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“Its the ship that made the Kessel
run in less than 12 parsecs”

— Han Solo

1 Background

It is the year 2060 and the commercial exploitation of Low Earth Orbits (LEOs)
went well beyond the trillion of Euros market size. Following the unprecedented
explosion of a Sun-synchronous satellite, the Kessler effect triggered further
impacts and the Sun-synchronous LEO environment was severely compromised.
Scientists from all main space agencies and private space companies isolated a
set of 123 orbiting debris pieces that, if removed, would restore the possibility
to operate in that precious orbital environment and prevent the Kessler effect
to permanently compromise it. You are thus called to design a series of missions
able to remove all critical debris pieces while minimizing the overall cumulative
cost of such an endeavour. Each single mission cost (in EUR) will depend on how
early the mission is submitted to the “authorities” (regardless of their actual
launch epoch) and on the spacecraft initial mass.

The website https://kelvins.esa.int/ has to be used to submit all mis-
sions in the format described in this document: each submission will be auto-
matically verified and scored.



2 The problem

Design n missions able to cumulatively remove all the 123 orbiting debris
defined in the file debris.csv. One mission is a multiple-rendezvous spacecraft
trajectory where a subset of size N of the 123 orbiting debris is removed by the
delivery and activation of N de-orbit packages. The following cost function has
to be minimized:

n

J= ici = Z {Ci +a(mo, — mdry)Q
i=1

i=1

where C; is the cost charged by the contracted launcher supplier for the i-
th mission and it is composed of a base cost ¢; (increasing linearly during
the competition time frame) and a term « (mg, — mdry)2 favouring a lighter
spacecraft. At the beginning of the i-th mission myg, is the spacecraft mass and
Mary its dry mass. The a parameter is set to be a = 2.0-107% [MEUR / Kg?|:
each Kg of launch mass saved results in a discount over the mission cost (but
also in less AV capability).

The -th mission starting epoch is denoted with ¢ and its end epoch with
t{ . A mission starts with a launch delivering, at ¢{, one spacecraft at a chosen
debris and ends when all the NV de-orbit packages on-board have been delivered
and activated. An orbiting debris is considered as removed if: a) its position
and velocity at some epoch t coincides with the spacecraft position and velocity
vector and b) for the following t,, > 5 days the spacecraft stays in proximity of
the debris while delivering and activating a de-orbit package of mass mg. = 30
kg].

After, the spacecraft is free to ignite its propulsion system again and leave
towards the next debris (note that only in-between debris transfers the space-
craft is subject to the full J, perturbation and its dynamics is described by the
equations of motion reported in the Appendix. During the removal operations
(i.e. for a time t,,) the position and velocity of the spacecraft will, instead, be
considered to be those of the debris as computed by the ephemerides)

The basic cost ¢; of each mission (i.e. not including the « term), increases
linearly during the competition month and is computed as follows:

tsubmission - tstart (

¢ =Cm+ CM — Cm)

tend - tstart

where tsupmission 1 the epoch at which the i-th mission is validated (via the
Kelvins web-site) and tenq and tgpqrt are the end and the beginning epochs of
the GTOC9 competition. The exact value of ¢; will be visible at all time on the
website. The minimal basic cost ¢, is 45 MEUR, while the maximum cost ¢y
is 55 MEUR.

Each orbiting debris that is not removed by any of the missions
submitted by one team will be considered, at the end of the compe-
tition, removed by a dedicated launch costing 55.0018 MEUR



3 Orbital Manoeuvres

The only manoeuvres allowed to control the spacecraft trajectory are instanta-
neous changes of the spacecraft velocity (its magnitude being denoted by AV.
After each such manoeuvre, the spacecraft mass is to be updated using Tsi-

olkovsky equation:
( AV)
mys =m;exp | — ,
Ve

where ve = Ipgo. A maximum of 5 impulsive velocity changes is allowed during
each transfer between two successive debris.

4 Spacecraft

Each spacecraft initial mass mg is the sum of its dry mass, the weights of the N >
1 de-orbit packages to be used and the propellant mass: mg = Mgy +Nmge+my.
All spacecraft have a dry mass of mg,, = 2000 [kg] and a maximum initial
propellant mass of m, = 5000 [kg] (less propellant may be used, in which case
the launch costs will decrease). Each de-orbit package has a weight of mg4. = 30

[ke]

5 Operational Constraints

The debris removal operations during each of the multiple-rendezvous trajec-
tories are complex and demand some control over the schedule of the debris
visits:

1. The overall time between two successive debris rendezvous, within the
same mission, must not exceed 30 days. So that if the arrival epoch to
the debris D, is tp, and the arrival to the next debris Dy is tp,, then
tp, —tp, < 30 [days].

2. In order to avoid operating different missions in parallel, a time of at least
30 days must be accounted for between any two missions so that if £7 > ¢

then ¢/ + 30 < ¢ [days], Vi # j.

3. All mission events (arrivals, departures, etc..) must take place in an al-
lowed window, so that indicating with t.,en: the epoch of any event, then
23467 < teyent < 26419 [MID2000].

4. The osculating orbital periapsis 7, cannot be smaller than r,, = 6600000
[m] (this is only checked immediately after arrival, departures and deep
space manoeuvres events, not in-between)



Value Units
o 2.0-10°° MEUR/K ¢°
Cm 45 MEUR
M 55 MEUR
tw 5 days
Mde 30 Kg
Mary 2000 Kg
my 5000 Ky
rp,, 6600000 m
w 398600.4418 - 10? m3/sec?
Jo 1.08262668 - 10~3 —
Teq 6378137 m
Isp 340 sec
9o 9.80665 m/sec?
Day 86400 sec
Year 365.25 days

JD = MJD2000 + 2451544.5 ——
MJD = MJD2000 + 51544 ——

Table 1: Values to be used for problem constants and conversions. JD is the
Julian date. MJD the Modified Julian Date and MJD2000 the Modified Julian
Date 2000



6 Submission

Each mission is described by a stand-alone text file. One file contains one
mission. Each file must be submitted separately. Each member of a team is
allowed to submit files on behalf of the whole team.

As soon as a file is submitted two steps will happen in our servers: a) pre-
liminary validation and b) scoring step. During the preliminary validation,
the submission is considered as a stand-alone mission and only some constraints
are thus checked. If a problem arises at this stage an error code and a descrip-
tion of the problem will appear to help the user debug the problem. If the
preliminary validation is passed the submitted file will be stored in our servers
and appear in the submission list of the team’s users. This does not mean that
the submission is valid: problems may arise during the following scoring step
as the mission will be tested against all previously submitted missions that were
marked as valid (e.g. for repeating debris, mission overlaps, etc..). If some con-
straint violation is detected during the scoring step , the submission will be
marked as invalid and appear in red in the team’s users submission list, but no
error will be explicitly signaled. A non valid submission has no consequence to
the team score.

Upon successful completion of both steps, the updated team score,
as well as the total number of debris removed so far will be immedi-
ately visible in the leader-board and thus available to all competing
teams.

6.1 File format

Each line of the file contains an event which, essentially, correspond to an
impulsive AV manoeuvre. Impulses can be given at arrival or at departure
to/from a given debris, as well as in deep space. Each line thus contains the
epoch, the spacecraft state, the Cartesian components of the instantaneous ve-
locity increment AV (assumed to be delivered immediately after the event)
and the event id (a deep space manoeuvre is denoted by -1, the arrival and
departure to/from a specific debris with the debris id). Valid submissions are
available for inspection in the folder submission_examples contained in the
data file gtoc9-data.zip. The file example_submissionl.txt, as an example,
contains a possibly valid mission able to remove the debris with ids 23, 3 and
51. A direct transfer is made between debris pieces with ids 23 and 3, while one
deep space manoeuvre is made between ids 3 and 51. The file, thus, has the
following structure:

line in file # [mjd2000] = [m] y[m] z[m] w, [m/s] w, [m/s] w.[m/s] m[kg] AV, [m/s] AV, [m/s] AV.[m/s] eventid
0 float, float, float, float, float, float, float, float, 0, 0, 0, 23
1 float, float, float, float, float, float, float, float, float, float, float, 23
2 float, float, float, float, float, float, float, float, float, float, float, 3
3 float, float, float, float, float, float, float, float, float, float, float, 3
4 float, float, float, float, float, float, float, float, float, float, float, -1
5 float, float, float, float, float, float, float, float, float, float, float, 51
6 float, float, float, float, float, float, float, float, 0, 0, 0, 51




6.2 Preliminary validation

Each file submitted will be validated and scored automatically. A number of
validation checks will be made as soon as the file is received, if any fails a the
following error codes will be returned:

1. The file size is checked. If exceeding 1MB the submission will be marked
as invalid.

2. The file structure is checked. If not a csv file containing 12 values per line,
the submission will be marked as invalid.

3. The number of lines is checked. If exceeding 856 or less than 2 the sub-
mission will be marked as invalid.

Let us indicate the file content using, as a subscript, the file line so that, for
example, t3 denotes the value of the epoch in the fourth line (the first line has
subscript 0, the last f). We also indicate with rp, (t), vp, (t) the position and
velocity of the debris with id = k at the epoch t. Finally we use r; = [z;, y;, 2],
V; = [Ug,;, Uy, V2,] to indicate the position and velocity as read from the file at
line ¢ and AV; = [AV,,, AV,,,AV.,] to indicate the velocity increment vector
as read from the file at line ¢ . Using these conventions, the following further
checks will be made, if any fails the submission will be marked as invalid:

4. The event ids are checked: —1 < id; < 122, Vi

5. The pericenter is checked: a;(1 — e;) > 6600000, Vi, where a; and e; are
the osculating orbital elements computed from r; and v;.

6. The initial mass is checked: mg > 2030. The embarked propellant mass
is checked m, = my — mgry — 30N < 5000 (NN is here assumed to be
equal to the number of different debris visited). The final mass is checked:
my > 2000.

7. The epochs are checked (monotonically increasing): t; > t;, Vi, Vj > 1.
8. The initial and final velocity increments are checked: |[AVy| = |AV | = 0.

9. The first and last two events id are checked to be an arrival and a departure
to/from the same debris: idy = idy # —1 and idy = idy_1 # —1

10. The event sequence is checked: if id; # —1 then either id;_; = id; or
idi+1 =1d; Vi € [2, 7f — 2].

11. The event sequence is checked: exactly two events (arrival and departure)
must be associated to each id # —1

12. For all arrival events, the rendezvous conditions are checked as: |r; —
rp, (ti)] < &, [vi —vp, (i) + AV;| < e,



13. For all deep space manoeuvre events and arrival events (except the first),

the mass update is checked as |m; — m;_1 exp (7%)’ < €.

14. For all arrival events, the waiting time constraint is checked as ¢;41—t; > 5

15. For all arrival events, except the first one, the time elapsed since the
previous debris rendezvous is checked: ¢; —t; < 30, where j is the line
corresponding to the previous arrival event.

16. For all departure events, the rendezvous conditions are checked as: |r; —
rp, (ti)| < €rs [vi = vp,(ti)] < €

17. For all departure events the mass update is checked as
_ IAV171 I
v

e

) + 30‘ < €. (delivery of the de-orbit package

is included as well as the mass loss from the AV)

mi — Ms—1 €Xp (

18. For all deep space manoeuvre events and arrival events (except the first)
the spacecraft state r, v is first computed numerically integrating the
equation of motion from initial conditions r;_; and v;_; for a time of
T =1t; — t;—1 [days| and then checked as |[r — r;| < €. and |v — v;| < €,.

19. All epochs must be in the allowed window. t; > 23467, t; < 26419, Vi.

6.3 Scoring

If the file passes the validation step, a scoring step is applied. During this
process the submitted file can still be detected as invalid w.r.t. to the previously
submitted files as some operational constraints will be now checked (e.g. debris
visited only once). In case any is violated the submission will be considered
invalid and not scored.

If an error occurs in this phase no message will be communicated,
but the submission will simply be marked as invalid in the user sub-
mission page.

Otherwise the score J of the team will be updated on the leader-board as
well as the number of debris removed so far.

6.4 Testing for preliminary validation

To help the teams figure out the correct file format to submit, any submission
with filename containing the string TRIAL will be ignored after the preliminary
validation step.

Try, as a test, to submit the file TRIAL-my mission.txt which contains a
mission that passes the preliminary validation. Then try to submit the same
file, changing some numbers it contains.



6.5 Undoing submissions

Submissions can be withdrawn by the team, but only in reverse submission
order. This may be useful in cases where a mission was submitted early in
the competition timeline in the hope to exploit a favorable price, but later the
team has found that the submitted mission is no longer of use. To withdraw
the last valid submission, (and thus revert to the previous valid one) any team
member may submit a dummy file that passes the preliminary validation (e.g.
example _submissionl.txt) and put in the title field of the submission page
the text “[delete last valid]“‘. The result of this action will be to mark as invalid
the last valid submission. The dummy file will also appear as a dummy invalid
submission on your user page.

By issuing this command repeatedly all submissions can be undone in reverse
order.



7 Appendices

A Equations of motion for the spacecraft

Each spacecraft dynamics is described, between two manoeuvres, by the follow-
ing set of Ordinary Differential Equations (ODEs):

k=2l 8, (") (1-55

3 r

7= {1+ 30 () (1-55

r3
. - 2 2
i=—ti {1435 ()" (3-5%) )
that describe a Keplerian motion perturbed by main effects of an oblate Earth,
i.e. Jy. Note that between an arrival and a departure event the spacecraft

is co-orbiting with the debris piece and hence its position and velocity is not
described by the above equations, rather it coincides with the orbiting debris’.

B The orbital ephemerides

Each debris orbit is defined by the values tg, a, e, 7, 2, wg, My as read from the
file debris.csv. At any given epoch ¢ the position and velocity vectors of each
debris piece must be computed by updating its osculating Keplerian elements
using the mean motion and the precession rates and then converting, as in the
Keplerian case, the updated osculating elements to position and velocity. Note
that by doing so we are neglecting the velocity component deriving from
and w, for the purpose of this competition this is deemed as appropriate as
it removes complexity from the equations without introducing any significant
change on the search space landscape.

The procedure detailed below (assumes consistent units everywhere) shows
all necessary equations.

1 - Compute the osculating Keplerian parameters

After having defined the mean motion n = ‘/a%’ the semilatus rectum p =
a(1 — e?) and the precession rates:

3 Teq
W= ZJQ (;) n(5cos®i—1)

compute the right ascension of the ascending node €2 from:

Q- Qo= Qt — to),



the argument of perigee w from:
W — Wy = w(t - to),
and the mean anomaly from:

M—M(] :n(t—to)

2 - Compute position and velocity as in the Keplerian case

The Kepler’s equation is used to compute the eccentric anomaly E from the

mean anomaly:
E—esinE=M

while the true anomaly 6 can be obtained from the relation:

FE 1—e 0
tan — = tan —,
2 1+4+e 2

Compute the flight path angle v from:

¢ esin
any=————,
" 1+ ecosb

the norm of the radius vector from:

a(l—e?)
Pr=—
1+ ecosf

|2 p
v = )
T a

The Cartesian coordinates of the position vector r and velocity vector v can
then be computed from:

and the velocity norm from:

x = rfecos(f + w) cos Q — sin(f + w) cos i sin ]

y = r[cos(f + w) sin Q + sin(6 + w) cos i cos 2]

z = r[sin(f + w) sin |

vy = v[—sin(f + w — ) cos Q — cos(f + w — ) cos i sin Q]
vy = v][—sin(f + w — y) sin Q + cos(d + w — ) cos i cos 2]

v, = v[cos(0 + w — ) sin ]

10
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