/interceptors of one speciffic type of
deflectionn technique (ee.g. the multipple solar mirroor concept of Maddock
M
et al. [23] and the multiple GT concept
c
of
Foster et al. [24]) can increase
i
the deflection
d
efficciency as welll as the redunddancy of givenn deflection mission.
m
Howeverr, such mitigattion campaignns are inevitabbly subject to the
t uncertain performance
p
oof a specific deflection
d
techniquee due to not onnly the epistem
mic uncertainnties in the NE
EA characteristics but aleatoory/practical
uncertainnties in the tecchnique (e.g. the
t precision of
o a KI, the tim
me-variable suublimation effficiency of a SC,
S etc.).
To oveercome the lim
mits imposed on
o hazardous NEA
N
mitigatio
on campaignss of a single tyype deflection mission
and to maake the campaaigns more relliable and robbust, this work
k focuses on mitigation
m
cam
mpaigns consissting of
primary and
a secondaryy deflection missions
m
(i.e. dual-deflection
d
n campaigns). The primary deflection mission
makes usse of an instantaneous deflecction techniquue whereas thee secondary deeflection missiion makes usee of a slow
push defllection techniqque. The finall outcome of a dual-deflectiion campaign is therefore ddetermined by the
secondarry deflection mission
m
which performs its slow-push
s
inteerception accoording to the ooutcome of in--situ NEA
characterrisation conduucted by itself and the instanntaneous outco
ome of the priimary intercepption that coulld be fully
successfuul, partly succcessful, or at worst,
w
a compllete failure. Th
he secondary deflection misssion should also
a be
capable of
o preventing the
t NEA from
m undesired keeyhole passagee on the 2036 b-plane
b
due too the primary deflection
d
mission in
i order to avooid a subsequeent Earth impaact.
4.1.

Dual-deflectionn campaign

Dual-ddeflection cam
mpaigns studieed here consistt of a primary interceptor (K
KI) and a secondary intercep
ptor (GT).
Figure 9 represents an example of dual-deflection
d
n campaign co
onsisting of a KI and a GT (i.e. KI-GT caampaign).
The transsfer orbits are designed by solving a twoo-body Lambeert’s problem. A conventionnal chemical propulsion
p
system of
s is used ass a kick stage at the Earth deeparture and to
t accelerate oor decelerate at
a the final
300 sec
approachh to the target NEA.
N
For the case of KI-GT
T campaign, tw
wo interceptors are sent to tthe NEA sepaarately and
hence folllow two diffferent trajectorries. This is due
d to the fact that the KI takes advantaage of a higheer relative
velocity at
a the NEA enncounter whereeas the GT reqquires a smalleer relative velocity at the NE
EA rendezvou
us in order
to reducee the total am
mount of delta--v for the orbiital transfers. For this reasoon, the GT arrrival can be, in theory,
earlier than the KI’s arrrival. In this case, we assum
me that the seco
ondary interceeption (GT) caan be operation
nal before
and afterr the primary interception
i
(K
KI) takes placce according to
o the outcomee of proximityy characterisattion of the
target NE
EA conductedd by GT.

Figure 9 Example of KI-GT
K
campaiggn. The NEA orbit
o
is represented in red. The
T transfer orrbit of KI is reepresented
in blue. The
T transfer orrbit of GT is represented
r
inn green. Earth’’s orbit is represented in greey. The blue an
nd green
circles reepresent the Eaarth departuree points of the KI and GT, reespectively. Thhe KI and GT rendezvous points with
the NEA are representeed as the bluee and green crooss shapes, resspectively.

The minimum and maximum values of design variables for a KI-GT campaign are given in Table 8.
and
are the masses of primary and secondary mitigation systems at the NEA arrival, respectively.
and
are the Earth departure time and the flight time of the primary interceptor whereas and
are
is the relative velocity component
the Earth departure time and the flight time of the secondary interceptor.
of the KI parallel to the flight direction of the NEA.
is the tractoring period of the GT.

min
max
4.2.

Table 8 Minimum and maximum values of design variables for a KI-GT campaign.
km/s
day
kg
kg
day
day
500
500
2026/4/13 100
2026/4/13 100
0
0
10000
20000
2033/7/11 1000
2033/7/11 1000
30
3650
Campaign optimisation

In order to design a dual-deflection campaign, a number of trade-offs between competing aspects must be
evaluated and optimised in order to minimise the launch cost and total campaign period while maximising the
deflection performance and confidence level on mitigation campaign. The campaign optimisation problem
requires evaluating the figures of merit (i.e. mitigation performance indicators ) that characterise the
performance and the confidence in successful mitigation campaign. The mitigation performance indicators is
given as
,

,

,

(16)

,

where five figures of merit that characterise the optimality of mitigation campaign are:
z

z

z

z

z

is the total mass of two hazardous NEA mitigation systems at the Earth departure stage (EDS), which
should be as small as possible to reduce the cost of the mitigation campaign.
is the completion time of the primary deflection mission, which is desirable to be as early as possible such
that a longer interception by the secondary deflection mission after the primary interception can be available. In
addition, earlier completion of the primary interception is simply preferable for safety reasons.
is the completion time of secondary deflection mission (i.e. campaign completion time), which should also
be as early as possible such that an additional mitigation campaign can be launched, if necessary.
is the nominal deflection on the b-plane, which is desired to be as large as possible within the range of
.
is Belief of nominal deflection, and thus higher Belief indicates higher confidence in successful
mitigation.

The constraints on

are given as
200,

MOID ,

,

1000

(17)

where
is limited to 200 tons and
can be no later than
in order to allow the secondary interceptor to
conduct a necessary trim manoeuvre for keyhole avoidance after the primary interception. The nominal deflection
must be at least
and can be as large as
. The deflection distance
that can be provided by the
trim manoeuvre of the secondary deflection mission by GT after the primary interception must be greater than
1000 km. This seems to be more than enough to avoid undesired keyhole passage due to the primary deflection
mission according to the JPL report [5].
In this work, the fast and elitist multiobjective genetic algorithm NSGA-II proposed in the work of Deb et al.
[25] is used to compute Pareto optimal design points of dual-deflection mitigation campaigns. A total of 2400
solutions for the mitigation performance indicators are numerically computed in MATLAB.
5.

Results and discussion

The results of KI-GT campaigns against VI1 of S-type asteroid characterised at the ground-based level are
presented in Figure 10. The Pareto-optimal solutions for the campaigns are presented in terms of the campaign
completion time (i.e. the completion time
of the GT) and the total interceptor mass
at the EDS, which are
categorised into eight different levels of the Belief measure of nominal deflection;
.
is highly dependent on both total
One of the notable aspects of dual-deflection campaigns is that
at the EDS and the campaign completion time
. For the KI-GT campaign scenario, there
interceptor mass
are quite a few optimal KI-GT campaigns available within 100–150 tons of
, given
0.57 and 2–4

years of

, whereas there are almost no KI-GT campaigns available within 100–150 tons of
, given
0.83 and <4 years of
.
Also, it can be seen that a longer campaign period (>6 years) does not necessarily increases the overall
but actually there are many optimal dual-deflection campaigns with a
mitigation performance including
nominal deflection as large as 2.5 Earth-radii within 3–6 years of
for
0.70 without requiring a
significantly large amount of total interceptor mass relative to that for longer-term campaigns. This appears to be
simply due to the fact that later asteroid deflection missions are less efficient than earlier ones.
Table 9 shows a series of design variables and mitigation performance indicators for some examples of
optimal KI-GT mitigation campaigns with different degrees of confidence in nominal deflection. Particularly for
the KI-GT campaign scenario against VI1, the GT rendezvous with the NEA approximately <2 years before or <1
year after the KI arrival/interception time depending on the respective KI-GT campaign sequences, where the
former case is found to be highly beneficial in terms of the proximity characterisation of the NEA as well as of the
precise guidance of the KI by GT. The GT might start tractoring immediately after the NEA rendezvous without
waiting for the KI arrival/impact, however most importantly, this is not always the case particularly when the true
values of the NEA physical properties are in the nominal conditions or much more favourable conditions (e.g. less
heavy NEA mass than expected, smaller in size, etc.). If the in-situ NEA physical characteristics result in a
favourable outcome, the GT will simply add an extra deflection to the outcome of the primary interception. It can
also be seen that the avoidance of undesired keyhole passage due to the primary interception is fulfilled, counting
by the GT trim manoeuvre after the primary interception. The period of time to
on the reserved deflection
ranges from 107 days to 9.35 years.
achieve
Furthermore, the preliminary results of the KI-GT campaign scenario imply that not only the NEA arrival but
the Earth departure of the KI could be even later than the GT arrival at the NEA, depending on the availability that
is subject to the launch window, warning time, NEA orbit, etc. This would be beneficial for the mitigation system
design of KI as a primary interceptor because the GT can conduct preliminary characterisation of the NEA at the
proximity level in advance of the Earth departure of the KI, and thus investigating the availability of such a
precursor characterisation mission by GT should be subject of future work.
Table 9 Design variables and mitigaiton performance indicators
. A)
mitigation campaigns with different degrees of
0.70. D)
0.83. E)
0.97. F)
C)
A)

B)

C)

D)

E)

F)

kg
2660
ton
72
kg
2440
ton
99

kg
2734
2027/2/4
kg
5813
2028/6/21

kg
7147
ton
112

kg
6948

kg
7150
ton
113

kg
6948

kg
6593
ton
143
kg
7302
ton
166

2029/5/14

2029/5/14
kg
8745
2029/5/26
kg
10736
2029/5/9

for some examples of optimal KI-GT
0.47. B)
0.56.
1.00.
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(Earth-radius)
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312
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2026/5/7
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312

2026/5/11
(Earth-radius)
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day

2028/6/4
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1.00
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Figure 10 Optimal solutions for KI-GT campaigns. Deeper blue dots represent higher values of
. A)
0.47. B)
0.51. C)
fainter blue dots represent lower values of
0.57. E)
0.70. F)
0.83. G)
0.97. H)
1.00.

whereas
0.56. D)

Conclusions
A hazardous NEA mitigation campaign planning based on uncertain information on the fundamental asteroid
characteristics has been studied to improve the mitigation campaign credibility, where one of the possible forms of
mitigation campaign – dual-deflection campaign – has been investigated in detail. In order to evaluate the
confidence level on deflection missions subject to the uncertain NEA characteristics, the uncertainty
quantification technique called Evidence Theory is used. The preliminary results of the dual-deflection campaigns
consisting of a primary KI and a secondary GT have shown that:
z

z

z

z

Dual-deflection campaign planning involves a series of competing aspects that must be assessed and constraints
associated with the specific configurations of KI-GT to be satisfied to plan a mitigation campaign with
sufficient performance (i.e. deflection) and high confidence in successful deflection (i.e. Belief).
Given a GT as a secondary deflection mission, Belief of nominal deflection can be improved by years of GT
interception manoeuvre before and after a primary deflection mission for the KI-GT campaign scenario.
However, this does not necessarily means that the GT must always commence its interception immediately after
the NEA rendezvous but the actual operation of the GT is subject to the in-situ NEA characteristics.
Given a 10-year warning time, a mitigation campaign with a completion time of approximately half the warning
time seems to be more reasonable than a longer-term mitigation campaign or a mitigation campaign with a
heavier total interceptor mass at the EDS. In other words, this appears to be due to the deflection performance
decrease with time and increase in the launch cost of necessary mitigation systems for a shorter-term mitigation
campaign.
Possible keyhole passage due to undesired deflection by a primary interception can be avoided by a GT as a
secondary deflection mission in a dual-deflection campaign given the necessary amount of deflection in order to
avoid the keyhole passage is 1000km.

Finally, the particular campaign planning approach presented here could be useful for the near-future hazard
mitigation campaigns where we might have to tap into our incomplete knowledge on NEAs for mitigation
campaign design, allowing us to select the best possible combination of deflection missions from a catalogue of
various possible mitigation campaign options, without compromising the campaign credibility. However in the
foreseeable future, further knowledge about the NEA population and some specific NEAs will have steadily
accumulated and improved through the forthcoming NEA survey and exploration missions such as NEOSSat,
Sentinel, Hayabusa2, and OSIRIS-Rex as well as the recently announced NASA’s NEA retrieval mission to be
launched as soon as the year 2017.
Appendices
A.1.

BPA structures for NEA physical properties

The uncertain NEA physical properties, more specifically, micro density
, micro porosity
, bulk
, and albedo
are represented in the forms of BPA structures (i.e. a set of interval values with
porosity
prescribed BPAs), respectively. The BPA structures for the S-type, C-type, and M-type NEAs are given in Table
10. Also, three different characterisation scenarios (the ground-based, space-based, and proximity-based
characterisation scenarios) are taken into consideration, where differences in three uncertainty levels are
represented appropriately by scaling down the overall interval of any parameter which is eligible to be more
certain and by referring to the capability and limits of respective characterisation scenarios. The following
sub-subsections present the details on the formation of the BPA structures for the respective taxonomic classes
and the characterisation scenarios, acknowledging all the corresponding supporting information regarding these
NEA physical properties.
A.1.1. S-type
The meteorite analogues of S-type asteroids were believed to be stony meteorites even before the Hayabusa
spacecraft visited the S-type asteroid, namely 25143 Itokawa. The Hayabusa mission finally confirmed directly
that the characteristics of Itokawa’s surface grains returned by the Hayabusa spacecraft are consistent with the
characteristics of L, LL, and partly H chondrites [26]. Most importantly, the Hayabusa mission has proved the
analogy between meteorites and NEA compositions through the in-situ study of the asteroid for the first time.
The microscopic physical parameters of S-type asteroids are often estimated by referring to their meteorite
analogues – ordinary chondrites (OCs), assuming they are homogeneously composed of OCs, L, LL, and H
chondrites in particular. Although, the Hayabusa mission revealed that Itokawa’s surface is mostly made of L and
LL chondrites [27], we cannot rule out the possible presence of subsurface metal-rich particles such as H
chondrites buried inside Itokawa due to successive impact events.

BPA structures for the physical properties of S-type asteroids are given in Table 10. The BPA structures for the
are formed by referring to 437 samples of H, L, and LL chondrites [28]. In order to form the
micro density
, micro porosities of 691 OCs [29] are referred and aggregated with
BPA structures for the micro porosity
additional data on micro porosities of 291 OCs from the different literature [30] by Dempster’s rule of
combination [21]. While most meteorites found on Earth spent long periods of time on the ground, and thus they
of OCs
are affected by considerable terrestrial weathering, it is noteworthy that the literature referred for
used in this study is de-biased to such effects. This is due to the fact that the majority of meteorite falls are stony
meteorites and about 80% of which are OCs, hence the amount of information on non-weathered OCs is
consequently most abundant among our collection of meteorite collection.
The abundance of S-type asteroids amongst the well-characterised asteroids [14] and the series of exploration
missions to the S-type asteroids also results in better understanding of the macroscopic characteristics of S-type
of S-type asteroids are formed by referring to the bulk
asteroids. The BPA structures for the bulk porosity
porosities of 7 existing S-type asteroids (smaller than 100 km in diameter) with bulk porosities ranging 20–60%
are formed by referring to the observed geometric albedos of
[14]. Finally, the BPA structures for the albedo
30 different S-type asteroids [31].
A.1.2. C-type
The microscopic physical parameters of C-type asteroids can be roughly estimated by referring to their
meteorite analogues – carbonaceous chondrites (CCs), assuming they are homogeneously composed of CCs.
Since CCs represent less than 5% of stony meteorite falls, the information on non-weathered CCs is limited.
BPA structures for the physical properties of C-type asteroids are given in Table 10. The BPA structures for the
is formed by referring to 11 CM chondrites [32]. The micro porosity
is simply
micro density
assumed to be 15.5–30.5% [28] which is consistent with the work of Flynn et al. [33]. This simple assumption is
mainly due to the insufficient amount of sample data for non-biased micro porosities of CCs.
C-type asteroids are second most abundant amongst the discovered NEAs, however unlike S-type asteroids,
in-situ exploration missions to C-type asteroids (e.g. Hayabusa 2 and OSIRIS-REx) are yet to be sent, and hence
the macroscopic characteristics of C-type asteroids are highly unknown. The BPA structures for the bulk porosity
of C-type asteroids are formed by referring to 8 existing C-type asteroids of various sizes with bulk
are formed by referring to the
porosities ranging 30–70% [14]. Finally, the BPA structures for the albedo
observed geometric albedos of 18 different C-type asteroids [31].
Some of the discovered M-type asteroids (e.g. 21 Lutetia, 22 Kalliope, 129 Antigone, and 785 Zwetana) are not
entirely consistent with typical iron-nickel meteorite analogues whereas (e.g. 16 Psyche, 216 Klepatra, and (6178)
1986 DA) appear to be metallic. One of the smallest M-type asteroids, namely (6178) 1986 DA is a very good
candidate of metallic asteroids which are thought to be a remnant of the core of a fractured primitive body from the
early solar system. The meteorite analogues of metallic M-type asteroids are basically iron meteorites.
A.1.3. M-type
The microscopic physical parameters of M-type asteroids can be roughly estimated by referring to their
meteorite analogues – iron meteorites, assuming they are homogeneously composed of iron meteorites. Iron
meteorites represent less than 6% [34] of all the meteorite falls, and thus the amount of information on
non-weathered iron meteorites is most limited.
Iron meteorites are known to be more immune to terrestrial weathering, and thus there is usually less difference
between weathered and unweathered samples than fragile chondrite meteorites. BPA structures for the physical
properties of M-type asteroids are given in Table 10. The BPA structures for the micro density
is formed
is simply assumed to be 0–1.2% [36].
by referring to 21 iron-nickel meteorites [35]. The micro porosity
This range is consistent with the iron-nickel meteorites of the Vatican collection with porosities of near zero [37].
M-type asteroids are least abundant amongst the three asteroid types, and thus their macroscopic characteristics
are mostly unknown. Not to mention, they have not been characterised by spacecraft and, unlike S-type and
C-type asteroids, remote characterisation of M-type asteroids is not an easy task because the spectrum analysis of
them provide us with less information than that of the other two types does. The BPA structures for the bulk
of M-type asteroids are formed by referring to 7 existing M-type asteroids of various sizes with
porosity
are formed by referring to the
bulk porosities ranging 0–40% [14]. Finally, the BPA structures for the albedo
observed geometric albedo of 10 different M-type asteroids [31].

Table 10 BPA structures for the NEA physical properties of S-type, C-type, and M-type asteroids.
A) Ground-based characterisation. B) Space-based characterisation. C) Proximity characterisation.
A)

S-type
(g/cm3)

(%)

(%)

B)

Interval
[3.23, 3.30]
[3.30, 3.50]
[3.50, 3.70]
[3.70, 3.84]
[3.7, 5.0]
[5.0, 7.5]
[7.5, 10.0]
[10.0, 12.5]
[12.5, 15.0]
[15.0, 16.3]
[16.4, 30.0]
[30.0, 40.0]
[40.0, 50.0]
[50.0, 56.0]
[0.10, 0.15]
[0.15, 0.20]
[0.20, 0.25]
[0.25, 0.28]

C-type
BPA
0.31
0.29
0.33
0.07
0.01
0.10
0.30
0.32
0.22
0.05
0.43
0.14
0.29
0.14
0.27
0.37
0.23
0.13

S-type
(g/cm3)

(%)

(%)

C)

Interval
[3.23, 3.30]
[3.30, 3.50]
[3.50, 3.70]
[3.70, 3.84]
[3.7, 5.0]
[5.0, 7.5]
[7.5, 10.0]
[10.0, 12.5]
[12.5, 15.0]
[15.0, 16.3]
[21.4, 30.0]
[30.0, 40.0]
[40.0, 50.0]
[50.0, 51.4]
[0.14, 0.15]
[0.15, 0.20]
[0.20, 0.25]

(%)

(%)

Interval
[3.26, 3.30]
[3.30, 3.50]
[3.50, 3.70]
[3.70, 3.76]
[8.2, 10.0]
[10.0, 12.5]
[12.5, 13.2]
[34.4, 34.4]
[0.17, 0.20]
[0.20, 0.21]

Interval
[2.57, 2.60]
[2.60, 2.70]
[2.70, 2.80]
[2.80, 2.86]
[15.5, 30.5]

BPA
0.18
0.36
0.18
0.27
1.00

Interval
[7.59, 7.60]
[7.60, 7.80]
[7.80, 8.00]
[8.00, 8.07]
[0.0, 1.2]

BPA
0.05
0.19
0.62
0.14
1.00

[27.5, 40.0]
[40.0, 50.0]
[50.0, 60.0]
[60.0, 67.8]
[0.04, 0.05]
[0.05, 0.06]
[0.06, 0.07]
[0.07, 0.073]

0.25
0.37
0.25
0.13
0.33
0.44
0.17
0.06

[0.0, 10.0]
[10.0, 20.0]
[20.0, 30.0]
[30.0, 37.9]
[0.08, 0.11]
[0.11, 0.13]
[0.13, 0.16]
[0.16, 0.17]

0.43
0.14
0.14
0.29
0.30
0.40
0.10
0.20

C-type
BPA
0.31
0.29
0.33
0.07
0.01
0.10
0.30
0.32
0.22
0.05
0.43
0.14
0.29
0.14
0.31
0.42
0.27

S-type
(g/cm3)

M-type

M-type

Interval
[2.57, 2.60]
[2.60, 2.70]
[2.70, 2.80]
[2.80, 2.86]
[15.5, 30.5]

BPA
0.18
0.36
0.18
0.27
1.00

Interval
[7.59, 7.60]
[7.60, 7.80]
[7.80, 8.00]
[8.00, 8.07]
[0.0, 1.2]

BPA
0.05
0.19
0.62
0.14
1.00

[32.5, 40.0]
[40.0, 50.0]
[50.0, 60.0]
[60.0, 62.5]
[0.041, 0.05]
[0.05, 0.06]
[0.06, 0.07]
[0.07, 0.071]

0.25
0.37
0.25
0.13
0.33
0.44
0.17
0.06

[2.86, 10.0]
[10.0, 20.0]
[20.0, 30.0]
[30.0, 32.9]
[0.09, 0.11]
[0.11, 0.13]
[0.13, 0.15]
[0.15, 0.16]

0.43
0.14
0.14
0.29
0.30
0.40
0.10
0.20

C-type
BPA
0.31
0.29
0.33
0.07
0.35
0.39
0.26
1.00
0.61
0.39

M-type

Interval
[2.59, 2.60]
[2.60, 2.70]
[2.70, 2.80]
[2.80, 2.83]
[19.8, 26.3]

BPA
0.18
0.36
0.18
0.27
1.00

Interval
[7.64, 7.80]
[7.80, 8.00]
[8.00, 8.04]

BPA
0.20
0.65
0.15

[0.0, 1.2]

1.00

[45.7, 45.7]
[0.049, 0.05]
[0.05, 0.06]

1.00
0.43
0.57

[13.1, 13.1]
[0.11, 0.13]
[0.13, 0.131]

1.00
0.80
0.20
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