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Abstract

As the number of Earth-orbiting satellites continues to grow, ensuring consensus among them becomes increas-
ingly crucial for autonomous, unbiased decision-making. With greater autonomy moving onboard satellites, the ability
for them to make collective decisions on critical tasks such as space environment monitoring or disaster detection be-
comes essential. Consensus algorithms are key in enabling this cooperation, but fault-tolerant algorithms, like Practical
Byzantine Fault Tolerance (PBFT), require significant communication between network members, leading to frequent
satellite interactions. While some satellite constellations have improved communication within their own networks,
inter-constellation and individual satellite communication remain limited. To support universal inter-satellite commu-
nication, close proximity between satellites is vital. This makes optimal orbital strategies essential for maximizing
interactions and facilitating seamless communication across constellations. This paper explores improving consensus
protocol efficiency by identifying optimal orbit strategies for PBFT. By simulating both theoretical and existing satel-
lites, we compute the time required to reach consensus for various network sizes. This analysis helps pinpoint optimal
orbital configurations that minimize consensus time. Additionally, simulated satellites are arranged into constellations -
similar to space relays - further reducing consensus time. However, each simulated satellite acts as a single node in the
network, avoiding centralization and maintaining the decentralized nature of the system. Real and simulated satellite
orbits are propagated, allowing us to analyze potential interactions, distances, and timings between satellites. These
interactions are then evaluated through multi-objective optimization, minimizing consensus time while maximizing the
diversity of satellites involved. Pareto fronts from this optimization provide insights into the most efficient simulated
orbits for consensus. A genetic algorithm is also employed to optimize the Keplerian elements of these orbits for fur-
ther refinement. The study finds that simulated satellite orbits resembling space relays significantly reduce consensus
time, although they require a large number of satellites to establish such a network. Alternatively, to optimize satellite
interactions in terms of both quantity and diversity, orbits with a mean motion deviating from the norm (approximately
15 revolutions per day) are needed. Additionally, orbital inclination and eccentricity are shown to play a major role
in enhancing satellite interactions. This research sets the theoretical basis for developing future decentralized orbital
networks, designed for trustless decision-making in orbit, setting the stage for future autonomous on-board satellite
operations.

is no way of determining the trust ability of another indi-
vidual. This allows satellites from various sources to col-
laboratively reach consensus without needing to rely on
pre-established trust or centralized authority. This ensures
decisions are made impartially, despite the diverse owner-
ship and interests involved, fostering broader cooperation

1. Introduction

With an increasing number of Earth-orbiting satellites,
and more crucial decision moved on-board the satellites,
reaching consensus on orbit is becoming a progressively
critical goal. These decisions range from space environ-

ment monitoring, such as collision avoidance, to auto-
matic disaster detection from Earth Observation (EO) data.
Group decisions across constellations, satellite operators,
and various types of satellites must remain impartial and
neutral to encourage broader participation, which in turn
enhances decision accuracy by incorporating greater diver-
sity. Consensus mechanisms’ are a method to complete
adversary proof collective decision making. They are typ-
ically used in trustless distributed networks where there
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in space.

Different types of consensus mechanism include
Byzantine Fault Tolerant (BFT) algorithms []],
Paxos/Raft [2]/[3] and Directed Acyclic Graphs (DAG)
[A]. The most commonly used mechanism in trustless
distributed networks is BFT algorithms due to the lack of
requirement of a trusted party. Practical Byzantine Fault
Tolerance (PBFT) [[l]] is an implementation of BFT that
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is simple and well tested and is the consensus mechanism
that is adopted in this work.

Since most satellites, excluding constellations, are not
currently designed for decentralized communication, their
orbits are not optimized for inter-satellite interactions,
making it challenging to complete a consensus round.
However, by introducing new satellites with trajectories
designed specifically to improve inter-satellite communi-
cations, the number of diverse satellites capable of partici-
pating in a consensus round can be significantly increased,
improving overall network collaboration.

Consensus mechanisms are increasingly essential for
improving coordination, scheduling, and decision-making
in multi-satellite systems, especially as space missions be-
come more autonomous and decentralized. Several stud-
ies explore how these mechanisms can address challenges
like task allocation, orbital control, and real-time adapt-
ability in satellite constellations. One prominent appli-
cation is in data fusion for weather forecasting. [J] il-
lustrates how consensus mechanisms can combine data
from various sensors on different satellites to produce
more accurate estimates of cyclone intensity. This con-
sensus method reduces uncertainty and improves decision-
making, making it valuable for real-time weather fore-
casting and post-event assessments, especially when other
data sources like reconnaissance aircraft are unavailable.

Beyond data fusion, consensus mechanisms are also
critical for coordinating tasks and maintaining stable satel-
lite formations. [(]] propose a system where satellites can
share information and coordinate task execution using im-
proved communication methods. This reduces the com-
munication load between satellites and ensures the system
remains robust even when some satellites fail. Similarly,
[[7] investigates a decentralized task allocation approach,
allowing satellites in low-Earth orbit to autonomously di-
vide tasks among themselves, further supporting the trend
toward reducing reliance on ground control. This kind of
decentralization is becoming more necessary as satellite
constellations grow larger and more complex.

In terms of orbital management, [§] uses consensus
theory to ensure stable orbital adjustments. The satellites
coordinate their positions to maintain a specific formation,
which is vital for missions requiring long-term stability. In
Earth observation, where rapid response to environmental
events is key, [9] introduces a system where satellites inde-
pendently evaluate their ability to complete a task based on
real-time contextual data. This enables quicker reaction
times to short-lived phenomena, such as natural disasters,
without waiting for ground control. Additionally, [[10]
tackles the problem of task allocation when multiple au-
thorities control satellites. Using a consensus-based algo-
rithm, this approach ensures that the most capable satellite,
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based on its current situation, takes on each task, thereby
maximizing the overall system’s performance.

Although these studies look into consensus mecha-
nisms for current and future missions, they do not however
design a mission or satellite position around the applica-
tion of a consensus mechanism. This is where this paper
sets itself apart from the previously discussed work.

To determine which trajectory/orbit is more strategic
for improving inter-satellites communications, a way of
propagating the orbits of existing satellites and measuring
how many of these satellites can complete PBFT consen-
sus in a given time period is needed. A Genetic Algorithm
(GA) that defines 6 Keplerian orbital parameters is then
used to generate theoretical satellite orbits which are then
propagated together with the current fleet of satellites to
increase the number of satellites participants that can com-
plete PBFT consensus in the given time period.

To make the problem computationally tractable and
easier to visualise a subset of satellites is chosen to refine
the number of possible satellite participants in PBFT. A
group of satellites that could require making a decision in
a timely manner on-orbit, is the satellites used in the In-
ternational Charter: Space and Major Disasters (ICSMD)
[[11]]. These satellites provide EO data to early responders
of natural disasters and has satellites from 17 different na-
tions participating. This case study provides a realistic
scenario for group decisions in an international scenario
where geopolitics could potentially affect the neutrality of
its decisions outcomes.

This paper addresses key aspects of satellite consen-
sus by examining several important factors. First, it de-
termines the number of satellites capable of completing
consensus without the introduction of a new theoretical
satellite. This is done through modelling consensus within
a subset of satellites, measuring the number of satellites
that can participate in a consensus round. After under-
standing how many satellites can participate in consensus
rounds from this ICSMD subset, a new theoretical satellite
is added. The orbital parameters of this satellite are the in-
puts into the optimisation algorithm to determine the opti-
mal trajectory that maximises the number of participants
in consensus rounds.

2. Method
2.1 PBFT Protocol

PBFT [1]] is fault tolerant up to %‘1 nodes. Where n
is the total number of nodes participating in the consensus
round. As the total number of nodes participating in con-
sensus increases, the number of communications required
increases at a rate of 2n? —n—1 [[l|]. Therefore, in a high la-
tency scenario such as inter-satellite communication, the
time taken to achieve consensus approaches millennia if
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Fig. 1. Pracitcal Byzantine Fault Tolerance (PBFT) works
through communicating rounds of messages between
participants as seen below [[1].

all satellites are participating. Therefore for a given round
of consensus, a subset of satellites from the ICSMD char-
ter is chosen to take part in the process. In this example
case study, a value of n = 4 is used to keep the problem
computationally tractable, however analysis of n = 5 and
n = 6 is also undertaken. n > 4 to maintain that at least 1
node can be faulty. This protocol can be seen in Figure .

2.2 Consensus Participation

In this section we define a fitness function. This is a
function that, given a certain start date and the complete
pool of ICSMD satellites, computes the size of the subnet-
work that can be used for running the consensus algorithm.
The goal of the optimisation will be to maximise the size
of this subnetwork.

For each satellite evaluated as potential participant of
the ICSMD subset, the following quantities are calculated:

* comm; ;1. is the satellite id in a subset of p consen-
sus participating satellites in the 3 dimensional ma-
trix comm. Equation |lf shows an example where the
primary has id = 0 and p = 4. Where i is the con-
sensus stage given by the columns in equation EI, j
is the communication number in that stage given by
the rows in equation EI and k defines whether the the
satellite is the sender (k = 0) or the receiver (k = 1).
This is built from [[I]] where the primary satellite is
td = 0. Swapping a given ¢d with ¢d = 0 will change
the primary satellite used in consensus. In this case
study all combinations of primary are calculated.

* Possible combinations (poss) is a 2 dimensional ma-
trix of dimension ((JZ ) ,4) where N is the number of
ICSMD satellites in the subset and p is the number
participants required in the given consensus round.
It represents the satellites in ICSMD participating in
each possible arrangement participants in a consen-
sus round.
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* Interaction grid (grid) is a 3 dimensional matrix of di-
mension (N,N,t,,4,) Where N is again the number
of satellites in the ICSMD subset, and t,,,; is the
maximum allowable time to reach consensus. It is
the time step ¢ ¢, in which satellites can interact with
other satellites because they are within a minimum
distance, in this case 500km. The method of gener-
ating this matrix is defined in Algorithm EI Satellite
positions are calculated using Two Line Element data
up to date as of 11/09/2024 produced by [[12] with
PyEphem [[13]. Perturbations such as J2 are not con-
sidered due to the small time period this problem is
computed across.

01 01 1010
01 0 2 2 2 20
01 0 3 33 3 0
2 1 0 0
2 1 1 2
2 1 3 3
comm. .o = 3 9 comm. .1 = 0 0
3 2 11
3 2 2 3
3 0
3 1
L 3 = L 2 -
(1]

After these values are computed the satellites that are
able to participate in a successful consensus round can be
determined from Algorithm [}. This returns a list of sub-
networks of the ICSMD charter that can be used to run
consensus protocols (using 4 satellites in the subnetwork)
to establish the verification of a natural disaster on-board
the satellites.

2.3 Optimisation of Orbital Elements

In Section the fitness function has been defined
given the subnetwork of ICSMD satellites that can partic-
ipate in a consensus round and a start date. If we consider
now adding a theoretical satellite to this subnetwork, we
need to define a function that reevaluates the original fit-
ness function and estimates the time needed to reach con-
sensus taking into account an additional participant.

The six orbital parameters, that is also the vector of
optimisation variables for the problem are

x = w, e, QM

namely: argument of periapsis, eccentricity, inclination,
right ascension of the ascending node, mean anomaly and
mean motion.

The exploration space for all orbital parameters is
given as all possible values except for eccentricity being
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Algorithm 1 Generating Interaction Grid (grid)

satellites =satellites in subset
N =length of satellites
grid = matrix of entirely -1 of shape (N, N, t,,42)
foriin {0, N} do
for j in {0, N} do
temp =[]
for ¢ in {0, ty,q, } increment by t., do

if distance between satellites; and satellites; <= 500km at time ¢ then

Append t to temp
end if

end for

temp_length =length of temp
gridi,j,o:temp_length = temp
gridj,i,o:temp_length = temp

end for
end for

e € [0,0.14] and mean motion being v € [11.1,18].
These values are calculated from 3 standard deviations
(99.7%) from the mean of orbital parameters of all satel-
lites currently on orbit (eccentricity is capped at zero as
minimum). This is done to limit the exploration space to
realistic orbits.

As seen in Figure E, the search space is complex, there-
fore a global optimisation strategy needs to be used to de-
termine the optimal values of the 6 orbital parameters. The
genetic algorithm implementation from the library PyMoo
[14] is used in this study. The mutation probability and
crossover probability are set to 0.9 and 0.5 respectively. A
basic hyper-parameter study was implemented to acquire
these values however further hyper-parameter optimisa-
tion is outwith this work. The population is set to be 200
and the algorithm runs over 50 generations. These values
for population and number of generations were selected to
provide adequate learning rate while continuing learning
until learning started to plateau while maintaining com-
putational tractability. Increasing these values could im-
prove final satellite configurations however it is predicted
that little improvement would be made due to the plateau
in learning rate already visible from the results. This op-
timisation process is run 10 times with different starting
days (10 consecutive days from 11/09/2024) and repeated
with different values for ¢,,,ax, these being 0.1 days, 0.5
days and 1 day to complete consensus. 10 starting days is
selected as this covers approximately 10 orbits of the slow-
est and 150 orbits of the fastest orbiting satellites in the
ICSMD subset. This value is considered to generalise to
other time frames and therefore make the choice of starting
date independent of the investigation. Table [l| shows the
baseline number of satellites that could complete a round
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of consensus with 3 other satellites out of the 79 satellites
within the ICSMD charter without adding the new theoret-
ical satellite.

The genetic algorithm optimisation solves two differ-
ent scenarios. All dates and times are in Coordinated Uni-
versal Time (UTC).

* Scenario 1 - The first scenario is maximising the
size of the subnetwork of satellites among the set
Xresmp U x, where Xjosapp represents the or-
bital elements of the 79 satellites in the ICSMD char-
ter. Considering a fix starting date ¢y and maximum
time to reach consensus t,,,, the problem we want
to solve is defined as

max J(x U Xresmp, tos tmax)

where J is the function defined in Section @ This
problem is solved for 10 different values of ¢y: mid-
night UTC before 11/09/2024 and each day follow-
ing; and 3 different values of ¢,,,, = 0.1,0.5,1.
Therefore 30 different optimal values for x are found,
representing 30 theoretical optimal orbits to place a
newly launched satellite to maximises the ICSMD
subnetwork size.

Scenario 2 - In the second scenario formulation, the
maximum time to reach consensus is fixed to ¢,,,42 =
0.1 and the following problem is solved

max E?:o J(zU Xicsmp,to +i - day,0.1)
z 10

where ty + ¢ - day with ¢ = 0, ..., 9 represent the se-
ries of 10 starting dates, starting from midnight UTC
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Algorithm 2 Measuring Number of Satellites with Suc-
cessful Consensus Participation

poss = possible combinations
comm = communication rounds
grid = interaction grid
success =[]
for p in poss do
timer = [0,0,0,0]
for comm_round in comm do
timer_next = timer
for ¢ in comm_round do
found = False

1 = Csender

J = Creceiver
for t in {0, t,,4. } do
if gridy, p, + >= timer; then
found = True
if gridy, p; + > timer_next; then
timer_next; = gridp%pj,t
end if
Break
else
if gridy, ,;,+ == —1 then
Break
end if
end if
end for
if not found then
Append False to Success
Break
end if
timer = timer_next
end for
if not found then
Append False to success
Break
end if
end for
Append T'rue to success
end for

IAC-24-B6.1P,1,x90069
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Fig. 2. A flat grid search analysis of the search space. 6
orbital parameters are compared against each other with
linearly spaced inputs. Consensus is from 11/09/2024
for 0.1 days into the future. Computed with a resolu-
tion of 30 linear steps in each designated orbital element
between 3 standard deviations from the mean. In all
other orbital element dimensions 5 linear steps between
3 standard deviations from the mean are used and the
maximum value is plotted. Eccentricity is plotted in the
range (0,1 + 30) as negative eccentricity is meaning-
less. The mean and standard deviations are taken from
all satellites currently in orbit []

before 11/09/2024. Only one optimisation problem
is solved and the optimal values of orbital parame-
ters for a newly launched satellites that maximised
the average size of subnework across all the different
starting dates is found.

The second scenario is introduced to determine if the GA
is overfit to a specific starting day .

3. Results

Figure E shows 50 generations with a population of
200 satellites. This is evaluated against the fitness func-
tion which computes every possible consensus round out
of the available satellites and checks if they can be com-
pleted within 1 day. Figure E| shows how different num-
bers of required participants in the consensus round effects
the maximum number of possible participants completing
withing 0.1 days.

Figures E éand B illustrate how the population con-
verges toward specific regions of the search space as the
genetic algorithm optimizes. The darker areas indicate
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Table 1. Baseline number of satellites that could complete
a round of consensus with 3 other satellites out of the
79 satellites within the ICSMD charter without the new
theoretical satellite, where starting days are sequential
with day 1 being 11/09/2024.

Argument of Periapsis Eccentricity Inclination
L R L] ”° )

12 2 12
g7 o e QQ' 5% e o A " 3 i‘ ]
s N g S0 . S '
8 . & LK oo
S 8 L] o S 8 ' s 8 l’
2 |® 2 4 2 |®
Es ° . E s [y e Ec6q @ -
g L] g L] g «
s s s
w 4 2 4 a 4
8 ® 8
g g g
2?2 g2 g2

0 0 o

-100 o 100 ~2.00 ~1.75 ~1.50 ~1.25 ~1.00 - o 50
Argument of Periapsis Log10 of Eccentricity inclination
RAAN Mean Anomoly Mean Motion

124 s 2 ' * 2 v
2°]% s‘ ] 3 Y s ) |2 o b Y,
T 10 310 [3 . 310 [} . .
3 -, & o~ 8 L
5 g 5 8 ° 5 g °
] ’, 5 ™~ . 5 o (]
2 2 2
E6f{ o @ E s . o E 6 LY .
g « g e g -
g 4 g 4 g 4
8 8 g
g g g
g2 g 2 g2

-100 -50 0 50 100 150
RAAN

-100

0
Mean Anomoly

100

14

Increase in number of satellites that can complete consensus over generations

15 16 17
Mean Motion

Increase in number of Satellites

20

0.1 days

Generation

— o05days

30

— 1day

Fig. 3. 50 generations of 200 new theoretical satellites
evaluated against the fitness function. Yellow has value
tmaz Of 0.1 days, red of 0.5 days and black of 1 day.
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Fig. 4. GA effectiveness with different number of required
participants. Each orbital element shown in the top 6
graphs, and generational improvement of the GA shown
in the bottom graph. Where ¢,,,,, = 0.1 days.

Argument of Periapsis Eccentricity Inclination

Fig. 5. The orbital parameters of the population in the GA
for all generations where t,,,4, = 0.1 days. This GA is
trained on each individual starting date.

Page 6 ofE



75% International Astronautical Congress (IAC), Milan, Italy, 14-18 October 2024.

Copyright © 2024 by Mr. Robert Cowlishaw. Published by the IAF, with permission and released to the IAF to publish in all forms.. All rights

reserved.

Fig. 6. The orbital parameters of the population in the GA
for all generations where ¢,,,, = 0.5 days. This GA is
trained on each individual starting date.
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Fig. 7. The orbital parameters of the population in the GA
for all generations where t,,,, = 1 day. This GA is
trained on each individual starting date.
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Fig. 8. The orbital parameters of the population in the GA
for all generations where t,,,, = 0.1 days. This GA is
trained on all starting dates.
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Number of extra satellites able to participate from each solution

10 4

Number of extra satellites able to participate in consensus

T T
Individiual days optimised All days optimised
Day the Genetic Algorithm solved the orbital elements on

Fig. 9. The distribution of the number of extra satellites
from the baseline able to participate at each timestep.
All GA generated satellites in scenario 1 are plotted on
the left being tested on all starting days. The GA gen-
erated satellite in scenario 2 is plotted on the right and
tested on all timesteps. The timestep in this case is 12
minutes and ¢,,,,, = 0.1 days.

higher concentrations of individuals within the popula-
tion, while the lighter areas represent regions of the search
space with fewer individuals. Figure {§ follows a similar
pattern to figures and [}, the difference is that the
genetic algorithm optimises the orbital parameters across
all starting days. This links to figure | which shows the
distribution of number of satellites added to the baseline
due to different GA scenarios. All GA generated satellites
with ¢,,,,, = 0.1 days are tested on all starting days and
the number of timesteps where there are added consensus
completed satellites is plotted. On the left it shows how
this single day optimisation overfits to a single day and
does not perform well on all other days. Whereas on the
right, it can be seen that optimising the GA over all days
in the second scenario provides a more consistent num-
ber of satellites added but without the same maximum im-
provement on any specific day. Figure E shows the final
results from this GA optimisation across all starting days
in scenario 2, displaying the orbital parameters of the new
theoretical satellite against the orbital parameters of all IC-
SMD subset satellites.
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GA Optimised Theoretical Satellite vs ICSMD Satellites
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Fig. 10. Final orbital parameters of the new theoretical
satellite from Scenario 2 GA optimisation against or-
bital parameters of all ICSMD subset satellites. Or-
ange shows ICSMD satellites, blue shows Scenario 2
GA optimised new theoretical satellite.

4. Discussion

Although on each individual day in scenario 1, incli-
nation swings between positive and negative values, the
genetic optimisation strategy across all days in scenario
2 tends to negative values. This contrasts with the incli-
nation of ICSMD satellites, where the mean inclination
is on average about positive 10 degrees above equatorial.
A higher-than-average mean motion, as was hypothesised,
allows the new theoretical satellite to observe more satel-
lites within the same time period, as it would pass and re-
visit other satellites more frequently. Eccentricity consis-
tently trends toward zero across all cases, as most satellites
operate in circular orbits. Increasing eccentricity would
cause the new theoretical satellite to spend more time away
from others, thereby reducing the opportunities for inter-
satellite interactions. Argument of periapsis and right as-
cension of the ascending node will pertubate due to J2 per-
turbation over time and therefore will require alignment
with the desired launch time of a satellite that resembles
this new theoretical satellite. Increasing maximum con-
sensus time t,,,, reduces the distribution of the results
for both parameters and optimising with the genetic algo-
rithm across all starting dates further narrows the distribu-
tion. Mean anomaly is time dependent and is therefore a
harder parameter to design in a satellite mission.

Increasing the number of participants in a given con-
sensus round makes it more challenging for all satellites
to successfully participate. As shown in figure { , raising
the number of participants from 4 to 6 across 10 starting
days results in an average of fewer than 1 additional par-
ticipant. This indicates that, in most cases, the new theo-
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retical satellite provides little to no added value compared
to the scenario with 4 participants, which contributes an
average of approximately 8 additional participants.

While optimizing across all starting days results in a
lower maximum number of added satellites compared to
optimizing for individual days in scenario 1, it would be
costly or impractical to design a satellite mission with a
unique orbit for each day. Therefore, optimizing across
all starting days offers a feasible satellite mission with a
higher average number of added consensus participants,
even on days when the satellite’s orbit is not specifically
optimized. For this reason, the genetic algorithm is more
effective when optimized over the full range of starting
days rather than focusing on individual days such as in sce-
nario 1. This can be seen in figure 9.

This GA optimization method demonstrates that with
50 generations and a population size of 200, using the pre-
viously discussed hyperparameters, orbital parameters can
be effectively refined and selected. Although more genera-
tions could be used to confirm that further learning yields
minimal improvement, the figures B B B E show that the
orbital parameters have sufficiently converged, indicating
that an optimal solution has been reached.

5. Conclusion

This study demonstrates that it is feasible to design
a new satellite specifically to improve participation in a
given consensus round. For the case of reaching consen-
sus within a day among the ICSMD charter, the orbital
parameters of inclination and mean motion have the most
significant impact on whether a new satellite can increase
the number of participants. Other parameters, such as
eccentricity, argument of periapsis, and right ascension
of the ascending node, have a smaller effect on the fit-
ness function and the number of satellites involved in the
consensus, though they are more influential than mean
anomaly, which is highly time-dependent. High inclina-
tion and mean motion enable the new theoretical satellite
to cover more ground quickly, allowing for more frequent
revisits and interactions with other satellites.

Using this method of identifying theoretical satellite
trajectories allows for future satellite orbits to be deter-
mined to improve decision making and decentralisation of
satellite communication.

Future work could study perturbation of the new the-
oretical satellite compared to the ICSMD subset as well
as a larger subset of participating satellites than the IC-
SMD subset could also be tested however this would be
computationally expensive due to the more combinations
of subnetworks and therefore more orbit propagations and
comparisons required.
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