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MULTI-LAYER TEMPORAL NETWORK MODEL OF THE SPACE
ENVIRONMENT

Yirui Wang; Callum Wilson® and Massimiliano Vasile*

To investigate the resilience and sustainability of the global space environment,
a Multi-layer Temporal Network Model (MTN) is proposed in this paper. The
idea of the network model is to study the relationships among groups of objects in
space by studying the topology and dynamics of an equivalent network where each
node is a group of objects and the link is modelling the relationship. “Multi-layer”
indicates different functionalities among the space objects, such as the physics
and information, etc. Currently, only physical layer of MTN is considered. By
comparing with the simulation results from existing space environment model, the
correctness of the network model is first verified. Some experiments are performed
to demonstrate the basic functionalities of the proposed MTN.

INTRODUCTION

The space industry is one of today’s most growing sectors, and as a consequence, the number of
resident space objects is continuously rising. The growth rate of collisional debris would exceed the
natural decay rate in ~ 50 years."»> Moreover, when the number of objects increases, chain effects
of collision may be triggered, which is known as Kessler Syndrome.? The Kessler Syndrome refers
to a scenario in which earth orbits inevitably become so polluted with satellite-related orbital debris
that a self-reinforcing collisional cascade, which destroys satellites in orbit and makes orbital space
unusable, is inevitable.* It is therefore essential to develop the necessary techniques to model,
understand and predict the current space environment and its future evolution.’

There are many existing efforts to model the long-term evolution of the space environment. Space
agencies have developed their own models, such as the NASA LEGEND environment model® and
ESA’s DELTA model.” Both of these examples have high-fidelity propagators that apply perturba-
tions to all objects in the simulation. Their approaches to modelling collision rates calculate prob-
abilities of collisions within control volumes, which is based on the widely used CUBE method.?
This method is also used in MEDEE, developed by CNES,” and SOLEM, developed by CNSA.!°
This approach to modelling environment evolution can be computationally expensive as it often
requires propagating each individual object.

Other environment models use some simplifying assumptions to reduce their computational re-
quirement. It is common to divide the environment into discrete bins based on orbital parameters
and define the evolution based on the statistics of each bin. One earlier example is IDES, which di-
vides objects into bins based on some spatial and physical parameters.'! INDEMN makes a further
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Figure 1: Illustration of the Multi-Layer Temporal Network Model.

simplification of only considering densities of objects in discrete orbital shells in terms of altitude.'?
These approaches allow the generation of much faster estimates of the space environment evolution.

Large constellation is an important factor that affects the evolution of the space debris environ-
ment.'3 Untracked debris will lead to potentially dangerous on-orbit collisions on a regular basis
due to the large number of satellites within mega-constellation orbital shells.'* However, in real-
ity, administrator only has limited resources to focus on certain key nodes in the whole network.
Following two questions might be interested: 1) Which nodes should be focused first given limited
resources? 2) How much can the network be restored? Several graph theory tools, such as cen-
trality measures' and percolation theory,'® can be used for studying the topology of the network,
therefore, the importance of the node and the resilience of the network system can be characterized.

This paper proposes a Multi-layer Temporal Network Model (MTN) to study the relationships
among space objects and the spread of catastrophic events, where each node indicates a group of
space objects that share common properties, and each link indicates their interaction. The interac-
tions can take the form of physical collisions or cyberattacks. The relationships among the nodes are
time-dependent, which allows us to capture the complex dynamics of the space environment. Rather
than studying individual aspects of the space environment in isolation, the *'multi-layer’ structure
connects each aspect to others. Figure 1 shows the illustration of a two-layer MTN, which includes
a physical layer and an information layer. Currently, the physical layer of the network model is
studied. In Section 2, we discuss the dynamics of the chosen network. Then, in Section 3, we char-
acterize the properties of the network model based on graph theoretical tools. Whereas in Section
4, we present some test cases, where we study the resilience, dynamics, and stability of the space
environment through the network theory. Finally, in Section 5, we conclude with some remarks and
recommendations for future work.



Multi-layer temporal network model of the space environment

O Pavioads Non-Maneuverable
. Satellites
§ O Upper stages O Fragments
<
Possible Collision
———> Decay
Inclination
Figure 2: Illustration of the Network Model in physical layer.
NETWORK MODEL

The network model aims to study the relationships among groups of objects in space by studying
the topology and dynamics of an equivalent network, where each node is a group of objects and the
link is modelling the relationship. Different nodes represent a group of space objects share common
properties. In this study, we consider a physical-layer network system consisting of n nodes, and
each node is represented by z,(t;) that describes the number of the objects in ¢ node at time ¢,
which represents the temporal nature of the network.

Network Dynamics

According to DISCOSWeb database, 4 classes of the space objects are considered: Payloads (P),
Upper stages (U), Fragments (F) and Non-Maneuverable satellites (N). Then, each class is further
partitioned according to the orbit region, determined by altitude and inclination. For instance, F;;
represents the a group of objects labeled with *Payload’ that are located at 7* altitude bin and j**
inclination bin of the orbit region. Figure 2 shows an illustration of the network model in physical
layer. Objects can flow between these nodes, depending on several sink and source phenomena, in-
cluding collisions, explosions, natural decay due to atmospheric drag, post-mission disposal strate-
gies, operational lifetime duration, and new launches. Note that collisions only occur within orbit
shells, which means a lattice structure network is considered in this paper.
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In this case the following dynamic equations are considered for node P;;, U;;, N;; and F};
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where x indicates the small collision factor related to the probability of maneuverability being lost
due to a the collision with non-trackable debris, scaps indicates the probability of successfully
performing collision avoidance maneuvers and ’y indicates the failure rate of post mission disposal.

Ui Fiy . ..
7 indicates the collision rate. f decay’ s fa e’cj ay f decay and f,; 7 ay indicate the decay rate of nodes P;;,

Uij, Ni;j and Fj;. f P9 N) indicates the maneuverable satellites flow to non-maneuverable satellites
node F;; due to small collisions. The detailed models of the above processes are introduced in the
following subsections.

Launch Traffic Model This launch model is based on historical launch data and estimates the
future launch rates. Historical data to fit the model are taken from DISCOSWeb. The total number
of objects launched in a certain year is given by an exponential logistic curve of the form

A . ed(t_to)
b+ e—clt—to)
Where t is expressed in years and the parameters A, b, c, d, and ¢ control the shape of the curve.
These parameters can be selected based on historical trends and predicted future increases in launch
traffic. Launched objects are either payloads, upper stages, or mission related objects. The propor-
tion of each is based on the most recent years of launches. For each object class, orbital and physical
parameters of historical launches are fit to a Gaussian Mixture Model (GMM), which has the form

N =ng+ 2)

K
= wid(E|p;, i) 3)
=1

where K is the number of GMM components w;, p;, 3; are the weight, mean, and covariance
associated with the ith GMM component, and ¢ is the standard normal distribution. The associated
parameters of each launched object come from sampling this distribution. Separate distributions
are fit for the orbital parameters of semimajor axis and inclination, and the physical parameters of
mass, area, and length. After establishing real values for these parameters, they are assigned to the
relevant node in the graph.



Multi-layer temporal network model of the space environment
Collision Model The mean collision rate between node 7 and node j is given by
T =4 Ar- pi(r,t) - pj(r,t) - o(i, ) - 0" (r) (4)

where o and v"/ are the collision cross-sectional area® and mean relative collision velocity between
the two nodes

o(i,j) = m(ri +1;)*
142 [ )

o () 15
;

The Poisson distributions are used to compute if a collision between objects has to happen. The
total collision rate of the entire network is computed by summing, at each time step, the collision
rates of every node. The number, the physical parameter distribution and the velocity distribution
of the generated fragments can be calculated by NASA’s breakup model,'” while the catastrophic
collisions are defined as those with impact kinetic energy to target mass ratio greater than 40 J /g.'®

Explosion Model Similar to the launch model, the model of explosions is based on historical
fragmentation data from DISCOSWeb. As defined in ESA’s Space Environment Report,'® the his-
torical events considered are non-system related fragmentations, where the object fragmentation is
not due to a systemic design flaw. The number of explosions depends on the launch traffic, with the
total number being a proportion of the launched objects. Each launched object added to the model
has an associated probability of fragmenting from an explosion that is based on its object class and
determined based on recent fragmentations. For upper stages, this probability is X and for payloads
Ywhile mission related objects have 0 probability of exploding.

Objects that are randomly selected as having a fragmentation event will either fragment on the
same day they are launched, or some time after it is launched. The probability of fragmenting
on the same day as launch is X for upper stages and Y for payloads. Other fragmenting objects
have a fragmentation time sampled from a distribution that is fit to previous fragmentation events
and depends on the object class. This distribution is a kernel density estimate (KDE) of data from
previous non-system related fragmentations.

Decay Model The atmospheric model is confined to satellite with orbit totally below about 500
km. The variation in density due to the space environment is introduced though T" which is specified
as a function of the solar radio flux F£'10.7 and geomagnetic index A,. The set of defining equations
for the model are given by

T =900+ 2.5(F10.7 — 70) + 1.54,
m = 27 — 0.012(h — 200)

6
H=T/m ©)
p=06x10"exp(—(h —175)/H)
The reduction in the period P due to atmospheric drag is given by
dP/dt = —3map(Ac/m) 7

where A, = ACy. If an object in the lowest orbital shell decays, it is assumed to have completed
deorbit, and is removed from the corresponding node.
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Multi-layer Nature of the Network

In reality, ,(t)) can be vectors of properties and include, for example, also the orbital elements.
Each property can follow its own dynamics. If z4(t;) is the vector with different properties the
network becomes multi-layer, how to study or model relationships across layers is an open problem
because layers are not homogeneous. For example, how orbital dynamics affects collision rate is
clear, how the number of objects affects the orbital dynamics is not immediately obvious. One
would need to express the dependency of the change in orbital elements through the collision model
which in turn depends on the number of objects. Therefore, define supra-adjacency matrix is

G=(A,0) (®)
where A = {Am, AR AM ]} indicates the adjacency matrix in each layer.
Al — (V[a},E[O‘]) 9)

where V[ indicates the set of nodes in o layer, and F [o] C Vil x vl indicates the set of links
that connect the pairs of nodes in « layer.

THEORETICAL ANALYSIS OF THE NETWORK

This section first introduces analytical solutions of a simplified network model, which allows us
to have a first indication of network’s long-term behaviour. Then, some graph theoretical tools are
applied to analyze the relationships among nodes.

Analytical Solution

The complexity of the aforementioned network model can be reduced by considering a simplified
equation, which allows us to prove the existence of the Kessler Syndrome by analysing the average
behaviour of the network. In this case, we assume there is no traffic and no other objects except
fragments, only collision and decay processes are considered

t=c-1(r,z)+ €(x) (10)

where 7(x, ) is the collision rate and c is the number of fragments generated from the collision.
Decay rate €(z) is a sink term that used the model to remove the objects from the environment. In
this case, a Bernoulli type of differential equation can be written as

i = qx® + px (11
where ¢ = % andp = e(x—x) The corresponding analytical solution is
e Pt
— 12
T oz [ ge~rtdt (12)

For C = [ ge™P!dt the solution z has a vertical ausymptote if ¢ > p, the corresponding ¢ indicates
the predicted time of the occurrence of the Kessler syndrome.

fo=—2m(1-Ley (13)
p q
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Centrality Measures

Several methods exist to investigate the network properties from its topology. Some of these prop-
erties focus on the interplay between topology and dynamics, while others attempt to characterize
how important each node is. By using the matrix representation of the network, we can calculate
network properties such as degree and other centralities. Consider the following discrete map of
Eq.(1)

Xp1 = Xg + dXy (14)

Then transform the dynamics of the network into a quasi-linear model along the trajectories of the
dynamics, the compact form of the system is then

X1 ~ ApXy + gr(t) (15)

where relationships across the nodes and node-self dynamics are hidden in the coefficient matrix
Ay, and time-dependent terms are hidden in the gy (¢). The element a;; represents the change of
node x; due to the interaction with node x; per unit z;

o { L+ Njj(i,2) g0 = (16)
Y N;j(l.wwj)/xﬁl?é]

Therefore, the importance of the nodes and links can be evaluated by analyzing the centrality of the
Ay. The simplest centrality measure is the degree centrality, which measures how many neighbor-
ing nodes each node has?°

deg(i) = > aj; (17
j=1

The eigenvalues of Ay associated with graphs are related to graph connectivity and if the matrix is
stochastic, and the Markov chain system converges, then the eigenvectors represent potential final
states to become the “true” final state.

Percolation theory

Percolation theory is a set of theories in the field of mathematics and statistical physics to charac-
terize the structure, functionality, and resilience of network systems. Reference [16] firstly proposed
percolation model, which is considered to be the pioneers in the study of percolation theory. The
idea of percolation theory is to study the robustness of a network, which aims to look for solutions
for disaster recovery under extreme cases. Assuming a network consists of 500 nodes, where a
500 x 500 matrix can be used to represent the links among the nodes. Let p be a threshold to indi-
cate the occurrence of the collision, therefore, given a random number of a uniform distribution v,
we have v > p for a collision link. Defining the size of the cluster as the number of connected links,
Figure 3 shows the clusters when p = 0.5, p = 0.59 and p = 0.6. Due to the symmetric nature of
the matrix, the distribution of connected links is also symmetric. Simulation results suggest that a
threshold lying between p = 0.59 and p = 0.6 appears to result in only one cluster existing in the
network, meaning that the collision events ’percolate’ throughout the entire network. Furthermore,
given the size of the largest cluster S,,4, and number of the nodes n, the percolation probability
is defined as S,,,q./n?. Figure 4 shows the changes in percolation probability with respect to the
probability of collision p, indicating a phase transition occurs at p ~ 0.595.
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Figure 4: Percolation probability changes with respet to the probability of collision p.
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SIMULATION RESULTS

Before analyzing the topology of the network itself, the predictions results of the MTN should be
verified. Therefore, in this section, the comparison against the space environment evolution model
proposed in Reference [21] is implemented. Two scenarios are considered for the comparison:
1) Baseline, which excludes any consideration of upcoming launches. 2) A Large Constellation
(LC) consisting of 30,000 medium satellites at 600-km orbit, while only the satellites in the LC are
replenished over time, other constellations and individual satellites are not replaced as the deorbit,
fail, or fragment.

Initial conditions are considered as same as mentioned in the Reference [21]: « is small collision
factor that indicates the collisions between payloads and small fragments between 1 cm and 10 cm,
and is set to 5.3. s¢ s is the probability of successfully performing collision avoidance maneuvers
and is set t0 99.9 %. 5 years is selected as a representative value for the life time of the satellites, and
failure rate of post mission disposal 7y is set to 5 %. Only objects above 10 cm in size are considered.
The considered altitude spans from 200 km to 2000 km, with each orbital shell, defined every 25
km, and inclination spans from 0° to 180°. Each Fragment node (F) is further partitioned into three
groups according to the size of debris: 1 to 3 m diameter debris are grouped as large debris, 0.3 to
1 m diameter debris are grouped as medium debris and 0.1 to 0.3 m diameter debris are grouped as
small debris.

Validation of the network model

Test Case 1: Baseline The simulation covers the period from 2021 to 2121, with a yearly time
step. Figure 5 shows the evolution of the baseline scenario over 100 years. The total count of frag-
ments larger than 10 cm grows from 10* to 10° in the next 100 years. Over the course of around
30 years, the number of maneuverable satellites declines from 103 to zero due to both the 5-year
lifespan model and small collisions. Meanwhile, the number of non-maneuverable satellites ini-
tially increases due to the small collisions and the failures of maneuverable satellites. However,
the increase rate is reduced as the number of maneuverable satellites decreases, and the subsequent
decay process ultimately leads to a decrease in the number of non-maneuverable satellites. In com-
parison to the spatial density of fragments, the lower spatial density of inactive objects results in a
reduced collision rate between inactive objects themselves. Furthermore, this collision rate contin-
ues to decrease as the number of inactive objects diminishes. Notably, the baseline case simulation
does not predict the occurrence of Kessler Syndrome after 100 years. Compared with the simulation
results of baseline scenario in reference,?! as shown in Figure 6, the evolution results based on the
methods proposed in this paper appear in the same order of magnitude over on 100 years. Figure
7 and Figure 8 show the distribution of the fragments in different orbital regions in year 2021 and
year 2121 respectively, which indicates that the orbital region of altitude ~ 1000 km and inclination
~ 80° will become rather risky in year 2121 due to the large amount of the fragments.

Since no launch traffic is considered in the baseline case, upper stages are only consumed by
decay and collisions. Figure 9 shows the cumulative count of various collision types over 100
years: collision between inactive objects (intact-intact), collision between an inactive object and
a fragment (intact-frag), and collision between fragments (frag-frag). On average, our predictions
suggest 34 collisions will occur within the next 100 years. During the initial two decades, most
collisions involve ’intact-frag’, as many of the collisions between non-maneuverable satellites and
fragments have kinetic impact energy greater than 40J/g. Consequently, the spatial density of
fragments increases while that of non-maneuverable satellites decreases. The increase of fragments
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appears to result in an exponential rise in ’intact-frag’ and ’frag-frag’ collisions. Ultimately, ’frag-
frag’ type collisions dominate the collision events after 100 years.

Test Case2: 30,000 medium satellites at 600-km orbit In this scenario, more maneuverable satel-
lites will be consumed by un-trackble debris, therefore, leads to a increase spatial density of non-
maneuverable satellites. Fragmentation of LC satellites that lose maneuverability due to failures
or small object collisions cause the increase of non-maneuverable satellites. As a consequence,
the number of fragments appears to grow exponentially, which tends to trigger Kessler Syndrome
within 30 years. Figure 11 shows the evolution of the test case 1 over 100 years.

During the first couple of years, the increase of non-maneuverable satellites caused by small col-
lisions is higher than the decrease of non-maneuverable satellites caused by ’intact-frag’ collisions.
Once the the number of large fragments (larger than 10 cm) generated from ’intact-frag’ collisions
becomes large enough, the growth of the non-maneuverable satellites reaches an extreme point, re-
sulting in a subsequent decrease in the number of non-maneuverable satellites. Simulation results

10
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Figure 8: Number of fragments in different orbit region in year of 2121.
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Figure 9: Baseline Case Evolution: Cumulative numbers of collisions as functions of time.

illustrate the importance of post-mission disposal for upper stages and satellites to limit the growth
of future on-orbit collisions.

Theoretical analysis of the network

Theoretical analysis is implemented based on a simplified two-node network model. Let = repre-
sent the number of inactive objects and y represent the number of active objects. The discrete map
of the simplified dynamical model is given by

Ty = T + 7(2k, yr) + 0@k, vr) + ()

18
Yk+1 = Uk + 0 (zr, Yr) + a(yr, yr) + A(tr) (19

where A(ty) is the launch traffic and €(tx, z) is the explosion rate that depends on the number
of objects that can explode and is also an explicit function of time if one assumes, for example, a
Poisson distribution to compute the probability of an object = to explode. Considering the compact
form Eq.(15) and the definition of the coefficient matrix Ay, Eq.(18) can be written as

Tp1 = a11(zg) K + ar2(Tr, k) Yk + €k (b, Tk)

19
Yk+1 = a22 (Y)Y + a21 (@, Yr)xrk + Ap(ty) (19)
where
Thy T T(Tk, o(Z, a\Yk,
o =12 M@ere) @) o@e) g et o)
Tk Yk Lk Yk
the expression of the time dependent term g, is
gk (th, wr, yr) = [e(tn, m), A(tr)]" 2N

12
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Figure 12: Evolution of different terms in node dynamic equations.

Considering the population in the DISCOSWeb database and assuming that active-active colli-
sions do not occur, the simulation covers the period from 2021 to 2121. At each time step, coeffi-
cient matrix Ay can be calculated according to Eq.(20). Therefore, Figure 12 shows the evolution
of 7,m,0,a, €, A over 100 years, and Figure 13 shows the evolution of the coefficient matrix Ay.
Furthermore, Figure 14 shows the degree of nodes = and y at each time step. Simulation results
suggest that the degree of node x is always greater than or equal to the degree of node y, which
means that the group of inactive objects is more important than the group of active objects over 100
years.

CONCLUSIONS

In this paper, the concept of Multi-Layer Temporal Network Model (MTN) for investigating
space environment is proposed. We model the space environment base on a network model and
investigate the network dynamics. Simulation results of network-based space environment model
appear in agreement with previous results. Meanwhile, theoretical analysis of the network topology
is performed based on a simplified two-node model, which shows the basic functionalities of a
network-based space environment model. In the future, we plan to study more topologies of the
network and to analyze the role of different control strategies for stabilizing the space environment
evolution and reducing the risk of the Kessler Syndrome.
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