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Abstract. This paper presents a novel approach to the ratesgn of deflection actions for Near Earth Objects
(NEQ). In particular, the case of deflection by meaf Solar-pumped Laser ablation is studied heretail. The
basic idea behind Laser ablation is that of indgcnsublimation of the NEO surface, which produgdsw thrust
thereby slowly deviating the asteroid from its imitEarth threatening trajectory. This work invgates the
integrated design of the Space-based Laser systeinthee deflection action generated by laser abilatioder
uncertainty. The integrated design is formulate@ asulti-objective optimisation problem in whichetideviation is
maximised and the total system mass is minimisedh Bhe model for the estimation of the thrust et by
surface laser ablation and the spacecraft systedelhame assumed to be affected by epistemic urictes (partial
or complete lack of knowledge). Evidence Theoryssd to quantify these uncertainties and introdhee in the
optimisation process. The propagation of the ttajgoof the NEO under the laser-ablation actiopesformed with
a novel approach based on an approximated andlgtidation of Gauss’ Variational Equations. An exden of
design of the deflection of asteroid Apophis witkvegarm of spacecraft is presented.

KEYWORDS: Robust design optimisation, Evidenceyhédmalytical low-thrust formulas, Perturbativepansions,
Asteroid deflection
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1. Introduction

During the last two decades, Near Earth ObjectsQNEave attracted considerable interest from thensiic
community in general and in particular in the spfiell. The reasons for this are twofold: firstprn a strictly
scientific point of view, asteroids can provide @oeis data to reconstruct the genesis of the system. In this
sense, NEOs, in contrast to other small celestidlds, are relatively easy to reach and exploemks to their small
dimensions, lack of atmosphere and vicinity to Beath. On the exploration side, there is a numbepast or
ongoing missions aimed at the study of small celesibdies, such as NEAR (McAdams et al. 2000), éRas
(Glassmeier et al., 2007), Deep Space 1 (Raymah 2000), Hayabusa (Nakamura and Michel 2009) pDewact
(Hampton et al. 2005) and Dawn (Russel et al. 2007)

The second reason instead is linked with the piatiethireat they represent for our planet. Accordimghe most
recent tracking data, over 1000 NEOs have beemsifitxs as potentially hazardous to the Earth,they have an
Earth Minimum Orbit Intersection Distance (MOID) @f05 AU or less and an absolute magnitude of 22.less
(JPL 2012). This suggests that the danger of astrafhic event in the mid to long term is not ufista. The
historical perspective of past impact events (dgnguska in 1908) is an important reminder of thee d
consequences this could have on our fragile ecaisyst

Therefore, the scientific community has proposedimber of mitigation strategies and techniquesotmnteract
the hazard of a NEO impact. The first serious tedirstudy, Project Icarus (MIT 1968), dates back 967 but only
in the 90s the theme has started to be widely eeglby scientists and engineers and various stestémve been
proposed. Among them we find techniques producimgngulsive change in the asteroid motion such asléar
blast (Smith, Barrera et al. 2004) and Kinetic Ietpa (Mcinnes 2004), or attached Chemical engiGeh¢eres and
Schweickart 2004); there are others which produamrainuous low thrust like in the case of usintpctted
Electrical thrusters (Scheeres and Schweickart R@d4lectrically propelled gravitational tugs (Rad Love 2005),
or by means of the low thrust produced by surfabkation, the latter induced either by solar colbest(Melosh and
Nemchinov 1994) or laser beam (Campbell, Phippal.e2003). Other more exotic systems include MasseDs
(Olds, Charania and Schaffer 2007), which involve tontrolled ejection of asteroid’s surface mater order to
produce a series of small impulsive changes imittion; there are proposals also for passive mathida the idea
of painting part of the asteroid to modify its apali properties and thus take advantage of the YWakyoeffect
(Spitale 2002).

A recent study (Sanchez, Colombo et al. 2009) ptesea quantitative comparison of different deftact
methodologies that suggested that surface ablagohniques could represent an advantage comparedhés
methodologies.

The principle behind the surface ablation strateggethat of inducing the sublimation of the suefawaterial of
the asteroid. This will create an ejecta plume andassociate small continuous thrust. This thimty extended
periods of time, will slowly deviate the asterofdsm its initial orbit. Ablation strategies based direct irradiation
with concentrated solar light were proposed by Mieland Nemchimov (1994) who envisioned using alsilegge
solar concentrator to irradiate a relatively sngbt on the surface of the asteroid so that theltheg heat will
induce the sublimation. Other authors proposedifieeof lasers in conjunction with a nuclear poveerrse (Phipps,
1992, 1997, 2010; Park and Mazanek, 2005). Exterstivdies on the dynamics of the deflection widthhpower
lasers were proposed by Park and Mazanek (20059aging a single spacecraft with a MW laser. Thealgioation
of solar concentrators with lasers (directly oriiadtly pumped) was recently proposed by Maddodk ®asile in
2008. The idea is to use a formation of smallerceaftrators, each powering a solar-pumped lasers,Tthe
spacecraft could be placed further from the NE@shis way also avoiding almost entirely the coritation due to
the ejecta plume. Recent numerical and experimemtalyses (Vasile et al. 2009a, 2009b; Maddock \4asile
2008; Gibbings, Vasile et al. 2011a, 2011b) haveaaly investigated the basics of the solar-pumiaseér ablation
concept. There are, however, some epistemic umcgeton the physical properties of the astergid an some
design low Technology Readiness Level (TRL) compts@f the spacecraft. This work addresses the dmpla
uncertainties on the performance of the laser syste order to do so, an approach based on Evid&heery is
introduced (Vasile and Croisard 2010). This appnoaequires the evaluation of several deflected raiste
trajectories. The computation of the deflectedettgry under the effect of laser ablation is hezefggmed with a
novel approach based on an approximated solutidBaofss’ planetary equations (Zuiani, Vasile eéll1). The
paper is organised as follows: after introducirgthodels for the trajectory, the spacecraft systaththe deflection
action, the uncertainties are analysed and quedtifhrough Evidence Theory. A multi-objective opsation
problem is then solved to find optimal deflectimiusions under uncertainty. The paper then presamt@nalysis of



sensitivity to identify which epistemic uncertairis/the most significant in the context of asterdéaflection with
laser ablation.

2. Trajectory and Deflection Model

In order to assess the performance of the lasatiablapproach, a hypothetical asteroid based 8428 pophis
is considered. Its orbital elements are suitablydified in order for it to intercept the Earth in 38 The
effectiveness of the deflection action is measurgdhe magnitude of the impact parameiewith respect to the

Earth at the time of the expected collision, asashin Fig. 1 wheréV_ is the incoming velocity of the asteroid and

V¢ is the velocity of the Earth. The impact parameteomputed by projecting the deviated positiothef asteroid

on the Earth’'s b-plane at the epoch of the expettgzhct (Vasile and Colombo 2008). In this casealgtuhe
undeviated orbit hals=0.
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—
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Fig. 1 Impact parameter

The computation ob requires the variation of the orbital elements doehe deflection action. From the
variation of the orbital elements one can use tbidedtion formulas in (Colombo et al. 2009) or thenlinear
proximal motion equations in (Vasile and Maddoc@Dto compute the position and velocity relativeghe Earth.
The variation of the orbital elements is obtained ibtegrating Gauss’ Variational Equations in namgslar
equinoctial elements, (Battin 1999):
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where the six non-singular equinoctial elementsdiafened as:



a
R =esin(Q+w)
P, = ecos(Q + w)

Q= tan'—2 sinQ )
Q,= tanl2 cox)
L=Q+w+8

and a is the semi-major axi® the eccentricityj the inclination,Q the right ascension of the ascending node
(RAAN), w the argument of periapsig, the true anomaly, is the radiush the angular momentum,the semi-latus
rectum,u the gravity constant of the central body dnthe true longitudes, « andg are respectively the modulus,
azimuth and elevation of the thrust acceleratiothim radial-transversal reference frame, as in Eigorming the
thrust vector:

. AT
f =¢g[cosa co3  sim cof  sif] ©)
Numerical integration of Gauss’ Variational equatiavould be too computationally expensive for thalgses
in this paper, as thousands of trajectories neduttevaluated. Hence, Gauss’ equations are hesgrated using
Finite Perturbative Elements in Time (FPET). FPE& based on an approximated analytical solutioafiss’

equations over short arcs for a constant thrusim@®sa 2010; Zuiani, Vasile et al. 2011). The nexttisa will
describe the derivation of the FPET approach.

Fig. 2 Radial-transversal reference frame

2.1 The Low Thrust Perturbative Approach

Assuming that is small compared to the local gravitational aecgion (the ablation induced acceleration is in
the range 10-10"? m/s) and that the thrust modulus and direction arestom in the radial transversal reference
frame over an arc of lengtkl, one can expand the orbital elements and time upe first order in the perturbing
parametek as follows:



I:1(|-)= HO(LO)+£PH(AL,O’,,3)
P, (L) = Po(Ly) +£ Pu(ALa,B)
Q(1)=Q( L) +£Qu(aLa.B) ®
Q,(L)=Qu(Lo) +£ Q,(ALa,B)
t(L) =ty (Lo AL) + £ty (AL, a, B)
where: oL+l o

The zero-order terms, obtained for= O correspond to the unperturbed Keplerian moti@nce the analytical
expressions foay (L), P11(L), Po1(L), Qq1(L), andQ,(L) are available, together witky(L) andty4(L), the variations of
the five orbital parameters and time are known ésstorder approximated function of the true ldgnde L, with
respect to the reference statd @tThus, one can analytically propagate the nontdargelements, either backward
or forward inL, for an arbitrary set of initial (final) conditisrand control force components, expressed in tefms
magnitude and two angles (Palmas 2010).

Motion propagation is obtained by subdividing tihaectory into Finite Perturbative Elements in Time. a
number of arcs each characterised by a constamtthcceleration vector in the radial transverstdrence frame
(as shown in Fig. 3). Within each arc, forward @gation of the motion is performed analytically.

Fig. 3 Low Thrust trajectory subdivided in FPET arcs

In a previous work (Zuiani, Vasile et al. 2011)vias shown that this analytical propagation with FRows for
computational times of at least one order of magl@tlower than numerical integration but with conabée
accuracy. In this paper, at the beginning of eegjedtory arc, the thrust acceleration acting aNIEO is computed
by evaluating the ablation model (see Section ince, in general, the thrust magnitude varies \itheriodic
pattern along the trajectory, the ablation modeddseto be evaluated quite often. The frequency witich the
model is evaluated dictates the amplitude of thgttory arcs. The basic idea is to have shortwahen the thrust is
high and larger ones when the thrust is low. Ineort achieve this, during the propagation thelangthAL is
dynamically adjusted with the simple law:

AL = min[Aex;{ —log,, £+ 'kc’glofmax bl 1) ALmax} (6)

where £ is the current value of the thrust acceleratgyn, is the largest value it has assumed so farfandand

AL__ are constants which were tuned empirically in ptdeachieve a good compromise between accuracy and

max
CPU cost compared to the numerical integrations TWas done by performing a high number of propagatof the
trajectory and ablation models with different catade sets of tuning parameters. As a result, thewbéech
guaranteed a negligible error on the impact parantetwith respect to the numerical integration at thevdst



computational cost was chosen. As an example, uSPET to propagate the trajectory and ablation rsode
implemented in Matlabon a Intel Core DU®3.16 GHz machine running Window8 & requires between 0.2 and 2
seconds (depending on the length of the trajectagimpared with up to 30 seconds when using nuaderic
propagation.

3. Spacecraft System Model

The solar-pumped laser ablation concept envisities use of a formation af. identical spacecraft, each
provided with a solar-pumped laser system. Thediebwiflying in the proximity of the asteroid (s€&. 4) with a
distance from the asteroid’s surface between 14akih (Vasile and Maddock 2008). Note that the plwhape in
Fig. 4 is a qualitative depiction of the contamioatmodel by Kahle et al. (2006) as in Section 4.

spacecraft
-\

7 .
/ | trajector
p | ] Y

VA A —
VA Heliocentric™
/ S NEO orbit

Fsun/4

Fig. 4 Spacecraft’'s proximal motion with respect to thieiesd

Each spacecraft in the formation (see Fig. 5) mpased of a large primary mirrdt;, which focuses the solar
rays on a smaller secondary mirids. The solar rays are then conveyed onto a solay &rwhich powers a laser
plus other subsystems. The laser beam is directedrtls the NEO by means of a directional mivyt A set of
radiators dissipates the excess heat in orderdp e temperature of the solar array and the isitlein operational
limits.
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Fig. 5 Laser spacecraft system
The dry mass of the spacecraft is computed as:

My = Ky (M + M+ M+ e ) 7)



wheremc is the mass of the harness; is the mass of the solar arrags, is the mass of the mirromsy is the laser
mass g is the radiator mass amals is the mass of the bus and the constaptrepresents the margin on dry mass.
The masses of the various subsystems are compittedimple analytical formulas. The harness masxessed
as a fraction of the combined mass of the lasersatat array:

m = MR (my+ m) (8)
The radiator mas8g is proportional to the area needed to dissipatectttess poweMF¢ is the mass fraction
for harness. The latter is computed from a steade thermal balance between the Solar input pamer the
emitted power which is not reported here for theesaf conciseness.

m; = O Ay 9)
wherepg is the radiator specific mass per surface uni.afée mass of the solar arrays is proportion#heéd area
As

mg = Ko A (10)
whereps is the solar array specific mass per surfaceare# and the constairepresents the margin on solar array
mass.

The same applies to the mirror's mass:

m, =k,ou (A+ A +24,) (12)
wherepy is the mirror specific mass per unit arkg,is the margin on mirror mas8,,; is the area of the primary
mirror andAy, andAq are the areas of the secondary and directionabmigspectively. They are defined as:

A,, =0.014,

A = AMI (12)
Cr

whereC, is the concentration ratio, i.e. the ratio betwdensolar power density on the solar concenttdrthat of
the spot area on the asteroid. The mass of theitapeoportional to its output power:

m =k o R (13)
wherep, is the laser specific mass per input unit povkeris the margin on laser mass and the input pdwer
depends on the solar inp®f and the efficiency of the solar arréj , :

R =P Ay (14)
Finally the total mass of the spacecraft is compbigadding a fixed mass fraction for the propeillan
m, = m,,+1.1m,= m, +1.1MF m, (15)

whereMF, is the mass fraction for propellant and the fattdraccounts for the mass of the tanks. The togas of
the formation is simply:

rrgys = nSCmS( (16)
and the global conversion efficiency of the lagestam is given by:
Noys =M1 K & v 17

where 77, fsa, 17, are the efficiency of the Laser, solar arrays gower bus respectively and,, is the

emissivity of the mirror. The constarkg,, ks, ky, k. represent system margins that are chosen accaastgndard
practice in space systems engineering and to desagarity (Wertz and Larson 1999). For example, tfag dry
mass a 20% margin (i.kyy=1.2) is used since this is what is normally dame ipreliminary mission design study;
for the solar arrays, a 15% margin is deemed adedgizen the maturity reached by the related teldgyo for the
mirror mass instead, a higher value of 25% wasepred; finally, given the fact that high power lsséor space
applications are still in their infancy, a 50% margiust be used for the laser (see Table 1). Margie used when
uncertainties are not quantified exactly. In théofeing, therefore, margin parameters will be eqt@ll when
uncertainties are quantified through Evidence Theor

kdry kS kM kL

1.2 1.15 1.25 15

Table 1 System design margins



One of the critical aspects of the design of tisedablation system is that the quantitigs, 7).,, 0.0, and

Py are poorly known. This is due to the fact that eahthe related technologies are still in an eddyelopment

stage. In particular, the efficiency and mass eflt#tser for space application are considered uite uncertain. As
a matter of fact, there are two methods for povgetite laser: irdirect pumpingthe solar energy is used to directly
excite the electrons thereby generating the lasam on the other hand, indirect pumping the energy is first
converted into electrical power, which then powarsemiconductor laser. Currently, high efficienap (o 35%)
directly pumped lasers have been discussed atoaetital level while existing systems achieve aaliew percent
of power efficiency (Vasile et al. 2009b). Indirgetmping, instead, has shown very good performafizst mainly
in non-space applications and with lower power otgp For indirect pumping systems, there is quilene
uncertainty on the energy conversion efficiencles will be achieved in the short or medium terrfficiEencies
around 40-50% should be easily attainable even waitlent proven technology (combining semicondutaser
with fibres) but some laboratory tests have suggkeitat much higher values, around 65%, are prgtzdblievable,
assuming over 80% wall-plug efficiency of the semniductors and over 80% of the fibres (Vasile et2809b).
Solar arrays are also a critical factor in the genfance of an indirect pumped laser system. Readveinces in
multiple junction cell technology have allowed ffficiencies close to 30% but it is not totally aalistic to expect
that near future improvements will move this thdhas high as 40-50% under concentrated light éltial
efficiency recovery through thermocouples.

A third critical element is the radiator. As a neatof fact, given the relatively low power conversiefficiency
of the solar arrays-laser combination (from ~10%30% at best), most of the input solar power jscted as heat
and therefore must be dissipated by the radiat@itsle well proven, high emissivity, radiator techogy is already
available, the problem lays in the weight per @ngtiarea for large systems. While for small radidihés is around 1
kg/nt, for large surfaces this could be as high &g/t (Vasile et al. 2009b). It is clear that these wideges on
many different parameters can considerably afteetaverall size of the laser system and consequtrglmass of
the laser formation to be put in orbit. At the sainee, the lack of detailed knowledge on the phaisaharacteristics
of the NEO can markedly affect the system’s cafighil sublimating enough surface material as toeggate enough
thrust to deviate the asteroid.

The performance index which is output by the systaodel is the total system mass of the Laser #atell
formationms,, The input design parameters are the number afespaftn,. the diameter of the primary mirrdy,

and the concentration rat@. As already mentioned the parameter subjectedi¢ertainties are}, , /1., POr. O,

and g,, .

4., Deflection Action Model

As shown in previous works (Sanchez, Colombo e2@0D9; Vasile et al. 2009a; Maddock and Vasile 200&
yield of the ablation process can be modelled Withsimple energy balance (assuming no ionisation):
dn]e Yrot fout 1
— =20V, | [ = (P Qua— Qun) dtdy (18)

dt Sc " rot
Yo Iin ub

where,dm,,/dt is the mass flow rate of sublimated material, is the number of spacecraft in the formatiap,is
the linear velocity of the asteroid surface du@daotation,Egypis the enthalpy of sublimation. The input power pe
unit area from the laser is:

r.A
whereg, is the albedo of the asteroig, =1367/, is the solar flux al. AU, ray is the astronomical unit and is

2
R, =714, C.(1-¢,) %(r‘\—“j (19)

the Sun-asteroid distance. Here the assumptidraigie amount of reflected laser light is complarab the amount
of reflected visible light. For a highly effectiv®lumetric absorber, experimental evidence has shbat for given
asteroid analogue target materials — sandstongneliand a porous composite mixture — that theoritgjof the
incoming laser intensity is absorbed rather thditected. Energy is emitted in the form of an exiemhdbut
contained, exhaust of gas and ejecta. This has temmwonstrated for 80 W continuous wave laser operating at a
frequency 0B08 nm (Gibbings, Vasile et al. 2011a, 2011b). The hess due to black body radiation is:



Q.4 =0€,T* (20)

whereg is the Stefan-Boltzmann constasy, is the black body emissivity, is the asteroid surface temperature. The
loss due to thermal conduction is expressed af@anColombo et al. 2009):

/ k
Qcond = (Tsubl_ -IE)) % (21)

with Tgy as the temperature of sublimation of the surfaegenal andca, ka andpa as its specific heat, thermal
conductivity and density respectively. The ablatiotiuced acceleration can therefore be calculaded a

=2y, (22)

where V, is the unit vector along the NEO heliocentric witiy A = 2 is the scattering factor that assumes that the

plume is uniformly distributed over an anglel®0 de, m, is the asteroid mass aMl is the average velocity of the
ejecta:

(23)

where k; is the Boltzmann constant arfl mg2sig 1S the molecular mass of Forsterite. Note thatiamzation

model is considered here. This assumption is ctamisvith the sublimation model in Kahle et al. whéhe power
density is analogous to the one in this paper. Aenamcurate model is out of the scope of this papethe other
hand the paper proposes a methodology to modeparmhgate uncertainties in order to evaluate thgaghon the
guantities of interest, such as the achievable digance. An unmodelled component has to be redaad a source
of model uncertainty. More specifically, the inandéaser energy absorption and the expansion oféisedepend on
the level of ionization (see Phipps et al. 2010).ukcertainty on energy absorption and gas expansiequivalent
to adding uncertainty to the sublimation Enthalpyg #o the parameters defining the expansion veloas it will be
presented in the next section.

The thrust model needs to be completed with alsleitmodel of the contamination of the optics. latfdae plume of
gas and debris coming from the ablation procesxjected to flow and impact the spacecraft. Theazomation
model used in this paper is the one developed beket al. (2006) and further elaborated in (Vaaitel Maddock
2010). This model assumes that the sublimatiorstdraid’s surface is analogous to the generatidailsfin comets
and that the plume will expand as the exhaust gafsasocket engine (as shown in Fig. 4). Note,thath a model
is not strictly consistent with the hemisphericedtsering model used for computing the ablatiomshrMoreover,
experimental data (Gibbings, Vasile et al. 201Eb}tiowing that neither the hemispherical modeltherone by
Kahle et al., shown in Fig. 4, accurately represeatexpansion of the plume. However, they are uséde present
work because each represents the worst case anétiti thrust generation and mirror contaminatiespectively.
The density of the expelled gas plume is compugsed a

n"]exp dspot

V&pot 2r9 SC+ d Spo
wherejc=0.345 is the jet constant=1.4 is the adiabatic indeRgp. anddsp, are respectively the area and diameter
of the Laser spot on the asteraigiscis the norm of the distance vector of the spadewith respect to the spot on
the asteroid® is given by:

2

2
Poxp = I (coso)«1 (24)

o= i (25)
2¢max
In the Hill reference framegscis defined as:
X=Ty sing,
fsisc=| Y ~TeCOSO, (26)
Z

where the radius of the ellipsoid is:



T = ah
\/(b, cos(a)At+6?vA))2 +(a1 sin(a)At+ HVA))Z

x,y andz are the coordinates of the spacecraft with restpedhe asteroid in the Hill reference frame, lasven in
Fig. 6,andg andb, are the axes of the ellipsoid (the asteroid isrmesl to be a rotation ellipsoid),.

(27)

2
AJ

Fig. 6 Hill reference frame
The asteroid is assumed to be spinning around-thészwith angular velocitya. 0, is the elevation of the spot
over the y-axis. The model also assumes that allptirticles impacting the mirror condense and dfick. The
variation of the thickness of the contaminatiorelagn the mirror is thus computed as:

dh:ond - zvpeXP
dt lolayer

where the layer densipyayer iS 1g/cnt. The speed of the ejecta is multiplied by 2 tooact for the gas expansion in
a vacuumuy is the view factor taken as the angle betweemtrenal of the mirror and the incident flow of gas.
Finally, the power irradiated on the asteroid’sface is multiplied by a degradation factor

r= eXp(_ 27hn:ond) (29)
where;=10* cm' is the absorption coefficient for Forsterite.
It is important to observe that, according to tékative motion as in Fig. 4, the mirrors would besed to the
plume only for roughly half the period of the orbftthe asteroid, i.e. when the spacecraft hagipesi coordinate.

cosy,, (28)

10
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Fig. 7 Typical acceleration profile: a) without contantioa b) with contamination c¢) with contaminatiorexsi-
logarithmic scale)

Fig. 7a shows a typical acceleration profile coregutvithout considering the contamination of therarirThe
figure compares the profile obtained from numeriocéégration of the trajectory and ablation modslth a high
order Runge-Kutta method, with the one obtainedh a&ialytical propagation with FPET. The periodibdéour is
due to NEO’s motion around the Sun which accoumt®sécillations in the solar flux captured by thigrary mirror.
The two integrations are in good agreement andliffierence is due to Eq. (6). Fig. 7b and Fig. fiows the same
case but with the introduction of the contaminationdel in (Vasile and Maddock 2010). One can se tie
amplitude of the acceleration oscillation decreasesnore than two orders of magnitude already duthe first
revolution around the Sun and then stabilisesatrat 10"-10"* m/< for the rest of the trajectory.

From Fig. 7 it is important to observe that the FREopagation approximates very accurately the lacaton
profile when its magnitude is high during the firsvolution and less correctly when it is decayedtfie remainder
of the trajectory. This will not affect the accuyaan the computation of the impact parameter stheecontribution
of the first part will be much more relevant thae second, which will be almost negligible.

As will be detailed in Section 5.1, from an anaysf the literature on NEO, one can observe a densble
variability of the physical parameters of asterpidsparticularEsy, Tsun Ca, Ka @andpa, Which are at the same time
quite controversial and very critical to the lagbtation system design.

All these sources of uncertainty are of epistenaittire as they correspond to the present lack ofvieuge on
the asteroid physical properties. Due to the natirthe uncertainty, probability theory would beadlequate to
model and quantify its value, therefore it is hpreposed to use Evidence Theory to build a comecertainty
model and introduce it in the combined optimal desf the deflection and spacecraft system.
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5. Uncertainty Quantification

Evidence Theory, or Dempster-Shafer Theory, is themaatical framework to model epistemic uncertasnty
can be interpreted as a generalisation of clasprcddability theory (Klir and Smith 2001). In théense, Evidence
theory, is able to model both aleatory (i.e. relate stochastic processes) and epistemic (i.e. tdukack of
knowledge) uncertainties. Differently from probityitheory, where a probability distribution is wlsén Dempster-
Shafer theory an uncertain parametgrcan be modelled with one or more uncertain inferib,, each with its
associated confidence level, also defined as Basibability Assignment (BPA):

U; ={0u,: 0,00y, 41} BPAU)D[0,1] (30)

Moreover, while in a standard probability distrilout the integral over its domain of existence sde equal to
one, the equivalent condition in Evidence Theorgs$s strict:

> BPAU)+Y BPAUD U)=1 (31)

which translates into the fact that the intervads oot only be disconnected, but also overlappiben dealing
with multiple uncertain parameters, the uncertgace is defined by the Cartesian product of thglaimono-
dimensional uncertain intervals. A single multidms®nal box, whose edges are the uncertain interfeal each
uncertain parameter, is callémtal elemenand its BPA is computed as:

8PA(u,u) Oy, 4y, wl)= BPA T p d)oBdad u J) @

Evidence theory also uses two complementary qiestio measure the cumulative confidence, or hdlef
given propositionBeliefandPlausibility. To explain their meaning, let us consider a pemnce parametgrwhich
is a functionf of the design parametexsaand of the uncertain parametersThe set of alyy which are below a certain
thresholdv is defined as:

Y, ={y: y= f(x,u)< yxO DuO Y (33)
then the Belief and Plausibility associated toghmpositiony<v are:

Bel(Y,) =) BPAU)

e . 34
PI(YV):Z BPA U) (34
iolp
with
e ={j v O,
(35)

L, ={j U’ nf?(,)z0
It should be noted thag is always a subset o, i.e. IB Ul p and in this sense Belief and Plausibility can be

interpreted as respectively the lower and uppemdbary for the likelihood of an event. Differentlyofn the
probability of an event and its opposite, Beliefl @lausibility are not strictly complementary. ket the following
relationships apply:

Bel( A)+ Be A<1
PI(A)+PI(A)21 (36)
Bel( A)+ PI( A) =1

The next section will describe the procedure fdimileg the uncertain intervals and the focal eletaen
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5.1 Construction of the Uncertain Intervals

In this section, the uncertain intervals and theoesited BPA for each uncertain parameter are ekfin
Moreover, it will be simulated the situation in whithe estimates about the uncertain intervalstlagid associated
confidence come from different sources. In ordedtothis, in this study the assumption is that vh&les of
uncertain physical and technological parametera $tem the opinion of three different experts, egarted in Table
2, Table 3 and Table 4. Each expert expressesiits apinion on the uncertain intervals and assigmeeigonal
confidence level to each of them. The confidenwelleepresents the perception that experts hateein own level
of knowledge. The opinions of the three expertdatalso be in disagreement with each other. Trsaglieement
can be manifold. In the first instance, the expedas have different opinions on the amplitude &f ithterval itself
and therefore propose slightly different boundar@escondly, even if the intervals proposed by diffé experts are
the same, they can associate to them a differerfidemce and therefore estimate different BPAs. &édoer, some
experts can also give a very generic indicatiort tha given parameter can oscillate between a minminand
maximum value with equal confidence, which corresfsoto giving a single wide interval with BPA eqtmall. And
last, the expert can have no opinion at all on squatities.

For the technological parametef , /)5, Or: 0, and g, , the three experts behaves as follows. Regarding

the laser efficiencyexpert ain Table 2 is rather conservative and assignsga lgonfidence of 70% to the
proposition that the efficiency will be between 4G#%d 50%; he/she is less confident about the pibsibf
achieving efficiencies comprised between 50% arth @hd therefore the related probability assignnier&0%.
Expert b in Table 3, on the other hand is probably mogdistic and assigns only 30% confidence to theriratieof
40-50% efficiency, while giving 60% to the 50-60%iaency interval and finally introducing anothénterval
between 60% and 66.4% with a confidence of 1@%pert c,in Table 4,is very optimistic about future
developments of lasers and therefore assigns 1@b#idence to the statement that lasers could reéfatiencies
between 55% and 66.4%. For the laser specific nexg®rt agives 40% confidence about the specific mass being
comprised between 0.005 and 0Kif{W while is more oriented towards higher specific sessin the interval of
0.01-0.02kg/W and therefore assigns 60% confidence to the ldEgrert h on the other hand, is convinced that
lightweight laser systems are possible and thegedssign 100% to the 0.01-0.Rg/W. Expert cdoes not give any
opinion on this topic (reported again the table). For the solar array efficieneypert ais again rather sceptical and
proposes only one interval between 20% and 30%pably with 100% confidenceé=xpert bsuggests only a 40%
confidence for the 20-30% efficiency range anddadtassigns a 60% confidence about achieving hiffieiencies
comprised between 30% and 50Expert cagain doesn’t express any opinion on the topipoited as/ain the
table). Regarding the mirror specific masspert ais equally oriented towards values between 0.10a8&g/nf and
0.3 and 0.Xkg/nf, therefore confidence will be 50% for boffxpert bagain proposes only one interval with 100%
confidence for values ranging from 0.3 and Kg#nf. Expert cinstead is very optimistic about the developmént o
lightweight mirrors with specific masses betweedilGand 0.0%g/nf. Finally for the radiatorexpert asuspects that
radiator specific mass will be higher for large isddrs like those envisioned for laser ablationcsgaaft and
therefore suggests 40% for values comprised irLtBdg/nf and 60% for values between 2 an#éginf. Expert b
doesn’t give an opinion on the topic (reportech&sin the table) whileexpert cgives a generic indication that the
mirror specific mass will surely be between 1 ari@)8rt.

As already pointed out in Section 4, physical prope can differ considerably from one asteroidhi other. At
the same time, different sources report differenysigcal parameters for the same asteroid. Moreadata is
currently limited to ground based observations afichited number of fly-by missions to only a fevE®s, such as
Eros, Itokawa, Steins and Lutetia. However, the@sions demonstrated that the fundamental nateraposition
and geometries of NEOs are highly variable. Anyegingroup of physical characteristics can intradwe
significant error within the analysis. Furthermaebstantial error bars ifig,n Ca, ka @andp, also exist from the
inferred spectra analysis and shape regularityctuding period of rotation, form and shape modell aurface
properties (Britt et al. 2002; Pieters and McFadd&94; Price 2004). For example, available soghmawv a range
of two orders of magnitude for the sublimation eply: it is as low as 2.7-10/kg for some rare E type asteroids
composed by carbonaceous and Enstatile Chondritée i can reach 1.9686-10/kg for some S type asteroids
with Olivine composition. For Silicum based boditiee values are intermediate, around 8-2lRg. In this respect,
for example,expert agives 100% confidence to enthalpy being genesicadimprised between values as low as
2.7-1G and as high as 6-10/kg Expert bgives more details, proposing only 20% confidefurea lower range
between 2.7- Foand 16 J/kg for Chondritic objects and assigning instead 8@¥#fidence to enthalpies comprised in
the 10-1.9686-10 J/kg typical of S-type Olivine asteroid€xpert ¢ while agreeing on the boundaries of this
interval, assigns only 30% confidence to it an@ @smore persuaded about a different lower infdreaveen 4- 10
and 6-160 J/kg to which he assigns a 70% confidence. Analogouslythe specific heat, most sources reported
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values between 500 and 60Qkg-K) which are typical of Olivine-based S type astéhut also of M and C types
such as Lutetia and Mathilde. It is interestingntde, however, that in some cases like the E tgpereid Steins the
estimates can range from 470 up to over J8Ky-K) Thus,expert asuggests two uncertain intervals: the first from
375 to 47Q0/(kg-K)with 30% confidence, and the second one fromté7800J/(kg-K)with 70% confidence. Also
expert bproposes this latter range, but with 40% configeoily. He also proposes a higher interval from épQ@o
750J/(kg-K)with 60% confidenceExpert cgives a generic indication that the specific heilitbe between 470 and
750 J/(kg-K) For the thermal conductivity, the range spans onders of magnitude: for common S-type, Olivine
bodies and for some E type asteroids it is arou#d-1.6W/(m-K) it is as low as 0.2v/(m-K)for others like M-type
Lutetia and C-type Mathilde. In this sengxpert aassigns 20% confidence to an interval to a lowerirgl for
relatively rare M/C-type bodies with conductivitieemprised between 0.2 and OAFH(m-K) On the other hand,
he/she gives 80% to the assumption that the comityowill be between 1.47 and 1\/(m-K) Expert bis again
rather generic giving just a minimum of V&/(m-K)and maximum of 2V//(m-K) Expert cis unable to give an
opinion (reported as/ain the table). Regarding the density, sources te@ues comprised between 1100 and 2000
kg/n? for most C-type asteroids, and between 2000 af@ BF/n? for S-types and some M-type ones. According to
this, expert athinks that S-type objects will be more common #metefore assigns 70% to the latter interval and
30% to the former. This time toexpert bis very vague, giving indications of a lower bouwatdl100kg/n? and an
upper at 3700kg/nt. Expert c disagrees with the lower limit and sets it at 20@@nT instead. Finally, the
sublimation temperature shows a more limited vaitgpwith values around 1708 for S-type and up to 181R

for other examples. This small variability is aleflected in the experts’ opinion, sinegpert aassumes the values
related to S-type asteroids, between 1K0ind 172K, with 100% confidenceExpert bproposes a range spanning
1720-181K, again with 100% confidence, whigpert cproposes a wider range from 17K@ 1812K.

The three sources of information are data-fusddvdhg a similar procedure to the one describe@®bgrkampf
and Helton (2002). As a representative example ptioeedure is here applied to the data-fusion efektimates
concerning the laser efficiency. As already disedsshe opinions given by three experts are:

a. Conservative opinion: “The Laser efficiency will between 40% and 50% with 70% confidence and
between 50% and 60% with 30% confidence”.
b. Realistic opinion: “The Laser efficiency will be theen 40% and 50% with 30% confidence, between
50% and 60% with 60% confidence and between 60%6&P6 with 10% confidence”.
c. Optimistic opinion: “The Laser efficiency will beetween 55% and 66.4% with 100% confidence”.
These statements, in mathematical terms can beewas:

U'=[0.4,0. BPA(*U')= 0.7
U?=[0.5,0.§ BPA(*U?)= 0.
"U'=[0.4,0§ BPA(*U')= 0.3
b. 1 'U”=[0.5,0.4 BPA("U*)= 0.6
=[0.6,0.664 BPA(°U°)= 0.

c. U=[0550664 BPA°U)=

Then, to represent and then combine the data diyehe three experts, for each of them a matrooisstructed
as follows (Oberkampf and Helton 2002):
1. First, one has to list all the possible values @Rperts propose as lower and upper boundariehéor t

uncertain intervals. In this case the lower bouiedarare [0.4 0.5 0.55 O.]E and upper
boundariesar%O.S 0.6 0.66P.

2. Then, a lower triangular matrix®, is defined for each source of information, whichs has many

columns as the possible lower boundaries and ay maws as the possible upper boundaries. Thus,
each element of this lower triangular matrix repres a certain interval with its lower and uppsnits.

If the expert has associated a confidence levéhdbinterval, then the element of the matrix asssim
that value and is zero otherwise. For examplerthtix forexpert awill have the following structure:
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| 0.4 05 055 0.6
0.5 0.7 0 0 0
0.6 0 0.3 0 0
0.664 0 0 0 0
In the present case, the three matrices are asvall
07 0 0O
a. A=/ 0 03 0 0
|0 0 00O
03 0 0 O
b. A= 0 06 0 0
0 0 0 O
0 0 0O
c. A=|0 0 0 0
0010
At this point the three sets of intervals can bmlimed into a single one by computing the weiglaeerage of
matrices as:
+ +

3
wherek,, k,, andk. are weights which can be defined arbitrarily iderto give different influence to each source of
information. In this case, all sources are givem shme importance and therefore the weights aetiio 1. The

resulting matrix is therefore:

0.3333 O 0 0
A= O 0.3 0 0
0 0 0.3333 0.033
from which one derives the uncertain intervals as:
U'=[0.4,04 BPA(U')= 0.3333
U?=[0.504 BPA(U?)= 0.3
U®=[0.55,0.664 BPA(U°)= 0.333
U*=[0.6,0.664 BPA(U')= 0.033:

A similar procedure was followed for the remainimige uncertain parameters, leading to the resefisrted in
Table 5 and Table 6. Note that information fusidmifferent sources for this specific case is still open problem.
The use of a weighted average is only one podgib#i thorough analysis of the right informatiorsfon technique
is out the scope of this paper and will be addiekgséuture works.

Lower Upper BPA Lower Upper BPA
NI A
K [W/MK] 10_'427 2:2 8:; N 02 03 1
e B 03 oy tom 03 o2 o
Teun[K] 1700 1720 1 £ ka/W] %%(;_5 88; 82
Es[J/kg] 2710  6-10 1 5 ee? 1 2 0.4
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2 4 0.6
Table 2 Uncertain parameters estimates frexpert a
Lower Upper BPA Lower Upper BPA
470 600 0.4 0.4 0.5 0.3
ca [J/KgK] n. 0.5 0.6 0.6
600 750 0.6 06 0664 0.1
0.2 0.3 0.4
ka [W/MK] 0.2 2 1 Msa 0.3 05 0.6
palkg/m®] 1100 3700 1 Py [kg/m’ 03 0.5 1
Teun [K] 1720 1812 1 P, [kg/w]  0.01  0.02 1
2.7-10 10 0.2 ,
Bl 10 1968610 0.8 Fr [ka/m] n/a
Table 3 Uncertain parameters estimates frerpert b
Lower Upper BPA Lower Upper BPA
ca [J/KgK] 470 750 1 n 055 0.664 1
ka [W/MK] n/a Nsa n/a
palkg/m’] 2000 3700 1 Py lkg/my 001 005 1
Tsun [K] 1700 1812 1 L. [kg/W] n/a
4.10 6-16 0.7 ,
EwlKGl 5 1 9686.20 03 Arlkoml 1 3 1

Table 4 Uncertain parameters estimates frerpert ¢

Lower Upper BPA
375 470 0.1
470 600 0.3667
Ca [J/KGK] 470 750 0.3333
600 750 0.2
0.2 0.5 0.1
ka [W/mK] 1.47 1.6 0.4
0.2 2 0.5
1100 2000 0.1
pa [kg/m] 2000 3700 0.5667
1100 3700 0.3333
1700 1720 0.3333
Tew [K] 1720 1812 0.3333
1700 1812 0.3333
2.7 12 106(53 0.0667
2.7-1 6-1 0.3333
BanlV/ka] ) 4 6-10 0.2333
10’ 1.9686-10  0.3667

Table 5 Uncertain intervals of NEO physical properties

Lower

Upper

BPA




0.4 0.5 0.3333
0.5 0.6 0.3

. 0.55 0.664 0.3333
0.6 0.664 0.0333
0.2 0.3 0.2
Nan 0.3 0.5 0.3
0.2 0.5 0.5
0.3 0.5 0.5
Py [kg/m?] 0.1 0.3 0.1667
0.01 0.05 0.3333
0.005 0.01 0.2
P kg g6 0.02 0.8
1 2 0.2
Pr [kg/m?] 1 3 0.5
2 4 0.3

Table 6 Uncertain intervals of technological parameters

6. Multi Objective Optimization Under Uncertainty

Once the uncertainties on system design and adtphyisical characteristics are defined, one canotfind the
optimal design of the deflection system under utagety. The performance, i.e. the achieved devmtieeds to be
maximised while minimising a measure of the costha mission, e.g. the mass into space. Accordinghée
spacecraft system model presented in previousossetperformance and cost can be optimised wifrerdgo four
design parameters: the diameter of the primaryandy;, the number of spacecratfi., the warning time,, (time
from the beginning of the deflection action to thee of the expected impact with the Earth) anddbecentration
ratio C,. The performance measure to be maximised is tigaétmparameteb, while the cost measure to be
minimised is the total mass of the formatiog,, This leads to a classical multiobjective optirtia problem. The
impact parameter is computed by means of the difteand ablation model detailed in Sec.2 and Setie the
total system mass is derived as in Sec.3.

As a first step one can determine the set of Panetinal solutions for a fixed value of the uncertparameters

N Dspr PrrPLr Py Esw Tsub Car Ka @ndpa. Their value was chosen according to the availliteeature (Britt
et al. 2002; Pieters and McFadden, 1994; Price 2@6d are reported in Table 7. Moreover, sincehiat $tage

uncertainties are not yet accounted for with Evigetiheory, system margins as in Table 1 are indui¢he model,
in order to replicate the standard system engingeriethod to deal with uncertainty.

NEO Physical properties Technological parameters

Parameter Value Parameter Value
Ca [J/IKgK] 750 n 0.6
ka [W/mK] 2 Nen 0.41
pa [kg/m?] 2600 P, [kg/m’] 0.1

Toun [K] 1800 P, [ka/W] 0.005
Esub [J/k9] 5-16 P [kg/m?] 1.4

Table 7 Set of fixed values for uncertain parameters

The multi objective optimisation problem to be salvs:

rpDiDn[msystem(x,U) —b(x,U)} (38)
wherex is the design parameter vector comprisiffy, Nse, twarm ', for which the boundaries are in Table 8, and
U is the vector of uncertain parameters with valne3able 7. The impact parameteappears with the minus sign
since it has to be maximised. For the solution mbfem (38) system margins are introduced with thkies in
Table 1.
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Lower Upper

dw [m] 2 20

Nsc 1 10
twarn [YrS] 1 8

C 1000 3000

Table 8 Boundaries for optimization parameters

Note that the presence of the discrete varialle makes this a mixed integer-nonlinear multiobjestiv
optimisation problem. The optimisation problem @ved with MACS, a hybrid memetic stochastic alguom
(Vasile and Zuiani 2011).

When epistemic uncertainties are introduced thro&gidence Theory the MOO problem (38) has to be
reformulated in order to maximise the Belief in thptimal value of impact parameter and total systeass.
Formally problem (38) would translate into the M@@der uncertainty:

mD%xBeI b ,u)<vy,)

Bel u)<
maxBel (M, & u)<v ) 39)

minv,
minv,,

The solution of problem would require the compotaof the Belief value for different design parders and
for different values of the thresholdg and v, for all possible values of the uncertain paransetewithin the
uncertain spac¥: for eachx, set (33) needs to be computed for each of thetifumsb andm,, for differentv, and
Vi, respectively and the cumulative functions (34)ché® be independently computed for bothand mys, The
identification of the set (33) would need the comagion of the max and min &fandm, over all the focal elements
in U. However, the number of focal elementddns an exponential function of the number of ureierparameters
(Vasile and Croisard 2010) which translates intoexponentially increasing number of optimisatiomlpems
required to compute the cumulative quantities #) (& practise, however, the full Belief and Piailiy curves are
not required and one can study only the worst astl tase scenarios.

The best case scenario corresponds to the desigertainty vectors and thresholds that yield a $thality equal
to 0. Below this value of the thresholds the dédfitec mission is not possible assuming the availdidy of
knowledge of spacecraft systems and asteroid pdiysioperties. The worst case scenario correspanite design,
uncertainty vectors and thresholds that yield deéBelqual to 1. Above this value of the threshdlds mission is
certainly possible, given the current body of knedge, but would be suboptimal.

The optimal design vector and thresholds that yéeBelief equal to 1 for all possiblein U can be computed
solving the following multiobjectiveninmaxproblem:

min[ maxmy ., (x 1) ma-b(x u))] (40)

In fact, for a giverx, the minimum possible threshold value correspoondfi¢ maximum value afg, and b
over the whole uncertain spatk for which boundaries are reported in Table 5 @allle 6. Because the focal
elements irlJ can be overlapping or can be disconnected, thdifibation of the maximum ofn,s and 4 might be
problematic as one would need to explore each fetahent independently and therefore face an expi@he
number of optimisation problems. In order to avtig exponential complexity, all focal elements acdlected,

through an affine transformation, into the unit emnbeLT such that they are not overlapping or disconnected
The optimal design vector and thresholds that y&lElausibility equal to zero for all possihlein U can be
computed by solving the following multiobjectim@nminproblem:

min[m[n My e X2U) [Bijn(—b(x u))} (41)

xOD utJ

Again as before the focal elements are mappedtiainit hypercubdJ and the search is run ovkl . Note
that, differently from the case of problem (38)steyn design margins are no longer needed and tineretfe values
for Kyry, Ks, ku, k. are all set to 1.

In this paper, the two mixed integer optimisatisalpems (40) and (41) are solved with a variariVofti-Agent
Collaborative Search (MACS) (Vasile and Zuiani 201This variant is tailored specifically to the stbn of
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multiobjectiveminminminmaxproblems. The standard MACS framework is usedfoee the design spadand
solve the minimisation problem, i.e. generate newdadate design vectoxs and select the ones that minimise the
vector function:

J(x.)= [maxmsystemx u ma>( )} (42)

The value of each component of the vector funcfiaa the result of a single objective maximisatioreiothe
space of the uncertain parameters.

The maximisation subproblems in (42) are solvedumning an evolutionary algorithm based on Inflatioy
Differential Evolution (IDEA) (Vasile et al. 2011#&)r a fixed number of function evaluations. MAC&swun for
30000 function evaluations with 10 individuals,vdfich 2 are explorers and perform a local seareb {asile and
Zuiani 2011 for details). The sub-cycles with IDEAere run for 250 function evaluations with 5 iridivals. These
settings were devised after a series of prelimit@sis. The solution of problems (40) and (41) gles the intervals
for both the performance and the design paramdteparticular, the worst case corresponds to thgimum Belief
condition:

y =10 =argmip] () maf-b(x )| -
Bel(y) =1

The best case instead corresponds to the minimam;ibllity point:
y =[x, u] =arg rxgln mmmSystem X u) mlr( )J a8
Pl(y)=0

As a comparison, aninmin problem analogous to (44) is solved with the reitiction of system design
margins. Finally the 4 optimisation problems arasidered both in the case with and without the amination are
solved. In summary, a total of 8 Pareto curves geaerated, 4 each for the cases with and withoat th
contamination:

1. deterministi¢i.e. a bi-objective optimisation problem ot_1D as in (38). The system model does include
the margins specified in Table 1 and constant wafae uncertain parameters u are used as in Tablag
problem is solved with the standard MACS.

2. minmax bi-objective optimisation problem as in (40). Thgstem model doesn't include margins. The
problem is solved with the modified MACS.

3. minmin bi-objective optimisation problem as in (41). Thgstem model doesn’t include margins. The
problem is solved with the modified MACS.

4. minmin with marginsbi-objective optimisation problem as in (41)slanalogous to the previous one but
this time the system model does include the margjregified in Table 1. The problem is solved witle t
modified MACS.

Fig. 8a and Fig. 8b report the Pareto fronts ferdéterministic minminandminmaxproblems, with and without

contamination respectively.
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Fig. 8 Multi objective optimization: Pareto fronts a) centamination b) with contaminatiob.is represented in
logarithmic scale

Qualitatively, the case with and without contamiomtare very similar but Fig. 8a shows that, withou
contamination, the best deviation achievable is @mier of magnitude larger than in the case witht@mination
(see Fig. 8b). Since the system model is the sHmeange of total system mass is the same indastés.

The uncertainties in the input parameters transtatea difference between tmeinminandminmaxcurves of
about two orders of magnitude in attainable desmatind one order of magnitude in system mass. Thievable
deviation easily reaches 00° kmin the best case scenario with a total formati@ssrbelow 3000@g, while in
the worst case scenario even with a system mak® &fy the best achievable deviation does not exce@#@rOThis
issue is even more apparent in the case with mawatamination in which the worst case deviatiorelyareaches
10° km It is important to point out that the huge vaiiiapin performance does not imply that the laabtation is an
unreliable deflection method as the type of unaetyads epistemic. It implies instead that: givére tpresent body of
knowledge a reliable deflection mission would requa massive system in orbit, the potential margin
improvement would be considerable, current knowdedg this deflection method is too low to provide exact
quantification of its performance. Note also thet Pareto front for the casgnminwith margins has higher system
mass for the level of deviation attained with respe the standarthinmincase.

Fig. 9a and Fig. 9b show the distribution of optimesign solutions in the three case studies, witlemd with
contamination respectively. The plots present thkies only for three design variables, i.e. thendiger of the
primary mirror, the number of spacecraft and thenivey time. The concentration ratio is not reporbetause all

the optimal design points show the maximum allowedcentration ratio allowed, i.e. 3000.
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Fig. 9 Multi objective optimization: Pareto sets a) nat@mination b) with contamination
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In Fig. 9 one can clearly identify two differentridies of design solutions in theinminandminmaxcase. In the
latter, solutions with a high number of spacecaafil a small diameter of the primary mirror are @mefd. Arguably,
many spacecraft are needed because the physiga¢rpes of the asteroid are such that inducing is#tion
requires a large amount of power; at the same tiiraefficiency of the laser system is much lowet amparticular
the radiator mass per unit area is much higherthacdefore it is convenient to have many smallercepeaft, i.e.
with a smaller primary mirror. Coherently with thfer diametrically opposite reasons, in thémincase designs
with few spacecraft with large concentrators amfgrable. This result brings to an interesting gaineonclusion:
for low performance components a monolithic systerauboptimal with respect to a disaggregated syste the
mass of a monolithic system grows faster thanitteal growth of the mass of the disaggregated eopatt. Note
that, although redundancy was not modelled, theusblanalysis suggests that a highly redundant sysse
preferable in the case of high uncertainty on th&igh parameters, as it would be logical to expect.

Finally one can note that in the case without cmimation the maximum warning time of eight yearslisays
optimal. This is easily explained given the fadttthe magnitude of the thrust acceleration istinelly constant
(albeit within a minimum and maximum values, seg. FFia) and therefore the longer this is actinglenNEO, the
better. When the contamination of the mirrors insidered, then the optimal warning time is arour¥ Fears. In
this case, in fact, the acceleration profile esabytis reduced to a single large thrust impulsdofved by a
perturbation some orders of magnitude smaller thannitial peak (as shown in Fig. 7b and Fig. Te)this case,
thus, the phasing of the initial pulse becomeseaxély important (see Colombo et al. 2009).

6.1 Belief and Plausibility Analysis

To further analyse the influence of each individuatertain parameter, five design points from thletfon set

of the deterministic case in Fig. 8a were seledted.each of them, the belief and plausibility @svfor both the
impact parametdr and the system mass were reconstructed. The cwemscomputed with an algorithm based on
the evolutionary binary tree technique in Vasilale{2011b):

1. Given the performance parametkrand a constant design parameter vectgrthe single objective

optimisation problems:
Viin =MinJ; (X,u)
uu

- (45)
Vi = MaXJ, (X )

are solved with IDEA over the entire uncertain gpgiven by the unit hypercutia. This returns the
upper and lower limit for the performance parameter

2. n, valuesy, are defined equally spaced in the interpé,;]in Vmax] .

3. The initial unit hypercubeU_ is partitioned in two sub-hypercubdd® and U?. The “cut’ is
performed such that it coincides with the boundaré adjacent focal elements which form the

hypercubel . Define Y as the set of sub-hypercubgs .
4. For each value of the threshoidthe following iterative procedure is performed:

Bel(vj) =0
PI(v,)=0

b. For each sub-hypercuti¢' (Y :
«  Solve problem (45) olJ' and storel/r'nin and V:nax.

o If Vyg SV, then:

Bel(vi ) = Bel(vi ) + BP/( TJ')

PI(v,)=PI(v,)+BPAT')

21



«  Else, if V- <V, <V . partition U' into two new sub-hypercubed'* and U'?.
RemoveU' from Y and addJ' andU'?.
* Repeat step b. until a termination condition is,neay. the maximum number of partitions

has been reached or the curréht corresponds to a single focal element and thezefor
cannot by further divided. Alternatively furthertslivisions are also avoided if the BPA of

U' is lower than a certain threshold, which means iteacontribution to the Belief and
Plausibility curves would be negligible.

(Note that step b. is to be skipped if problem (48% already been solved @h' and the
results already stored are used instead).
c. ForeachU™ =[UmDY|Vm <V, <Vn ]:

min max

PI(v,)=PI(v,)+BPAU,)

We report here only the curves for designs 1 anfdrSthe case without contamination only. These awe the
most relevant since they correspond to the uppéi@mer edge of thedeterministicPareto front (see Fig. 8a). The
curves for the other three design points are caiaddly similar. Fig. 10a and Fig. 10b show desjgint 5,
corresponding to the lower left part of the Pafedat, i.e. minimum mass/minimum deviation.

Belief and Plausibility for b, design nr.5 Belief and Plausibility for System mass, design nr.5
19 1r §90000000000000000000
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0 : ; : ; . —0@¢ Q 08 ; ‘ ; ‘
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a) b [km] b) System mass [kg]

Fig. 10 Belief/Plausibility curves for design 5: a) impaetrameteb b) system mass
The deviation obtained is indeed very small, gdiogn few tens of meters f@el=1 to few thousands fd?l=0. At

the same time, the curves of the system mass diaivittcannot be lower than 68Q@ but also will not exceed 765
kg even in the worst possible condition.
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Belief and Plausibility for b, design nr.1
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Fig. 11 Belief/Plausibility curves for design 1: a) impg@etrameteb b) system mass

Similar observations are applicable to Fig. 11a Bigd 11b, which consider the design point corresiirag to
maximum deviation and maximum system mass. In ¢hge however, the difference between the conditiibim
BeE1 andPI=0 is much wider: ~1910* km for the impact parametérand ~1.09-192- 1d kg for the mass. This
means that in the worst case, a successful dewitistill achievable, albeit with a small mardnut the total launch
mass of the formation will be quite high. Note thatthe case of design 1, the performance valoewérst and best
conditions Bel=1 andPI=0) are coinciding with the values at upper edgéheiminmaxand minmin Pareto fronts
respectively, as reported in Fig. 8a. This is eixgld by the fact that the design points correspando the upper
edge of thaleterministic minminandminmaxcurves are identical and correspond to the poitit m=10, dy,=20 m
andt,,,—=8 yearsas in Fig. 9. However, this is not the case inegah(as already discussed in the previous section)
and therefore for example the performance valuethfoBel=1 and PI=1 conditions for design point® 2 will be
different from the best case and worst case camditdefined by theninminandminmaxPareto fronts.

It is interesting to observe that the Bel/PI curiard follows asteppedrend with three large variations while the
mass’ curves have a more gradual increase from10 fithis possibly means that the impact paramstendstly
influenced by a single physical parameter rathan ttny a combination of many of them. In order &niify the most
influent parameter, one can calculate the Beliaf &tausibility curves for design point 1 with respéo each
individual physical parameter while considering teenaining ones as constants with the values ideTabThis
analysis does not consider the coupling or intezddpncy of the parameter and therefore does natidera
complete picture of the impact of one uncertainapater on the system performance. Nonethelessvés ga
qualitative indication of the relative importandetoe uncertain parameters. The results are showaigi 12.
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Fig. 12 Belief/Plausibility curves fob w.r.t. Egyp

In Fig. 12a one sees that in the case of the sabibm enthalpy the difference in impact paramebetsveen the
points atBel=1 andPI=0 is much greater than in the four other caseas (b to Fig. 12e).

This shows that the wide boundaries introducedhenenthalpy are a driving factor in determining thide
spreading between the best case and worst casetipgameteb. It also means that, with the current knowledge
on the value of the sublimation enthalpy (see T&lea tight enclosure of the performance of treetaablation

system is not possible.

7. Conclusions

This work presented the combined orbital and systeodel for the multiobjective optimisation under
uncertainties of the deflection of an asteroid Witker ablation. A fast and accurate analyticapagation of the
low-thrust deflection action, though FPET, allovwfedthe fast computation of the Pareto set of ogtisolutions for
the asteroid deflection problem. The deterministialtiobjective optimisation showed that solar-puchdaser
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ablation can easily achieve considerable NEO deviatwith a launch mass within current or near reitu
technological capabilities. The uncertainty on soeniéical technologies and NEO physical charactiesswere
modelled and quantified through Evidence Theoryimjyuding these uncertainties in the optimisatiwacess, one
can observe that in the worst case scenario tleetaféness of the whole concept is severely comizexnin The
analysis of the Belief and Plausibility curves magealed that the sublimation enthalpy is the nagstal uncertain
parameter, due to its wide range of values whichedd on asteroid type and also due to the disagneenf
different sources. The optimisation approach undeertainty proposed in this paper was demonstritdoe a
useful tool to highlight the key knowledge areasohiwill require better investigation in the eaplgases of mission
design. Furthermore, it provides a quantitative snea of which solutions should be adopted to beisbhgainst
current uncertainty.
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