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Curiosity:

* no more than two people were co-located
* some of us have never met in person (yet)
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The Approach The Chains The Tables

The Dispatcher The Refinement High-performance
computing
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The Approach



Overview

Preliminary Chains
study generation

» Estimate of chain » Select the

length asteroids
» Estimate ring » Optimise bi-

location impulsive

transfers
5

Tables Refinement
generation & DSM
Determine all the < Allocate asteroids + Compute
opportunities for to station rendezvous
asteroids to transfers

 Trim the chain

transfer to the
and refine the Av

stations
maneuvers

Loop over different values of a ring
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The Chains
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The Chains - Pruning

Raw Asteroid Catalogue

Myge > Mg
Last < Imid

€ast < €mid

Qg < 3.0 AU

—

X lad] 10% left

Pruned Asteroid Catalogue
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No. of Ast: 83453 EEEEEEEEEE——— > No. of Ast: 7625
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The Chains — Modelling & Prel. Opt

Jan 1st Jan 1st Jan 1st
2121 2122 2141
Launch |~|7|asu;i?) about 16 years End of Mission
MS #1 (with Edelbaum Eq.) Visiting Complete
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s #1 ' ——¢ .
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| I Atgzast | Atyseoast | Atgseoast Atysizast I
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£(2,0) : £21) £(22) £(23) $2n-1) £2n) :
1 " EEEREDR I
ez B ——o— —=n
. | : Atgzast | Atastaast | Atast2ast | | Atastzast | :
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£(10,0) £(10,1) £(10,2) +(10,3) t(on-1) £(20,n)

MS # 10 * ? , ? E R EEREDR , *

| Atgoast | Atpsezast | Atpstzast | | Atpsezast |

Three design variables & Tree-Search based asteroids selection

(AtEZAst' AtAstZAst ’ aDyson)
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Tree Search - Transcription

The previous analysis allows to transcribe the problem from a mixed-integer formulation into a
pure combinatorial one.

] = f(S» T, Aring» iring»Qring) ] — f(S' Tr aringriring:ﬁring)
S: asteroids sequence - S: asteroids sequence
T: visiting epochs T: fixed visiting epochs
[aringriringr Qring]: ring parameters [aring'iring:ﬁring]: fixed ring parameters
S, T and ring parameters vary Only S varies

In this way, one can apply any of the common approaches used for combinatorial optimization.
Due to the nature of GTOC problems, usually it is possible to model the search space as some
form of tree graph.
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Tree Search - Branching

Level #1
On the tree graph, each node encodes a - (1 asteroid per node)
trajectory with increasing number of asteroids = Lovel #2
eve
per tree level. - (2 asteroids per node)
: : i 7 Level #3
We perform the branching breadth-wise, i.e., one > S N Nt - (3 asteroids per node)
depth level at a time. Branching successive nodes / ./ ./ SN~ Noso T A
. ‘l \\ ‘l \‘ ‘l \‘ ‘/ \\
implies solution of a Lambert Problem (LP): WA EW W G.)
o M
.. - % = ambert Arc
A77leg (l;]) = |vj,departure — v, arrwall t e AVeg 1)
X3
\_/,\,/here: N S 5 5I.departure " ?j,ar-rival
Vj arrival < Vj,arrival T X (vAj - Vj,arrivaz) A
X: |13Aj - v]{,arrival| = 2 km/S Previous leg N
Ui arrivar - LP solution for previous leg Lambert Arc
- . : SN e Asteroid orbit
Uj geparture - LP solution for leg (j, k) oty
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Tree Search - Pruning

11

To prevent the tree expansion to become intractable,

we applied some pruning criteria:

« Nodes with Av,,, > 30 km/s are no further expanded
- Nodes with Av,., > 1.5 km/s are no further expanded
 Beam Search strategy (only best Beam

Width options are kept for further expansion)

The function to be minimized is:

] — 10—10 mftot

Av
Aring (1 + 560t

my, . - total final mass at the ring per node

Av;,;: accumulated Av per node

7

- i~ -
I’ ‘\ﬁ"'-u e t:r‘*"'h R
Ty
r"u r"\. r"‘u r""h ¥ .
i 1 i i
-#f I\'Jlnu.ﬂll“ \h.#f I\'Jlnu.ﬂll“"

x - pruned due to high Av

@ . pruned due to beam width
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Epochs and Ring Refinement

1. Refinement of the encounter dates to further lower the cost of each mothership

J= f(s\', T, aring:iring:ﬁring)
S: fix roi n :
S: fixed asteroids sequence » Only T varies

T: visiting epochs
[@ring, tring Qring: fixed ring parameters

2. Refinement of the ring parameters to provide a better understanding of its size and orientation

J= f(f, T: Aring, iring' -Qring)
S: fixed asteroids sequence

T: fixed visiting epochs » Only ring parameters vary

[Aring: iring, Qring]+ FiNG parameters

3. Refinement of motherships Av w.r.t. asteroids approaching velocity constraint
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Asteroids Chains

3_
o | Computational time: = 3 h, MATLAB
N
) - -
< o} Chains are now built
and asteroids ready
| to be transferred to
1 the optimal ring
-3F
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Getting to the Dyson Orbit

1. Solve linearised energy-optimal problem with
variable thrust analytically

l Costates at t,

2. Solve the nonlinear energy optimal problem with
the true longitude as a free variable (L free) using
the shooting method, with costates from 1. as
guess.

l Costates at t,

3. Solve the time optimal problem with the true
longitude as a free variable (L free) using the
shooting method with costates from 2. as initial
guess.

« Method used to solve the optimal control
problems: indirect method

15

?’(AU)

——Nonlinear energy optimal —— Time optimal

e Initial position — =Dyson ring —— Linear energy optimal
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Table - Data Collation

Asteroid orbital period
~ P k= 1:16%.

1. to,primary = tryby T 30d+k

— = Asteroid Orbit
— -Dyson ring
— Time optimal

1 1 . 2_E

2. For each start time in to primary i

. . 1.5

a) Solve the L free time optimal problem. o

b) Calculate the phase difference between each 0_55

station and the point of arrival at the time of S

arrival. .

-O.Sé

E

Departure Phase difference upon arrival Arrival Initial ]

time at station time costates 1

1 2 12 23
tO,primary(l) AL(l,l) AL(l,Z) AL(1,12) tf.primary(l) )‘to(116)
tO,primary(z) AL(Z,].) AL(ZIZ) AL(2112) tf,prima\ry(z) )“to(216)
£o,primary(16) AL(16,1) AL(16,2) AL(16,12) tprimary (16) A, (16,6)

*16 points were used as it provided a good tradeoff between computational time and accuracy.
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Table - Continuation

3. While t¢ . < Mission end date (January 15t,2141):

17

a) Departure time : tgsecondary = toprimary T Np(Asteroid period) (np: Orbital period index)
b) Time of flight : tOfsecondary = tOfprimary (Lf,primary: Lf,secondary ) }\secondary — )\primary)
C) Arrival time : tesecondary = tOfsecondary T to,secondary, calculate AL

Departure time Phase difference upon arrival at Arrival time Initial costates
station

1 2 12
1St ASterOId [r— to,primary(l) AL(1,1) AL(1,2) AL(1,12) tf,primary(l) /11:0(1/6)
period after
flyby

S— toprimary(16) AL(16,1) AL(16,2) .. AL(16,12) tf primary(16) 2, (16,6)
an Asteroid to,secondary(1) AL(17,1) AL(17,2) AL(17,12) tf secondary (1) )\to(1,6)
period after = ..
flyby (S AL(32,1) AL(32,2) .. AL(32,12)  trsecondary(16) 2,,(16,6)
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Table - Phase Matching

4. Repeat for each asteroid period, for each station :
a) Interpolate to get ty, t;and 4, at which AL = 2kn, k € Z

Departure time Station 1 : Phase Arrival time Initial costates

difference upon
arrival

to,primary (1)

tf,primary (1) lto ( 1:6)

tO,primary ( 16) tf,primary (1 6) Ato (16,6)

18

9.74 -

9.72 -

©
-~
P

Departure time (MJD)

AL (rad)

Interpolated result

to to(1), to(2)
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Table - Phase Matching

4. Repeat for each asteroid period, for each station :
a) Interpolate to get ty, t;and 4, at which AL = 2kn, k € Z

Station 1 : Phase
difference upon
arrival

Departure time

to,primary (1)

tO,primary(]-G)
b) Calculate m.
— t t
me = mgs _ am(c)ls (tf - tstart)

19

Arrival time

tf,primary (1)

tf,primary (16)

Initial costates

Ato(llG)

At0(16r6)

9.74
9.72 -

9.7 -

© o©

2] =2}

o ®
|

9.64

Arrival time (MJD)

9.62

9.6

AL (rad)

Interpolated result

AsteroidiD | xx |

to to(1), to(2)
ty te(1), te(2)
X, A, (1,6), A, (2,6)
mg me(1), mg(2)
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Table Assembly

1 Asteroid ID XX
to to1 (1), to1 (2), ...
tr (1), t5(2), ..
A, (1), AE5(2),
m; mf (1), mF(2),..

20
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Table Assembly

1 Asteroid ID XX Asteroid ID XX Asteroid ID XX
to to1 (1), to1(2), - to toz (1), t52(2), ... to t012(1), t512(2), ..
tr trr (1), t77(2),... tr tr5 (1), t75(2),... tr tr12(1), t71,(2),...
A, A1 (1), 251(2),... Aty Aa2(1), 2552(2),... Aty Aaa2(1), A5512(2),...
me msr (1), m§i(2),... me msy (1), mg;(2),... m; msi, (1), me,(2),..
21 'SUEPEEE;:: SURREY Southampton IS | roowaim,,
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Table Assembly

Asteroid ID

XX

tgicZ(l)l tfffz(z),
t;cfz(l)l t]icfz(z),
A812(1), A552(2),-.

m}‘fz(l), m}‘fZ(Z),.__

Asteroid ID XX Asteroid ID XX
to tor (1), t51(2), ... to toz (1), t02(2), ...
tr tr1 (1), t77(2),... tr tr5 (1), t75(2),...
At, A55(1), 285(2),... At, 55(1), 255(2),...
me mer (1), m§i(2),... me msy (1), m§;(2),...
Asteroid ID vy Asteroid ID A%
to 2y (1), t27(2), ... to 2y (1), t27(2), ...
tr t77 (1), £7(2),.. te ty5 (1), t75(2),...
At, 201 (1), 21(2),.. Ae, 25(1), 4725(2),..
me m}’f’(l), m}?’(Z),... me m}’g’(l), m1¥2y(2),...

Yy

27(1), 8335(2), ..
£7,(1), £2,(2),...
225(1), A25(2),..

m%,(1), m%2,(2),...

1588 >~
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The Dispatcher
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The Dispatcher

Objective function
« Inputs: asteroids arrival time and
mass to each station
« Optimisation variables:
- station sequence (x12)
- number of asteroids (x12)
- min delta time (x1)

1. First allocation
. Distribution
3. Trimming of Motherships

N

* Output:
J =f(m.,Av) GTOC11 based
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The Dispatcher . e s

b) Ordering asteroids in arrival time, compatibly

with arrival time constraints
c) Select the first n asteroids

d) Repeat a) to c) until all stations are filled

x101°
5
=3t
5 x101°
P = | st #9
o .3+ ——St. #10
;1, 5 1018
1. First allocation o 82 T TSU#1 - SL#5 —St#
2. Distribution refinement 096 08 10 §1 g"’ o #6 St #T —st#i
3. Trimming of Motherships time [d] & P e i
0- | -~ %
9.6 9.8 10 04
i 8 [ i
oL | . .
9.6 0.8 10 10.2
time [d] x10%
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- Distribution refinement
Th e D I S patc h e r a) Identification of stations to be reduced (m > m_..n)
b) Remove asteroids with minimum mass first
c) Identification of station with minimum mass (m = m.;;,)
d) Allocation of asteroid with earliest arrival time
e) Repeat a) to d) until no asteroids can be allocated

Initial Final
«10'8 itia 1015
= 2 * removed D 2|
=<, + added . =
515 s S 15/ i
1. First allocation B ! : [z
2. Distribution refinement © Min r ; ! x I[ | @
. . 2 f I @
3. Trimming of Motherships EOS [ [J [ }1 r EO'S
0- ' ‘ ‘ oL ' ' ‘
0.6 0.8 10 10.2 9.6 0.8 10 10.2
time [d] «10* time [d] x10%
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Trimming of Motherships

T h e D I S pa tC h e r a) Identification of not used asteroids at the end

of the MS chain
b) Remove asteroids from the MS and update Av

. No of Asteroid Av gain
S (km/s]

1 0.27
0.25
0.55
3.47
0.11
0.98
1.80

10 1.06
Total 19 8.48

1. First allocation
2. Distribution refinement
3. Trimming of Motherships
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Ring # Asteroids  Objective Ring (AU)  # Asteroids  Objective
T I1 E D i S a tc I1 E r (AU) Before Before
p 1.000 313 1.065 300 5822

1.040 290 5795 1.070 300 5872
Optimisation approach
pV ble b 'le 1.045 300 5797 1.080 300 5863
. ariable boun
) 1.050 313 1.100 313 5849
— number of asteroids 12-36 -
— min de|ta time 9025_95 1.055 300 5855 1.190 300
* First assessments: 1-2 GA runs 1.057 300 5856 1.200 300
* Detailed assessment: 5 PSO runs on HPC | 160 313 1300 300
— Population 4000 e
- Sta” ite rations 100 Faobsric Ic:::lt‘:n:ni»Path (OP) and Infiniband (IB)
. . . 1 x Login Node eureka.surrey.ac.uk
- HYbrId Fu nctlon fmlncon 16xCPUgnode(0P) InteIXeonE:—2660v4@2.0GHZI1ZBGBF'{AM
33 x CPU node (OP) Intel Xeon Gold 5120 @ 2.20 GHz / 192 GB RAM
H P C 13 x CPU node (OP) Intel Xeon E5-2680-v2 @ 2.80 GHz / 128 GB RAM
« University of Surrey's Eureka High Performance e e e
. 12 x CPU node (IB) Intel Xeon E5-2670 @ 2.60 GHz / 64+ GB RAM
Computlng (HPC) Cluster 2 x CPU node (IB) Intel Xeon E5-2670-v2 @ 2.50 GHz / 128 GB RAM
. . . 6 x CPU node (IB) Intel Xeon E5-2697-v2 @ 2.70 GHz / 128 GB RAM
* Access for Dispatch: ~ 48 hours prior to deadline 1 xbigh Mem node (E) It Xeon ES:2670 @ 260 GH /255 GB AAM
- 24 workers per task TGP (0 it oo 1@ 250k 25t
 Computational time: = 2 hours per task SRl [ e
Standard storage NFS @ ~5 TB
Queue Slurm
28 st - INIVERSITY OF THE UNIVERSITY OF
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The Refinement



From Tables to Rendezvous

Inputs from interpolation &
Dispatcher:

* Launch time

« Target station

« Time of flight

« Initial costate guesses

!

Time optimal rendezvous problem

Output:
« Refined time optimal rendezvous
solution

Computational time: =10 m

(293 asteroids sequence, MATLAB)

30

——Dyson ring

— Asteroid orbit

Target station
— Guess from interpolation

= =Refined solution

x(AU)
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Deep Space Manoeuvres (DSM)

Input:
« Trimmed chains from the Dispatcher

l

A single DSM in each Lambert’s arc
for fixed rendezvous epochs

» Solve a local parametric
optimization problem

|

Output:
« Refined chains Av

Before DSM

J =5975

After DSM J =5992

Computational time: =15 m

(293 asteroid sequence), MATLAB

31

No

O 00 N o ul A W N =

[
o

'SSUﬂPEAf:RO SURREY Southampton Rl

Mothership A:tg.rc:)fid Avpgy | Av gain

(m/s) | (m/s)

Removed

0 21 2.09e-8 191.89
0 22 2.30e-8 175.36
0 12 7.32e-8 58.94
0 0 0.00 0.00
0 18 1.48e-8 42.48
0 14 1.15e-8 27.79
0 16 1.13e-8 20.04
0 17 1.47e-8 3.23
1 14 175.50 482.02
0 0.00 0.00 0.00
Total Av 155.50 1001.74
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Final Solution - Mothership Chains

Mothership 1

Mothership 6

32

Mothership 2

Mothership 7

Mothership 3

Mothership 8

Mothership 4

Mothership 9

Mothership 10

1338 ~~

SUPAERO

REY

SPACE CENTRE

No of
Asteroids
Visited

29
31
32
28
31
28
29
30
25
30
Total Av

O 00 N O U1 A W N P

[
o

UNIVERSITY OF

Southampton

18.96
17.04
20.62
18.84
21.25
18.75
18.46
22.27
17.98
20.69
194.90
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Final Solution - Dyson Ring

Inc (deqg) 0.8517

1 27 1.2967E+15

RAAN (deg) 107.5743 2 26 1.2874E+15
Phase (deg) 0 3 29 1.2928E+15
4 28 1.2954E+15

5 24 1.3068E+15

6 21 1.2860E+15

7 22 1.2768E+15

8 24 1.2815E+15

9 24 1.2767E+15

10 23 1.2808E+15

Time of submission : 11 21 1.2890E+15
Nov 07, 2021 8:14 AM UTC 12 24 1.2819E+15
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