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Abstract

As the number of resident space objects (RSO) increases, operators face growing pressure for more accurate

surveillance and collision risk analysis systems. Most of the space situational awareness domain depends today on

ground-based telescopes and radar sensors, which have the disadvantage of being highly constrained in terms of their

potential geographic positions. A more versatile approach may instead be using a constellation of spacecraft carrying

space-based sensors. Such a distributed network of orbiting sensors can cover any desired orbital region allowing for

complete coverage of RSOs, enabling a more accurate state estimation and consequent collision risk analysis. This

work investigates quantitatively the benefits that an eventual network of orbiting sensors in LEO would bring to the

current capabilities of the space surveillance network, in terms of improvement of the accuracy in orbit estimation

of targets in LEO. A parametric analysis is carried on by varying the number of spacecraft of the constellation and

their orbital parameters. Performance is evaluated in terms of accuracy on the orbit estimation and percentage of time

with full coverage. The obtained results are used for preliminary evaluation of the contribution of space-based optical

sensors to space surveillance systems.
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1. Introduction
In the past few years the number of launches to LEO

has increased significantly. Once objects are in space,

degradation and collisions with other objects causes frag-

mentation. The generated fragment orbit at high velocity,

and may pose a risk to operational satellites. When debris

are too big, they are dangerous to operators, and can con-

tribute to the unstable evolution of the debris environment

harming future missions [1]. To be able to accurately fore-

cast the future of the space debris environment, to quantify

the risks it poses, and to guarantee informative and timely

conjunction data messages, it is paramount to be able to

accurately determine the state of such objects at all times.

Currently, objects in LEO are observed mostly through

radar stations on Earth, usually part of big global ground-

based space surveillance networks such the EU SST [2].

Such ground networks employ hundreds of sensors of vari-

able size and accuracy. However, these sensors can’t be

deployed uniformly on Earth. Geographical and politi-

cal constraints limit where a measurement station can be

built, which in turns limits the timely coverage of orbital

regions. Moreover, ground networks are usually the results

of cooperation between many different entities that ought

to closely cooperate to guarantee an effective service, a

condition which is expensive to maintain and is subject to

the maintaining of healthy relationships between institu-

tions. A solution to these issues could be represented by

space-based constellations of spacecraft carrying payload

for space surveillance and tracking, capable of process-

ing data, communicating with each other, and linked only

to a limited number of ground stations. As there are cur-

rently some operational space surveillance spacecraft such

as the Canadian Sapphire contributing to the US SSN, this

solution seems technologically feasible in the near future

[3].

In this paper, a study for a constellation of space-

craft carrying optical sensors for space surveillance is

presented. The work focuses on evaluating the poten-

tial advantages of such a constellation when compared to

a ground-based network. Moreover, the dependency of the

performance of such a constellation on the constellation

parameters is investigated.

In the following sections, a parametrization for the

constellation is formally defined, together with a character-

ization of the population of debris targeted by the surveil-

lance system, also called target population. A model for

the sensors is then presented, together with the relevant as-

sumptions. The algorithms used for orbit propagation and

estimation are then discussed, along with the methodol-

ogy for the parametric analysis. Results for a subset of the

parameter space are then shown and discussed, providing

insight on the preliminary design and potential limitations

of such a surveillance system.

2. Model Definition

In this section, the analysed scenario is presented, in-

cluding the assumptions for the target population and the

parametrization of the sensor constellation. The sensor

models are described, with a brief description of the un-

derlying key assumptions.
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2.1. Scenario

A random population of 𝑁𝑡 targets is considered. All

the targets are assumed to be objects in LEO, with alti-

tudes between 600 and 1200 km, moving in circular orbits

of random inclinations and right ascensions of the ascend-

ing node. The targets have random ballistic coefficients

between 0.2 and 20 m2/kg. These are relatively high

values chosen to make the effect of atmospheric drag non-

negligible over short time windows.

The orbits of the targets within this population are esti-

mated using the measurements of a constellation of space-

craft carrying optical sensors. The constellation of optical

sensors is assumed to orbit the LEO region as well. The

constellation assumes 𝑁𝑆𝐴𝑇 spacecraft carrying optical

sensors evenly distributed over 𝑁𝑜 orbits in a Walker-like

configuration [4]. Each orbit is assumed to be circular,

at the same altitude and at the same inclination and in a

radially symmetric configuration with respect to the right

ascension of the ascending node. The first orbit is aligned

with the ascending node. Then, for every spacecraft in the

constellation:

𝑖𝑛𝑖,𝑘 = 𝑖𝑛𝑘 , 𝑖 = 1 :
𝑁𝑆𝐴𝑇

𝑁𝑜

, 𝑘 = 1 : 𝑁𝑜 (1)

𝑟𝑎𝑎𝑛𝑖,𝑘 = 2𝜋(𝑘 − 1)/𝑁𝑜, 𝑖 = 1 :
𝑁𝑆𝐴𝑇

𝑁𝑜

, 𝑘 = 1 : 𝑁𝑜 (2)

𝜃𝑖,𝑘 = 2𝜋(𝑖−1)𝑁𝑆𝐴𝑇/𝑁𝑜, 𝑖 = 1 :
𝑁𝑆𝐴𝑇

𝑁𝑜

, 𝑘 = 1 : 𝑁𝑜 (3)

where 𝑖 is the index associated to the spacecraft within

the constellation orbit, 𝑘 is the index associated to the

constellation orbit, 𝑖𝑛𝑘 is the provided inclination for the

constellation orbits. This parametrization is chosen to

minimise the number of parameters while retaining a non-

trivial set of configurations. A summary of the constella-

tion parameters can be found in Table 1.

Table 1: Constellation Parameters

Parameter Symbol

Number of spacecraft [-] 𝑁𝑆𝐴𝑇

Number of orbits [-] 𝑁𝑜

Inclination [deg] 𝑖𝑛

Altitude [km] ℎ

The targets are also observed by a ground network

of six radar stations mimicking existing surveillance net-

works such as EU SST. The precise locations used for the

ground stations can be found in Table 2.

Table 2: Ground Stations

Location Long [deg] Lat [deg]

United Kingdom 0.0 51.0

Spain -6.0 38.0

United States -115.0 33.0

Chile -69.0 -23.0

South Africa 20.0 -33.0

New Zealand 170.0 -44.0

The following assumptions hold:

• The population follows natural perturbed dynamics.

• The constellation is kept in its initial orbits via pe-

riodic station-keeping manoeuvres.

• Both the constellation and the ground network are

always operational.

2.2. Sensor Models

The radar and optical sensor models are derived from

purely geometrical transformations. Given a target po-

sition vector in Earth Centred Inertial (ECI) frame r𝑇 =

[𝑥𝑇 𝑦𝑇 𝑧𝑇 ]
𝑇 and a sensor position vector r𝑆 = [𝑥𝑆 𝑦𝑆 𝑧𝑆]

𝑇 ,

we have:

𝜌 =

√︃
(𝑥𝑇 − 𝑥𝑆)2 + (𝑦𝑇 − 𝑦𝑆)2 + (𝑧𝑇 − 𝑧𝑆)2 (4)

𝜃 = 𝑎𝑟𝑐𝑐𝑜𝑠
𝑧𝑇 − 𝑧𝑆

𝜌
(5)

𝜙 = 𝑠𝑔𝑛(𝑦𝑇 − 𝑦𝑆)𝑎𝑟𝑐𝑐𝑜𝑠
𝑥𝑇 − 𝑥𝑆

𝜌
(6)

where 𝜌 is the range, 𝜃 the elevation component, and

𝜙 is the azimuthal component. The observation functions

for the optical and the radar sensor will then be:

h𝑜𝑝𝑡 = h𝑜𝑝𝑡 (r𝑇 ) = [𝜃 (r𝑇 ) + 𝑛𝜃 , 𝜙(r𝑇 ) + 𝑛𝜙]
𝑇 (7)

h𝑟𝑎𝑑 = h𝑟𝑎𝑑 (r𝑇 ) = [𝜌(r𝑇 ), 𝜃 (r𝑇 ), 𝜙(r𝑇 )]
𝑇 (8)

with measurement outputs:

y𝑜𝑝𝑡 = h𝑜𝑝𝑡 (r𝑇 ) + n𝑜𝑝𝑡 (9)

y𝑟𝑎𝑑 = h𝑟𝑎𝑑 (r𝑇 ) + n𝑟𝑎𝑑 (10)

where n is a Gaussian random variable with zero mean

and diagonal covariance matrix representing the noise
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component of the measurement. In this work it is as-

sumed that the standard deviation on the range 𝜎𝑛,𝜌 is 10

m and the standard deviations on the angles 𝜎𝑛,𝜃 , 𝜎𝑛,𝜙 are

5 arcsec.

Measurements are only collected whenever some vis-

ibility conditions are satisfied. In particular, the target

should be within the field of view of the radar sensor and

illuminated by the sun such that it is visible for the optical

sensors. Such conditions include:

• Visibility of target from radar sensor, expressed an-

alytically as:

𝑎𝑟𝑐𝑐𝑜𝑠
(r𝑇 − r𝑆) · r𝑆

∥r𝑇 − r𝑆 ∥∥r𝑆 ∥
< 𝐹𝑂𝑉/2 (11)

where 𝐹𝑂𝑉 is the field of view of the radar sensor.

• Visibility of target from optical sensor, accounting

for obstruction of the Earth. Analytically [5]:

√√
𝑟2
𝑆
𝑟2
𝑇
− (r𝑇 · r𝑆)2

𝑟2
𝑆
+ 𝑟2

𝑇
− 2r𝑇 · r𝑆

− 𝑅𝐸 > 0 (12)

where 𝑅𝐸 is the Earth radius.

• Illumination of target from the Sun, expressed as:

𝑎𝑟𝑐𝑐𝑜𝑠
(r𝑆 − r𝑇 ) · (r𝑆 − r𝑆𝑈𝑁 )

∥r𝑇 − r𝑆 ∥∥r𝑆 − r𝑆𝑈𝑁 ∥
<

𝜋

2
(13)

where r𝑆𝑈𝑁 is the Sun-Earth vector. This expres-

sion verifies that the phase angle 𝛼, as shown in Fig.

1, is below 90 deg.

Figure 1: Phase angle for target visibility [6]

Moreover, the following assumptions hold:

• Measurements are taken continuously.

• Measurements data is sent to the ground processor

for orbit estimation without delay.

• Optical payload carried by the constellation space-

craft is such that all the visible targets are captured

irrespective of spacecraft attitude.

• Targets are efficiently tracked and measurement as-

sociation is done instantaneously with 100% accu-

racy.

• The accuracy of any sensor is not dependent on

range.

• All radar sensors have a high 𝐹𝑂𝑉 of 70 deg. This

takes into account the fact that a single radar station

has multiple radar sensors in place to cover a broad

sky area.

3. Performance Assessment Methodology
In this section, the methodology of the study is ex-

plained in detail. First, the analysed scenario is pre-

sented, including the set-up for the target population and

the parametrization of the sensor constellation. First, the

orbit propagation model is described. Next, the sequential

orbit estimation model is presented. The algorithm for

retrieving the estimation data is then explained. All the

quality metrics used in the parametric analysis are defined

in the following section. Finally, the algorithm for the

parametric analysis is explained.

3.1. Orbit Propagation

The propagation model follows the perturbed two-

body problem equations accounting for atmospheric drag

and Earth oblateness effect. For an orbiting target with

position vector r = [𝑥 𝑦 𝑧]𝑇 , it holds [7]:

¥r = −
𝜇

𝑟3
r + a𝐽2 + a𝐷 (14)

where 𝜇 is the Earth gravitational parameter. The perturb-

ing accelerations are:

a𝐽2 =

3

2

𝐽2
2
𝐸

𝑟5



(5 𝑧2

𝑟2 − 1)𝑥

(5 𝑧2

𝑟2 − 1)𝑦

(5 𝑧2

𝑟2 − 3)𝑧



(15)

a𝐷 = −
1

2

𝐶𝐷𝐴𝜌

𝑀
𝑣v (16)

where 𝐽2 is the spherical harmonic coefficient of order

(2,0) for the Earth’s gravitational field, 𝐶𝐷 is the drag co-

efficient, 𝐴 is the target cross-section, 𝑀 is its mass, 𝜌 is

the atmospheric density and v is the velocity vector.
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3.2. Unscented Kalman Filter

The orbit estimation strategy employs an Unscented

Kalman Filter (UKF). Provided the known initial state and

covariance for each target, one has:

x0 = [r𝑇0 , v𝑇0 ]
𝑇 (17)

where r0 is the initial position and v0 is the initial veloc-

ity of the target, with x0 initial state and x𝑘 the state at

timestep 𝑡𝑘 . An initial covariance P0 is supplied as well,

such that:

P0 = 𝑑𝑖𝑎𝑔(P𝑟 ,0,P𝑣,0) = 𝑑𝑖𝑎𝑔(𝜎2
𝑟 ,0I3𝑥3, 𝜎

2
𝑣,0I3𝑥3) (18)

with I identity matrix, assuming 𝜎𝑟 ,0 = 10 m, 𝜎𝑣,0 = 0.1

m/s for all targets. Then, the UKF follows the algorithm

shown in Fig. 2.

In particular, the state propagator follows a first order

forward scheme, such that, given a dynamical system:

¤x = f(x) (19)

for each sigma point:

x𝑘 = x𝑘−1 + (𝑡𝑘 − 𝑡𝑘−1)f(x𝑘−1). (20)

At timestep 𝑡𝑘 , for each target, the measurement vector

will contain all available measurements stacked on a single

vector of size 2𝑁 or 3𝑁 , depending on whether we are us-

ing the ground network or the constellation for estimation,

where 𝑁 is the number of available measurements, with

corresponding measurement covariance of size 2𝑁𝑥2𝑁 or

3𝑁𝑥3𝑁:

y𝑐𝑜𝑛𝑠𝑡,𝑘 = [y1
𝑜𝑝𝑡,𝑘

𝑇 , . . . , y𝑁
𝑜𝑝𝑡,𝑘

𝑇 ]𝑇 (21)

y𝑔𝑛𝑑,𝑘 = [y1
𝑟𝑎𝑑,𝑘

𝑇 , . . . , y𝑁
𝑟𝑎𝑑,𝑘

𝑇 ]𝑇 . (22)

If all visibility checks fail, and therefore no measure-

ment will be available, the Kalman gain will collapse to

zero and the UKF will act as a state and uncertainty prop-

agator.

3.3. Propagation and Estimation Function

Given the initial states x0 of all the targets, a time win-

dow 𝑡𝑠𝑝𝑎𝑛 and a list of the available sensors, the algorithm

for propagating and estimating the target states includes

the following steps:

1. Propagate all targets using Earth oblateness and drag

models.

2. Propagate all the spacecraft in the constellation us-

ing Keplerian dynamics.

3. Compute the positions of the ground sensors in ECI

throughout the time window, assuming that the axis

of rotation of the Earth coincides with the z-axis of

the ECI frame.

4. For each target, verify for each timestep the visibility

from the ground network and the constellation.

5. For each target, build the measurement vector at

each timestep.

6. For each target, use UKF to estimate the target state

evolution. The model used in UKF neglects the

atmospheric drag.

7. Iterate over all targets.

Figure 2: UKF Algorithm [8]

This algorithm is used to build up a function that maps

the inputs to some meaningful outputs that are used to com-

pute the performance metrics. These outputs are the sim-

ulated target state evolution vectors x𝑘 (𝑡), the estimated
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target state evolution vectors x𝑒𝑠𝑡 ,𝑘 (𝑡), and the number of

available sensors for each target 𝑛𝑘 (𝑡), where 𝑘 is an index

going from 1 to 𝑁𝑡 , with 𝑁𝑡 number of targets. The data is

then post-processed to obtain the following quantities for

each target:

• Standard deviation on position.

𝜎𝑟 ,𝑘 (𝑡) =

√︃
𝑃𝑥𝑥,𝑘 (𝑡) + 𝑃𝑦𝑦,𝑘 (𝑡) + 𝑃𝑧𝑧,𝑘 (𝑡) (23)

• Uptime with at least three sensors available, that is

the percentage of time for which the target is visible

to at least three or more optical sensors.

𝑢𝑝𝑡𝑖𝑚𝑒𝑘 =

∑𝑁𝑘

𝑘=0
(𝑛(𝑡𝑘) > 2)

𝑁𝑘

(24)

where 𝑁𝑘 is the number of timesteps.

3.4. Performance Metrics and Parametric Analysis

From the function outputs the following performance

metrics are retrieved:

• Average number of available sensors for the target

population.

𝑛 = mean𝑘 mean𝑡 𝑛𝑘 (𝑡) (25)

• Average position standard deviation for the target

population.

𝜎𝑟 = mean𝑘 mean𝑡 𝜎𝑟 ,𝑘 (𝑡) (26)

• Average uptime for the target population.

𝑢𝑝𝑡𝑖𝑚𝑒 = mean𝑘 𝑢𝑝𝑡𝑖𝑚𝑒𝑘 (27)

These aggregate metrics are chosen as they are easily

visualized and are meaningful as long as the constellation

is expected to treat all targets equally.

Each parametric analysis investigates how these per-

formance metrics depend on a variable parameter 𝑞 of the

constellation, keeping all the others fixed. A single para-

metric analysis uses a Monte Carlo method to initialize

𝑁𝑝 different populations of 𝑁𝑡 targets of random orbital

parameters following the constraints explained in Section

2.1. Using the function in Section 3.3, for each target pop-

ulation one can extract 𝑀 𝑗 (𝑞), where 𝑀 is a performance

metric dependent on the parameter 𝑞 and 𝑗 is a index going

from 1 to 𝑁𝑝 . If the behaviour of the various 𝑀 𝑗 (𝑞) is

very different, it means that the metric has an high depen-

dency on the target population. By averaging over 𝑗 , one

can obtain the final aggregate metric 𝑀 (𝑞), which is used

to analyse the actual performance of the constellation over

a random population.

4. Results

In this section the results for the constellation estima-

tion function and the parametric analysis are shown and

analysed for some subsets of the parameter space. The

objective is to compare the performance of the constel-

lation to the ground network for some specific target and

to retrieve useful information for guiding the preliminary

design of a constellation of optical sensors.

4.1. Comparison with ground network

A simulation is carried on for approximately two or-

bital periods for a sun-synchronous target at 98 deg incli-

nation and 700 km altitude. The constellation is consti-

tuted by one orbit with 32 spacecraft orbiting at 70 deg

inclination and 1200 km altitude. The difference between

the estimated position and the simulated position is well

within 3 standard deviations as it can be seen from Fig.

3, meaning that the UKF tuning was carried on correctly.

It is also possible to see how the standard deviation alter-

nates time windows of high reliability with a 100 to 400

m uncertainty with windows of exploding uncertainty.

Figure 3: 3𝜎 plot for position error and std deviation.

The position error is in blue, the 3𝜎 curve in red.

This can be explained by looking at Fig. 4, where

it can be seen that the uncertainty grows exponentially

whenever no measurements are available. From the same

figure it possible to see how the constellation is capable of

observing the target for a much higher percentage of the

time window despite having all the spacecraft on a single

orbit.
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Figure 4: Available sensors against time for ground

network and constellation

This yields beneficial effects, as the position is accurate

for a higher percentage of the timespan as it can be seen

from Fig. 5. Despite this, the same figure also shows the

main disadvantage of relying on the constellation. When

the measurements are available, the ground network out-

performs the constellation despite having only one or two

sensors at a time against four to six. This is attributable to

the higher quality of information that a radar system deliv-

ers compared to an optical one, suggesting that one should

be careful when choosing such systems for targeting LEO

spacecraft.

Figure 5: Position estimation error for ground network

against constellation

4.2. Parametric Analysis

The parametric analysis is carried on for a target pop-

ulation of random inclination and right ascension of the

ascending node. The number of target populations used in

the Monte Carlo analysis is 10, each composed of 25 target

objects. Each analysis keeps all parameters fixed except

two. The values for the fixed parameters are included in

Table 3.

Table 3: Fixed parameters in the parametric analysis

Parameter Fixed Value

Number of spacecraft 𝑁𝑆𝐴𝑇 [-] 12

Inclination 𝑖𝑛 [deg] 98

Altitude ℎ [km] 800

In Fig. 6 it is possible to see how the average number

of available sensors is independent of the number of orbits

and increases linearly with the number of spacecraft. This

is explained by the fact that the target population covers the

sky almost uniformly, which means that the performance

should be independent of the placement of the constella-

tion spacecraft. However, this changes when looking at

the uptime.

Figure 6: Average number of available sensors against

number of spacecraft

Figures 7a-7b compare the uptime for 1 orbit and 3

orbits. The second case is on average better when few

spacecraft are employed, although the performance is sim-

ilar for an high number of spacecraft. This suggests that

it is more efficient to spread out few satellites in multiple

orbits to maximize effective coverage. It should also be

noted that such results are largely independent of the tar-

get population, as it can be seen by how little difference is

between the light grey curves.
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(a) Uptime for a constellation with one orbital plane

(b) Uptime for a constellation with three orbital planes

Figure 7: Uptimes against number of spacecraft. Light

grey curves indicate a single Monte Carlo run, red curves

show the average over the Monte Carlo runs.

To better understand the added value brought by ad-

ditional spacecraft, we may look at Fig. 8. Here the

uptime is analysed with respect to the number of space-

craft per orbits 𝑁𝑆𝐶/𝑂𝑅𝐵. One would expect that adding

more orbits would definitely improve the performance as

the total number of spacecraft increases, but this is not

always the case. It is noticeable how with a high number

of spacecraft per orbit the performance indeed increases

by increasing the number of orbits, but only by a small

margin. This means that the marginal cost of the constel-

lation does not increases linearly with the performance.

Moreover, the best case is not the one with four orbits,

but the one with three. This is explained by the geome-

try. Using three orbits covers more sky than using four, as

having four orbits actually means having just two orbital

planes on which spacecraft are orbiting both in prograde

and retrograde motion. This also explains why the 4 orbits

case converges to the 2 orbits case for an high number of

spacecraft per orbit.

Figure 8: Uptime against number of spacecraft per orbit

This apparent paradox is even more evident when look-

ing at the standard deviation on the position in the four

cases, as shown in Fig. 9. The performance in this cases

increases even less with an higher number of spacecraft.

This result should however be taken carefully, as during

time windows with unavailable measurements the uncer-

tainties explode, influencing the whole metric when aver-

aging.

Figure 9: Position standard deviation against number of

spacecraft per orbit
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5. Conclusion
As more and more anthropogenic space objects are in-

troduced in the space environment every year, potentially

yielding an higher number of collisions, the need for a

highly accurate space surveillance system for risk mitiga-

tion grows. Current ground based systems fare well for

their accuracy and cost, but are not complete in terms of

coverage and need high efforts in international coopera-

tion to work effectively. In this paper, a potential solution

of a constellation of spacecraft carrying optical payload

was investigated. First, a methodology for modelling the

constellation and evaluating numerically its performance

was presented. To explore the advantages and limitations

of such a system, both simulation for a single target object

and parametric analyses over hundreds of target objects

were carried on. The simulations confirmed the potential

advantage of the constellation compared to a ground net-

work of six radar stations spread over multiple continents

in terms of coverage. Parametric analyses showed that per-

formance can be reliably traced via aggregate metrics and

it is clearly dependent on the constellation parameters.

However, the marginal increase in performance requires

progressively more spacecraft allocated in multiple orbital

planes, making such systems potentially very expensive

for very high accuracies and uptimes.

In order to gain tools for designing such constellations

or evaluating their contributions to a space surveillance

network, much more research is required. The results of

this study were limited both by the many simplifying as-

sumptions and the limited available computing power used

for performing the parametric analyses. Future research

may investigate how the performance of the constellation

depends on the constellation parameter for longer simula-

tion times, for stricter and more realistic sensor assump-

tions, including for instance a dependency of the accuracy

on the range or a limited field of view for the optical pay-

load carried by the constellation satellites, for an higher

number of target objects of different sizes, and using a

model for the attitude of the constellation spacecraft.
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