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The threat of potential hazardous near-Earth asteroid (PHA) impact on Earth is increasingly attracting public attention.
Monitoring and early warning of those PHAs are the premise of planetary defense. In this paper, we proposed a novel concept
of surveillance constellation of heterogeneous wide-field near-Earth asteroid (NEA) surveyors (CROWN), in which six space-
based surveyors are loosely deployed in Venus-like orbits to detect the NEAs along the direction of the sunlight. First, the
concept and overall design of the NEA surveillance constellation are discussed. Second, the transfer and deployment trajectory
of the surveyors are investigated based on the Sun-Venus three-body system. The Sun-Venus libration orbit is taken as the
parking orbit, and its stable invariant manifolds are used to reduce the deployment fuel consumption. Next, the detection
performance of the CROWN was evaluated considering constraints of apparent visual magnitude and field of view. The NEA
orbit determination (OD) using the CROWN was studied and verified. Simulation results show that the CROWN can be
deployed with a total velocity increment of approximately 300m/s. During the 5 years of observation, 99.8% of PHAs can be
detected and the OD precision is better than a single-surveyor system. This paper can provide a reference for the construction
of future asteroid defense system.

1. Introduction

An enormous number of near-Earth asteroid (NEA) orbit
around the Sun, and among them 2072 NEAs, which are
recorded in the Minor Planet Center (MPC) database (Data
available online at https://www.minorplanetcenter.net/data
[retrieved July 2021]), belong to the class of potential haz-
ardous near-Earth asteroids (PHAs) [1–7]. These PHAs fre-
quently make close approaches to Earth’s orbit, and
therefore, the hazard caused by PHAs is still a very real
and ever-present threat [8, 9]. Two well-known events are
the Tunguska event in 1908 [10] and the Chelyabinsk
meteor event in 2013 [11, 12], in which a 17m asteroid
entered Earth’s atmosphere, damaged thousands of build-
ings and injured more than 1500 residents.

Faced with potential threats of PHA impacts, asteroid
defense has been discussed with growing interest [13–15].
An asteroid defense system can be modeled as an OODA
chain, that is, observation (O), orientation (O), decision

(D), and action (A). A number of technologies for asteroid
defense have been investigated, including the asteroid detec-
tion and classification [16–20], the asteroid orbit determina-
tion (OD) [21–23], and the trajectory design for in situ
exploration [24–31]. Several asteroid deflection and redirec-
tion strategies are proposed [32, 33]. Among these issues,
detection and early warning are the premises of the asteroid
defense. The surveillance system is responsible for the early
detection, tracking, and OD of NEAs [34]. The NEA surveil-
lance systems can be divided into ground-based NEA sur-
veillance and space-based NEA surveillance. As the name
suggests, ground-based NEA surveillance systems refer to
those installed on the ground. Many ground-based NEA sur-
veillance systems have been developed such as Spacewatch
[35], Catalina Sky Survey (CSS) [36], Panoramic Survey
Telescope And Rapid Response System (Pan-STARRS)
[37–39], and ATLAS [40–45]. What is more, some
ground-based NEA surveillance systems are being developed
at the current time, for example, the Flyeye [46]. But those
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ground-based surveillances are susceptible to factors related
to the atmosphere and weather. They can only operate on
nights [47–49] and cannot provide early warning of aster-
oids coming from the direction of the Sun [50].

The drawbacks of ground-based surveillance can be
eliminated with a space-based platform. Space-based NEA
surveillance systems have the advantages of flexibility, not
limited by the atmosphere and weather, and large coverage
[51]. Several space-based NEA surveillance missions have
been carried out or planned, such as NEOWISE, NEOSSat,
Arlkyd, NEOCam, and Earthguard-I [34, 52, 53]. In these
missions, the space-based telescopes are employed to
observe NEAs from Earth’s orbit (the Sun Synchronous
Orbit, SSO) [53, 54], the Earth-Sun L1/L2 Lagrange point
[52, 55], and Mercury-like orbit [56]. Those space-based
missions use only one surveyor (or telescope) for observa-
tion and detection. The field of view is still limited by the
location of the surveyor. Usually, one space-based surveyor
(with the limited apparent visible magnitude equaling to
24) can only cover 60%-80% of NEAs (or PHAs) after years
of detection and many of them are lost due to the phase dif-
ference [57]. Recently, the concept of NEA surveillance con-
stellation has been proposed in order to improve overall
efficiency and provide even more flexibility [51, 58, 59]. In
this paper, we proposed a new concept of NEA surveillance
constellation on the Venus-like orbit, the CROWN (constel-
lation of heterogeneous wide-field NEA surveyors). Com-
pared with the SSO or Earth-Sun L1/L2 Lagrange point,
the surveyors on Venus-like orbit can better cover the space
inside the Earth’s orbit.

The CROWN is designed in the Sun-Venus three-body
system. The constellation is composed of a mothership and
six daughter surveyors. The mothership and one surveyor
are deployed on a libration orbit in the Sun-Venus system
and the other surveyors are distributed approximately evenly
on the orbits which have similar orbital elements as the
Venus orbit. Note that compared with deploying all the six
surveyors on the Venus-like orbits, deploying one surveyor
on the libration orbit can help save energy. This paper
focuses on the overall mission plan and the performance
evaluation from the top-level design. The transfer and
deployment trajectories of the proposed constellation are
investigated based on the three-body problem model. The
invariant manifold is employed to reduce fuel consumption.
The asteroid observation performance of the CROWN is
analyzed considering the constraints of the apparent visible
magnitudes and the extreme field of view. In addition, the
OD precision for NEAs using the CROWN is discussed
and analyzed based on Monte Carlo (MC) simulations.

The rest of this paper is organized as follows. Section 2
begins with a brief description of the overall mission. The
methods and aspects for evaluating the performance of the
proposed CROWN are presented in the following subsec-
tion. Section 3 details the design methods and results of
the transfer and deployment. The observation performance
of the surveillance constellation is tested in Section 4. Section
5 discusses the asteroid orbit determination problem, and
the accuracy results are analyzed. Finally, the conclusions
are given in Section 6.

2. Description of CROWN Mission Concept

2.1. Overall Mission Description. Generally, an asteroid
defense system should obey the circle of OODA, which
includes observation, orientation, decision, and action. The
observation is the premise of the asteroid defense, which
refers to the detection and early warning of the asteroids.
The observation provides a follow-up measurement of those
Earth-crossing objects. The more observations of a discov-
ered object are made, its orbital information becomes more
precise. After detection, the tracking and OD of the asteroids
are performed. Combining the dynamics model and the
measurements provided by the observation, a more accurate
OD solution of the discovered NEA can be obtained. Orbit
prediction and uncertainty propagation of these NEAs are
performed to determine whether the target belongs to a
PHA, which has a minimum orbit intersection distance with
respect to the Earth within 0.05 au (astronomical unit).
Then, the decisions are made on issuing the warning of the
potential impacts and then preparing an approximate action
for the evaluated level of threat. Finally, actions are per-
formed for response to the impact threat.

The proposed CROWN is a key part of the asteroid
defense system, which is mainly responsible for observation
and orientation, i.e., the detection and early warning of the
PHAs and tracking and OD of the target. The surveillance
constellation contains a mothership and six daughter sur-
veyors (space-based optical telescopes). The six daughter
surveyors are loosely deployed on Venus-like orbits, moni-
toring the space inside the Earth orbits. To lower the deploy-
ment fuel consumption, a low-energy deployment using the
Sun-Venus manifolds is proposed. Mothership corresponds
for providing the maneuverability required to transfer and
deployment. The six daughter surveyors equip with the tele-
scopes pointing the backward of the Sun and detect NEAs
approaching from the Sun direction. An illustration of the
proposed constellation is shown in Figure 1.

The main reasons of using a constellation on the Venus-
like orbits can be summarized as the following two aspects.
Firstly, the constellation on the Venus-like orbits has a better
coverage over the space inside the Earth’s orbit. As shown in
Figure 2, the single surveyor on the Earth trailing heliocentric
orbit or the Sun-Earth L1 orbit cannot monitor the space from
the direction of the Sun (the grey region in Figure 2(b)) as the
telescope cannot observe directly at the Sun. However, these
“forbidden spaces” can be available using an observer on the
Venus-like orbit. Secondly, compared with the Mercury-like
orbits, deploying a constellation on the Venus-like orbits is
more energy-efficient. The Mercury-like orbits and the
Venus-like orbits are two only locations inside the Earth’s
orbit that are suitable for deploying a constellation. The
Venus-like orbits are much close to the Earth; thus, these are
beneficial for the deployment and communication.

2.2. Performance Evaluation Method and Aspects. In general,
the performance of a surveillance constellation can be evalu-
ated in aspects of the constellation, the surveyor, and the
payload. As shown in Figure 3, for each aspect, both the abil-
ity and the cost are considered.
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Figure 1: An illustration of the telescope constellation in the Sun-Venus three-body system.
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Figure 2: Comparisons of different designs. (a) Venus-like orbit constellation. (b) Venus-like orbit surveyor. (c) Sun-Earth L1 orbit
surveyor. (d) Earth trailing heliocentric orbit surveyor.
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For constellation, the abilities include the surveillance
convergence and the OD performance. Note that the OD
accuracy is the ability of both the constellation and the pay-
load as the OD convergence and the accuracy are related to
the geometric configurations of the surveyors and the mea-
surement accuracy. The costs of the constellation contain
the energy required for transfer, deployment, and mainte-
nance. The performance of a single surveyor can be evalu-
ated by the life-circle costs and the relatively favorable
cost/benefit radios. The performance indexes of the payload
include the sensitivity, accuracy, power consumption, and
the price.

This paper focuses on evaluating the ability and cost at
the level of the constellation. As the surveyors are loosely
deployed, the cost for configuration maintenance is
neglected. The cost of constellation includes the time and
energy (velocity increment) of the transfer and the deploy-
ment. The cost, the convergence, and the OD performance
of the CROWN are discussed in Sections 3, 4, and 5,
respectively.

3. Transfer and Deployment Design

3.1. Dynamic Model. The overall mission of the CROWN
includes four stages, as shown in Figure 4. First, the combi-
nation of the mothership and the daughter surveyors
approaches from the Earth to the Venus. Then, the combi-
nation enters the parking orbit (the Sun-Venus L1 halo orbit
or the Sun-Venus L2 halo orbit) through the stable mani-
fold. In the third stage, deployment is realized with the help
of the Sun-Venus manifold. The mothership releases the
daughter surveyors, and the daughter surveyors fly to the
desired location through the unstable manifold. After releas-
ing all the daughter surveyors, the mothership stays on the
Sun-Venus Lagrange point orbit for relay communication.
In the final (fourth) stage, a near-hexagon constellation is
formed, and detection is carried out.

In this paper, two kinds of dynamic models, i.e., the
dynamics in heliocentric inertial coordinate system and the
dynamics in Sun-Venus rotating coordinate system, are pre-
sented. The dynamics in heliocentric inertial coordinate sys-
tem is employed to design the transfer orbit and perform
OD. The circular restricted three-body problem (CRTBP)

dynamics is used to represent the motion of deployment in
the Sun-Venus three-body system [60].

In the first stage, only the gravitational force caused by
the Sun is considered:

f x tð Þ, tð Þ =
_r tð Þ
_v tð Þ

" #
=

v tð Þ

−μs
r tð Þ
r tð Þk k3

2
64

3
75, ð1Þ

where μs = 1:327 × 1011 is the heliocentric gravitational con-
stant and xðtÞ = ½rðtÞT, vðtÞT�T ∈ℝ6 represents the state of
the combination. rðtÞ = ½rx, ry, rz�T and vðtÞ = ½vx, vy, vz�T
represent the position and velocity, respectively.

The CRTBP model is utilized to investigate the dynamic
motion of the second stage and the third stage. The dynamic
model describing the motion in the Sun-Venus three-body
system is formulated in a classical rotating coordinate sys-
tem (see Figure 5). The origin O of the reference frame is
centered at the system barycenter, while the plane ðX, YÞ
coincides with the ecliptic plane, the X axis points to the
Venus, and the Z axis is positive in the direction of the angu-
lar velocity vector ω. For convenience, a normalized set of
units is introduced, such that the total mass of the primaries,
the Sun-Venus distance, and the universal gravitation con-
stant are all equal to unity. Accordingly, the period of one
Sun-Venus revolution is 2π, and the (normalized) Venus
mass is μv = 2:4513 × 10−6.

Let Pðx, y, zÞ be the position vector of the object (the
combination, the mothership, and the daughter surveyors),
and the dynamic motion in CRTBP satisfies the following
equations:

€x − 2 _y =
∂Ω
∂x

,

€y + 2 _x = ∂Ω
∂y

,

€z =
∂Ω
∂z

,

8>>>>>>><
>>>>>>>:

ð2Þ
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Figure 3: An illustration of performance evaluation aspects.
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where Ω is the effective potential:

Ω =
1
2

x2 + y2
� �

+
1 − μv
r13

+
μv
r23

, ð3Þ

with

r13 =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x + μvð Þ2 + y2 + z2

q
,

r23 =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x − 1 + μvð Þ2 + y2 + z2

q
:

ð4Þ

For the fourth stage, the surveyors fly on Venus-like
orbits, which are mainly forced by the gravity of the Sun
and perturbed by solar pressure and gravity of the Venus.
The acceleration caused by the solar pressure is given as fol-
lows:

_vs tð Þ = C
A
m
ρ

r tð Þ
r tð Þk k = C

A
m
ρ0R

2
e

r tð Þ
r tð Þk k3 , ð5Þ

where ρ = ρ0ðauÞ2/krðtÞk2 is the intensity of solar radia-
tion at rðtÞ; ρ0 = 4:5605 × 10−6ðN/m2Þ is the intensity of
solar radiation at 1 au; Re = 1 au; au = 149597870 km is
the astronomical unit; C is the radiation pressure coeffi-
cient, A is the effective illumination area, related to sur-
veyors’ geometry and surveyors’ attitude, and m is the
mass of the detector.

Thus, the dynamic motion is written as follows:

f x tð Þ, tð Þ =
_r tð Þ
_v tð Þ

" #

=

v tð Þ

−μs
r tð Þ
r tð Þk k3 − μv
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r tð Þ − rvk k3

+ C
A
m
ρ0R

2
e

r tð Þ
r tð Þk k3

2
664

3
775,
ð6Þ

where rv denotes the position of Venus.

3.2. Transfer Trajectory Design. In this subsection, the trans-
fer trajectory from the Earth to the Sun-Venus L1/L2 (SVL1/
SVL2) point halo orbits is given. The desired energy-saving
transfer to the SVL1/SVL2 halo orbits can be obtained with
three impulses. The first maneuver is imposed near the Earth
to send the mothership into an Earth-Venus transfer orbit.
Then, the second capture occurs at the perigee of the Venus
to insert the mothership into a selected stable manifold.
Finally, the third maneuver is implemented at the end of
the stable manifold to target the final state, and then, the
mothership enters the parking halo orbit.

To realize the above behaviors, first, the energy-optimal
launch window is searched using the differential evolution
algorithm and the orbit of the mothership is integrated for-
wards to the perigee. Then, a Poincaré map is used to find
the matched manifold at the perigee of the Venus. Differen-
tial correction is applied to correct the position, and there-
fore, the velocity increment for capture is calculated.
Under this framework, two detailed designs, i.e., SVL1 and
SVL2, are given as follows.
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Figure 6: The optimal transfer trajectory of the SVL1 case. (a) Trajectory in the Sun EclpJ2000 frame. (b) Trajectory in the Sun-Venus
rotating frame.
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First, the SVL1 case is considered. The amplitude of
halo orbit is set as 2 × 105 km. The stable manifold with
a height of 245 km is chosen as the transfer trajectory
from the perigee of Venus to the halo orbit. The optimal
transfer trajectory of the transfer process is shown in
Figure 6. The combination of the mothership and the
daughter surveyors begins to transfer on August 11,
2021, flies over the Venus as November 6, 2022, and
finally enters the Sun-Venus L1 halo orbit on February

26, 2023. The duration from the Earth to the Venus lasts
for 452 days and the duration from the Venus to SVL1
halo orbit is 112 days. The total transfer process lasts for
approximately 564 days, and the total velocity increment
is approximately 2.81 km/s.

Then, the SVL2 case is discussed. The optimal transfer
trajectory of the transfer process is shown in Figure 7. The
transfer begins to transfer on October 17, 2022, and ends
on June 22, 2024. The duration from the Earth to the

Halo orbit

Venus orbit

L2L1L3

Mothership
(Daughter

surveyor #6)

Daughter
surveyor #1

𝛥v1

𝛥v2

𝛥v3

𝛥v4

𝛥v5

Daughter
surveyor #2

Daughter
surveyor #3

Daughter
surveyor #4

Daughter
surveyor #5

Figure 8: An illustration of the deployment using the unstable manifold.
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Venus lasts for 500 days, and the duration from the Venus
to SVL2 halo orbit is 115 days. The total transfer process
lasts for approximately 615 days, and the total velocity
increment is approximately 2.06 km/s.

3.3. Deployment Trajectory Design. The deployment is real-
ized with the help of the Sun-Venus unstable manifold to
save energy. Among the six daughter surveyors, one is
deployed on the Sun-Venus halo orbit while the other five
are deployed on the Venus-like orbit with different phase.
As shown in Figure 8, by implementing a maneuver, the
daughter surveyors depart from the parking halo orbits
and enter the unstable manifold.

Note that the number of the daughter surveyors is not
limited as six. One would expect that increasing number of
the daughter surveyors enhance the observation perfor-
mance. But it also brings heavier cost in launching and
deployment. In this paper, six daughter surveyors are
selected according to the comprehensive consideration of
the launching cost, the ability of the mothership, and the
observation performance.

Assume that the daughter surveyor #iði ∈ 1, 2, 3, 4, 5Þ is
released at epoch ti, by implementing a maneuver with an

amplitude of Δvi in the direction of the unstable manifold
(the daughter surveyor #6 is assumed to stay on the Sun-
Venus halo orbit). Thus, the variables for designing the
deployment trajectory are the releasing time ti and the veloc-
ity increment Δvi. The objective for designing a constellation
is to maximize the instantaneous viewing area. As the orbital
planes of the six surveyors are very close to each other, the
objective is equivalent to maximizing the minimal angle
between any two surveyors and the Sun. In this case, the
optimization problem under the inertial coordinate system

Table 1: The maneuver strategy of five daughter surveyors of the
SVL1 case.

Velocity
increment (km/s)

Releasing time

Daughter surveyor #1 0.4175 January 8, 2026

Daughter surveyor #2 -0.8372 April 11, 2026

Daughter surveyor #3 -1.9548 April 18, 2026

Daughter surveyor #4 -0.8484 May 11, 2026

Daughter surveyor #5 0.0263 December 14, 2026
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is formulated as follows:

min J = − max θij t f
� �� �

= − max arccos
ri t f
� �

· rj t f
� �

ri t f
� ��� �� · rj t f

� ��� ��
 !" #

s:t: _xi tð Þ = f x tð Þ, tð Þ, t ∈ t0, t f
� �

 vi tið Þ = vi tið Þ + Δvid

 −Δvmax ≤ Δvi ≤ Δvmax,

ð7Þ

where d is the direction of the stable manifold, Δvmax is the
maximal velocity increment of the daughter surveyors who
can provide when released from the halo orbits, and t0 and
t f are the beginning and end of the deployment, respectively.

Equation (7) is solved using the genetic algorithm (GA).
Two cases are discussed in detail. The first is the rapid
deployment case. In this case, the SVL1 halo orbit is selected
as the parking orbit and the daughter surveyors have strong
maneuverability, with the maximal velocity increment given
as 2 km/s. The second is a low-cost deployment case, in

which the SVL2 halo orbit is taken as the parking orbit
and the maximal velocity increment is 100m/s. As the best
of our knowledge, whether deployed using the SVL1 halo
orbit or SVL2 halo orbit makes no difference to the perfor-
mance of the final configuration. Therefore, for the sake of
space, the results of the SVL2 rapid deployment and SVL1
low-cost deployment are not shown in the paper.

In the SVL1 rapid deployment case, Δvmax = 2 km/s. The
beginning time t0 is set to January 1, 2026, and the end t f is
set to January 1, 2029. The amplitude along z-axis is set to be
2 × 105 km. Figure 9 presents the orbits and the deployment
trajectory. The velocity increments of the five daughter
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Figure 10: The optimal solution of the SVL2 case. (a) Orbits within five years. (b) Orbits within 100 days. (c) The deployment trajectory. (d)
The enlarged view of the deployment trajectory.

Table 2: The maneuver strategy of five daughter surveyors of the
SVL2 case.

Velocity
increment (km/s)

Releasing time

Daughter surveyor #1 0.0480 July 5, 2026

Daughter surveyor #2 -0.0838 August 10, 2026

Daughter surveyor #3 0.0618 August 28, 2026

Daughter surveyor #4 -0.0890 May 22, 2028

Daughter surveyor #5 -0.0218 June 10, 2028
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surveyors are 0.0263 km/s, -0.8372 km/s, -1.9548 km/s,
0.4175 km/s, and -0.8484 km/s, as shown in Table 1. The
total velocity increment required is 4.0845 km/s. The daugh-
ter surveyor #3 has the largest velocity increment because it
transfers farthest from the mothership. During the three
years of deployment, the first year is used for releasing and
the rest is for the daughter surveyors to approach the corre-
sponding states.

In the SVL2 low-cost deployment case, the maximal
velocity increment is set to be Δvmax = 100m/s. Rapid
deployment is impossible for this case, and long-term
deployment is requested. The beginning time t0 is set to Jan-
uary 1, 2026, and the deployment period is set to 5 years.
The corresponding optimal solution is shown in Figure 10
and Table 2.

4. Detection Performance of the Constellation

4.1. Object Population. NEA is defined as asteroids whose
perihelion distance, q, is less than 1.3 au. NEA consists of
four groups, i.e., Atira, Aten, Apollo, and Amor, according
to their perihelion distance, aphelion distance, and semima-
jor axes. PHAs are asteroids whose minimum orbit intersec-
tion distance with respect to the Earth is within 0.05 au.
Moreover, the absolute magnitude of PHA is usually defined
within 22, which is larger than 140m in size. However, it is
noted that some NEAs with smaller sizes (smaller than
140m) are also of significant interest because their potential
impact is nonnegligible but are more difficult to detect and
will likely provide much shorter warning times compared
with larger objects.

In this paper, a total of 2072 PHAs among 13916 NEAs
are considered, as shown in Figure 11. The asteroid data

come from the International Astronomical Union’s Minor
Planet Center (MPC). The locations of the PHAs on January
1, 2031 are shown in Figure 12.

4.2. Asteroid Observation Model. To capture the asteroid in
the telescope’s field of view, two constraints must be satis-
fied: the apparent visible magnitudes and the extreme field
of view.

The absolute magnitude is to describe how bright an
asteroid is. The absolute magnitude is the averaged apparent
magnitude defined in the Johnson V band, which is viewed
using a full rotation cycle in the location at 1 au from both
the Earth and the Sun, and with the solar phase angle equal-
ing to 0. The absolute magnitude can be approximately esti-
mated by the asteroid’s size and geometric albedo as follows:

log10D = 3:1236 − 0:2H − 0:5 log10pV, ð8Þ

where H is the absolute magnitude. D is the diameter in km
and pV is the geometric albedo, respectively.

However, the absolute magnitude H is introduced at
the zero phase angle, where few asteroids are located. In
regard to dealing with real photometric data, visible mag-
nitude is used. The visible magnitude is extrapolated from
the absolute magnitude by considering the influence of the
phase angle of observation:

V κð Þ =H + 5 log10 Δ × rð Þ − 2:5 log10 1 −Gð ÞΦ1 κð Þ + GΦ2 κð Þ½ �,
ð9Þ

where VðκÞ is the apparent visible magnitude, κ represents
the phase angle, and G represents the slope parameter
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[61]. As shown in Figure 13, Δ denotes the distance from
the asteroid to the telescope and r denotes the distance
from the asteroid to the Sun. Φ1ðκÞ and Φ1ðκÞ are two
basis functions normalized at unity for κ = 0, which are
approximated by the following:

Φ1 κð Þ = exp −3:33 tan0:63
1
2
κ

� 	
,

Φ2 κð Þ = exp −1:87 tan1:22
1
2
κ

� 	
:

ð10Þ

Note that the values of slope parameter are available
for only a few asteroids, and most of which are unmea-
sured. Thus, for those unavailable, the G is taken as G =
0:15 in the simulation. Assume that the limited apparent
visible magnitude of the telescope is Vmax, and the con-
straint of the apparent visible magnitudes is expressed as
follows:

V ≤ Vmax: ð11Þ

The second constraint is the extreme field of view. The
direction of the targeted asteroid is defined using the azi-
muth angle α and elevation angle β. The azimuth angle
α is the angle between the projection of the line-of-sight
in the telescope’s orbital plane and the direction of the
center of vision, and elevation β is the angle between the
projection of the line-of-sight in the plane perpendicular
to the telescope’s orbit and the direction of the center of
vision. Moreover, as shown in Figure 14, the telescope’s
field of view is described by a rectangle, defined by two
angles αmax and βmax. Therefore, the constraint of the field

of view is given as follows:

αj j ≤ αmax,

βj j ≤ βmax:
ð12Þ

4.3. Simulated Observations. Assume that the mission
begins on January 1, 2031 and lasts for five years. The
total numbers of currently known potentially hazardous
near-Earth asteroids, of which there are 2072, were taken
from the MPC database. The telescopes’ extreme field of
view is set to 45∘: αmax = 45∘ and βmax = 45∘. The limited
apparent visible magnitude of the telescope is given as
Vmax = 24. Note that the configurations of the two cases
in Section 3.3 are almost the same. Thus, only one case,
i.e., the SVL1 rapid deployment case, is simulated.

First, the visibility of the asteroids in the database is sim-
ulated. As shown in Figure 15, the blue dots represent the
visible asteroids and the red stars represent the invisible
asteroids. Among the 2072 potential hazardous near-Earth
asteroids, 2068 are visible and the visible ratio is 99:81%.
Only four of them are invisible, i.e., 1999 XS35, 2011
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Venus orbit
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Figure 13: Phase relationship between the Sun, telescope, and
asteroid.
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Figure 14: An illustration of the telescope’s extreme field of view.
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GS60, 2015 KL157, and 2016 CC30, which are detailed in
Table 3. Two main reasons can account for why these four
asteroids are invisible. The first is that the targeted asteroid
is too far away from the constellation, and then, it exceeds
the extreme field of view. Another reason is that the minimal
visible magnitude is larger than 24. This means that
although the asteroid enters the extreme field of view, the
brightness is poor and therefore cannot be detected.

Then, the ability of the surveillance system to observe
asteroids is analyzed. The total duration of the asteroids’ vis-
ible arcs in the database is shown in Figure 16(a) and
Table 4. It can be seen that more than 94.5464% of targets
are visible for more than 100 days. Figure 16(b) and
Table 5 give the maximum duration of asteroid visible arcs.
The maximum duration of only 0.4826% of the targets is less
than 20 days, which is inadequate for an acceptable orbit
estimation. Moreover, more than 64.6718% of targets’ max-
imal durations are longer than 40 days, indicating they could
be well determined. Figure 16(c) illustrates the number of
asteroids’ visible arcs. For most asteroids, multiple arcs are
visible, which also improves the orbit determination. The
number of maximal observers in visible arcs is shown in
Figure 16(d). Most targets could be detected by only one
telescope, and only approximately 29.1505% could be
observed by two different telescopes at the same time.

Figure 17 illustrates the apparent visual magnitude of the
asteroids when it is first observed and the average apparent
visual magnitude when visible. The abscissa is the interval
of the apparent visual magnitude of the asteroid, and the
ordinate is the number of asteroids in the corresponding
interval when visible. For the most potential hazardous
near-Earth asteroids, the apparent visual magnitudes when

first observed are in the interval ð23, 24�, and the average
apparent visual magnitudes when visible are in the interval
ð22, 24�. Considering the telescope’s observation efficiency,
the technical difficulty of realizing the limited apparent visi-
ble magnitude, and the efficiency of utilizing the limited
apparent visible magnitude, it is reasonable to set the limited
apparent visible magnitude of the telescope to 24.

Moreover, the influence of the limited apparent visual
magnitude on the performance of the telescopes is investi-
gated. The quantity of observable asteroids in the database
is chosen to measure the performance. The results are shown
in the first row in Table 6. It is shown that the ratio of
observable asteroids in the database when Vmax = 24 is
99:8069%. When the limited apparent visual magnitude is
declined to Vmax = 23, the corresponding ratio drops by
99:4208%. When it is improved to Vmax = 25, the ratio
increases to 99:9517%.

In addition, the virtual PHAs are employed to test the
performance of the proposed surveillance constellation.
This is because the distribution of PHAs in the simula-
tions suffers from a selection bias, which may lead to
incorrect results of the performance test. To overcome this
shortcoming, 100000 virtual samples of NEAs are firstly
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Table 3: Invisible asteroid in the database.

a (au) e i (deg) H G Minimal V

XS35 17.7758 0.9471 19.4361 20.6 0.15 33.9586

GS60 3.3569 0.9228 19.2689 19.0 0.15 24.5552

KL157 2.6405 0.6182 35.5608 19.1 0.15 24.4431

CC30 2.4600 0.5857 35.5632 20.0 0.15 24.6971
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generated. These virtual NEAs are generated according to
the four-dimensional debiased orbit and absolute-
magnitude distribution proposed by Granvik et al.
[62–64]. The orbit and absolute-magnitude distributions
of these virtual NEAs are shown in Figure 18. As a com-
parison, the orbit and absolute-magnitude distributions of
the 13916 real NEAs are also illustrated in Figure 18. It
can be seen that the distributions of the virtual NEAs
are in line with the real ones. Among the 100000 virtual
BEAs, 10198 are tested and selected as the PHAs. The

quantities of observable asteroids among these virtual sam-
ples with different limited apparent visual magnitude are
listed in the second row in Table 6. These virtual asteroids
can be regarded as those PHAs have not been detected so
far and can be used to evaluate the performance of search-
ing for unknown PHAs. It can be seen that the perfor-
mance of detecting existed PHAs is better than detecting
virtual asteroids, with quantity higher than 11%-33%. For
example, when Vmax = 24, the ratio of observable asteroids
among the existed PHAs in database is 99.8069%, while
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Table 4: Total duration of asteroids’ visible arcs.

Interval (unit: day) 0-100 100-500 500-1000 1000-1500 1500-2000

Counts 113 906 564 364 125

Quantity 5.4536% 43.7258% 27.2201% 17.5675% 6.0328%

Table 5: Maximum duration of asteroids’ visible arcs.

Interval (unit: day) 0-20 20-40 40-100 100-500 500-1200

Counts 10 722 1153 162 25

Quantity 0.4826% 34.8455% 55.6467% 7.8185% 1.2065%
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the corresponding ratio is declined to 81.0355% for virtual
samples. This declination can be explained by the “survi-
vorship bias”: the PHAs in database themselves are easy
to be detected because they have suitable relative locations
and relatively large value of the absolute magnitude. How-
ever, the randomly generated virtual samples usually
include those difficult-to-detect asteroids, which leads to
a drop of the observing performance.

5. Orbit Determination Pipeline Design

In this section, the potential application for the PHA OD
using the surveillance constellation is discussed. The asteroid
orbit determination model is established using optical mea-
surements. The unscented kalman filter (UKF) is employed
to solve the asteroid OD problem and the OD accuracy is
analyzed based on the Monte Carlo (MC) simulation. Note
that the issue of the initial OD of a newly discovered object
is also important. However, this paper is aimed at providing
an overall design of the surveillance constellation on the
Venus-like orbits. The problems of the initial OD using the

proposed surveillance constellation will be investigated in
our future studies.

5.1. Asteroid State Estimation Model. Apart from detection
or early warning, the proposed surveillance constellation
can also be applied for tracking and determining the orbits
of the PHAs because the telescopes can provide line-of-
sight information. The problems, such as the order of the
determination errors and how long it should take to track
one asteroid under a given accuracy requirement, come as
follows. Thus, it is of great significance to have knowledge
on accuracy of the orbit determination system.

When the target asteroid is visible in the camera image.
The coordinates of the target in the telescope image plane
can be obtained. Usually, the orbits and the attitudes of the
detectors are known and the coordinates in the telescope
image plane can be replaced by the direction vector from
the detector to the targeted asteroid [65, 66]:

z = h xð Þ + ε = r − ri
r − rik k3 + ε, ð13Þ
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Figure 17: Apparent visual magnitude of the asteroids in the database when it is first observed and the average apparent visual magnitude
when visible.

Table 6: Quantity of observable asteroids with different limited apparent visual magnitude.

Vmax 20 21 22 23 24 25

PHAs 65.5405% 86.0521% 96.1390% 99.4208% 99.8069% 99.9517%

Virtual samples 43.8223% 54.0302% 63.9243% 72.3279% 81.0355% 88.0957%
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where x is the state of the targeted asteroid to be estimated, ri
is the position of the surveyor i, and ε = ½εx, εy, εz�T denotes
the Gaussian-distributed observation noise.

Considering the special circumstances that the targeted
asteroid could be observed by two surveyors, e.g., the sur-
veyors i and j, then the observation model is rewritten as
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follows:

z = h xð Þ + ε =

r − ri
r − rik k3
r − rj
r − rj
�� ��3

2
6664

3
7775 + ε: ð14Þ

The dynamic model of the navigation system is in Equa-
tion (1). Therefore, the OD system is given as follows:

_x = f xð Þ +w,
z xð Þ = h xð Þ + ε,

(
ð15Þ

where w ∈ℝ6 is the model noise.

5.2. State Estimation Simulation. First, the PHA Icarus is
chosen as the targeted asteroid, and the mothership and
the daughter surveyor #2 in the SVL1 rapid deployment case
are used. The OD begins on January 1, 2031, and ends after
60 days of observation. UKF is used to estimate the system
state from optical measurements. The initial estimated
ephemeris errors of the asteroid are given as follows:
1000 km per axis for the position and 100m/s per axis for
the velocity. The standard deviation (STD) of the measure-
ment noise is set as 10−5 per axis (around 2 arcsec).

The case of using only the mothership and using both
the mothership and the daughter surveyor #2 are simulated.
MC simulations are performed to show the orbit determina-
tion accuracy expressed by position and velocity in the orbit
system. To compare the efficiency and accuracy of different
cases, the σ bounds of determination errors are shown in
Figure 19. The initial σ bounds of each direction of the

Table 7: Orbit determination accuracy of Icarus with one observer and two observers (unit: km for position, m/s for velocity, and % for
convergence ratio).

rx ry rz vx vy vz

One observer

Initial STDs 1000 1000 1000 100 100 100

Final STDs 10.5376 23.3332 8.0189 0.0164 0.0068 0.0071

Convergence ratio 98.9462 97.6666 99.1981 99.9835 99.9931 99.9929

Two observers

Initial STDs 1000 1000 1000 100 100 100

Final STDs 5.0522 5.0691 3.6254 0.0073 0.0021 0.0051

Convergence ratio 99.4947 99.4931 99.6374 99.9926 99.9978 99.9948

Table 8: Convergence ratios with one observer (unit: %).

rx ry rz vx vy vz
Geographos 81.1376 97.7695 94.4038 99.9593 99.9915 99.9890

Hathor 87.0775 93.7200 98.4197 99.9732 99.9939 99.9933

Florence 80.6972 95.8930 91.2109 99.9568 99.9676 99.9816

Phaethon 99.5042 99.4512 99.6145 99.9932 99.9799 99.9950

Orpheus 93.3219 96.8121 98.6829 99.9916 99.9833 99.9962

Khufu 97.2014 95.6561 99.0246 99.9830 99.9776 99.9933

Nereus 81.1561 96.3891 99.2220 99.9839 99.9722 99.9956

OH 90.5915 80.0894 98.1711 99.9880 99.9388 99.9907

BR 83.3296 90.9870 91.1770 99.9743 99.9838 99.9883

WT 84.8774 88.5924 98.2494 99.9748 99.9882 99.9962

DA 83.8846 88.2498 98.9305 99.9866 99.9578 99.9914

WT24 90.7209 93.8589 98.8403 99.9743 99.9960 99.9986

GE2 96.5762 83.3845 98.9421 99.9550 99.9311 99.9956

ED104 90.4535 99.2161 81.5979 99.9839 99.9918 99.9583

UQ 96.0416 92.2105 99.0593 99.9849 99.9656 99.9971

DG 89.9660 83.8113 93.9053 99.9840 99.9446 99.9905

OL8 87.9061 93.0005 99.1740 99.9917 99.9716 99.9910

QF15 96.4213 97.5772 97.8235 99.9943 99.9939 99.9923

Mjolnir 81.6764 90.1998 99.0343 99.9796 99.9673 99.9954

OX4 83.0588 99.0534 97.7984 99.9830 99.9419 99.9921

Average 89.4341 93.1091 96.8255 99.9798 99.9740 99.9911
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Table 9: Convergence ratios with two observers (unit: %).

rx ry rz vx vy vz
Geographos 95.9882 98.9540 98.7205 99.9892 99.9964 99.9965

Hathor 97.7695 98.4571 99.6004 99.9942 99.9953 99.9987

Florence 98.3488 99.2597 99.2245 99.9952 99.9957 99.9980

Phaethon 99.7110 99.6008 99.8069 99.9985 99.9977 99.9985

Orpheus 99.3887 99.4933 99.7523 99.9983 99.9976 99.9989

Khufu 99.0418 99.6923 99.7805 99.9963 99.9981 99.9992

Nereus 99.2913 99.2450 99.5363 99.9973 99.9975 99.9986

OH 99.4882 98.3411 99.5343 99.9975 99.9951 99.9980

BR 95.1684 96.7677 97.4133 99.9874 99.9909 99.9934

WT 97.0996 97.1243 99.3515 99.9924 99.9922 99.9981

DA 99.1557 99.1661 99.6618 99.9950 99.9962 99.9983

WT24 98.9172 98.9405 99.7021 99.9968 99.9965 99.9991

GE2 99.0669 98.8034 99.3848 99.9966 99.9940 99.9980

ED104 99.0715 99.5184 98.6310 99.9975 99.9979 99.9966

UQ 99.4883 99.3790 99.7627 99.9984 99.9982 99.9993

DG 96.8125 94.6470 98.1795 99.9909 99.9852 99.9949

OL8 99.1553 99.2563 99.6158 99.9973 99.9968 99.9983

QF15 99.4545 99.3496 99.5162 99.9973 99.9981 99.9982

Mjolnir 99.3127 99.2688 99.7048 99.9973 99.9982 99.9993

OX4 98.6804 99.5538 99.6534 99.9960 99.9958 99.9986

Average 98.5456 98.7884 99.3330 99.9952 99.9958 99.9978

Table 10: Convergence ratios of virtual asteroids with one observer (unit: %).

a e i /deg rx ry rz vx vy vz
1 1.0325 0.4511 1.9332 83.1053 88.2917 97.9606 99.9680 99.9829 99.9923

2 0.7536 0.4790 1.5925 92.0979 96.3677 98.1464 99.9770 99.9832 99.9915

3 0.9876 0.0764 0.7462 67.4577 83.4725 98.8340 99.9464 99.9667 99.9890

4 2.3290 0.6071 1.9929 60.0096 87.2296 97.5073 99.9650 99.9153 99.9873

5 0.9176 0.7234 2.5721 95.0013 95.8981 98.2815 99.9762 99.9806 99.9906

6 0.7454 0.6476 2.3643 92.7156 90.0390 97.7796 99.9246 99.9543 99.9881

7 0.8196 0.1560 8.4913 74.4941 89.7102 96.9473 99.9409 99.9256 99.9855

8 0.7354 0.3328 1.7444 94.9423 81.4861 97.7692 99.9837 99.8651 99.9869

9 0.8450 0.3907 0.5158 68.4489 88.1824 98.6698 99.9514 99.9789 99.9926

10 1.0573 0.0798 15.0536 96.1568 86.7245 98.7429 99.9869 99.9567 99.9860

11 0.9600 0.0623 10.3051 68.8986 94.7081 95.9939 99.9761 99.9498 99.9862

12 0.8513 0.5286 2.1107 77.0435 91.1112 97.4704 99.9682 99.9639 99.9932

13 0.7254 0.7727 1.7040 79.0965 72.8536 97.2856 99.8987 99.9359 99.9908

14 0.8237 0.2066 25.8561 89.5626 72.4279 91.1324 99.9700 99.8825 99.9443

15 0.8001 0.3523 3.0136 88.1593 71.8700 97.5674 99.8840 99.8818 99.9893

16 0.6463 0.4763 19.2006 94.2545 79.2855 92.9226 99.9860 99.9096 99.9651

17 2.3143 0.7675 1.6459 66.6841 71.1188 96.5803 99.9478 99.9064 99.9873

18 1.3155 0.2405 24.5752 63.4760 64.4390 61.0193 99.9504 99.9470 99.9304

19 1.1912 0.6469 2.2421 91.6266 91.4771 98.4067 99.9574 99.9910 99.9889

20 0.8851 0.2849 2.5189 69.1216 88.3517 98.1202 99.9319 99.9538 99.9899

Average — — — 80.6176 84.2523 95.3569 99.9545 99.9415 99.9827
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position and velocity are 1000 km and 100m/s, respectively.
The blue lines represent the case with one observer, and the
red lines represent the case with two observers. As the MC
simulations are conducted with the same system parame-
ters, it can be concluded that the orbit determination accu-
racy with two observers is better than case with one
observer. Moreover, the estimation errors of the two
observer-case converge faster than those of the one
observer-case. For the case with two observers, the determi-
nation errors converge to near zero after only approxi-
mately 10 days, while the requested duration for one
observer-case is 40 days. The reasons why the one
observer-case is poorer than the two observer-case are as
follows. Previous studies have revealed that the observation
configuration can impact the OD performance of an angle-
only OD system [23, 65]. For researched PHA OD problem,
the observation configuration using one observer is usually
poor as the visible arc is short. However, using two
observers can help improve the observation configuration
and thus improve the OD accuracy [65].

To further compare the accuracy of the two cases, the
detailed final convergence results are given in Table 7. As
the square root of covariance, the STD has the same conver-
gence tendency as the covariance and reflects the estimation
accuracy more intuitively. With the same initial STDs, the
convergence ratios (defined in Equation (16)) of the two
observer-cases are higher than those of the one observer-
case, indicating that two observers outperform one observer
in terms of global convergence.

Convergence ratio = STDinitial − STDfinal
STDinitial

× 100%: ð16Þ

Moreover, the OD accuracy of another 20 PHAs using
both one observer and two observers is presented in
Tables 8 and 9. The mean convergence ratios of the position
and the velocity using one observer are around 89%-
96.8255% and 99.9%, respectively, and the convergence
ratios using two observers are larger than 98.5%. Finally, to
further test the OD performance of the proposed CROWN,
MC simulations are performed on the generated virtual sam-
ples (the same virtual samples as those in Section 4). The
results are shown in Tables 10 and 11. Compared with the
results in Tables 8 and 9, the OD accuracy of these virtual
samples is a little poorer than that of the existing PHAs. It
is obviously shown that the OD using two observers shows
better capability than OD using one observer with respect
to the accuracy. The OD accuracy test results indicate
another advantage of using the surveillance constellation;
that is, the surveillance constellation can provide observa-
tions in different directions, and therefore, a more accurate
OD can be obtained compared with the single surveyor.

6. Conclusion

This paper presented and analyzed a mission concept of a
surveillance constellation of near-Earth object surveyors.
The constellation is designed in the Sun-Venus three-
body system and deployed on the Venus-like orbits. The

Table 11: Convergence ratios of virtual asteroids with two observers (unit: %).

a e i /deg rx ry rz vx vy vz
1 1.6859 0.4169 5.9418 91.5510 91.5982 96.3636 99.9732 99.9600 99.9874

2 0.7704 0.3048 14.7508 95.6236 95.0951 97.3613 99.9834 99.9809 99.9914

3 2.1827 0.5407 16.5283 96.3832 89.2701 97.2918 99.9882 99.9700 99.9916

4 1.0325 0.4511 1.9332 91.9876 90.3081 97.9483 99.9782 99.9735 99.9933

5 1.1600 0.3132 1.3866 94.9023 94.9047 97.2862 99.9829 99.9838 99.9918

6 0.7536 0.4790 1.5925 98.0203 98.0676 98.5610 99.9928 99.9920 99.9959

7 2.5499 0.6017 33.4033 92.9926 90.2703 94.5845 99.9770 99.9589 99.9788

8 1.0784 0.0770 23.5673 95.5698 95.7939 97.5481 99.9838 99.9849 99.9928

9 0.9876 0.0764 0.7462 97.5400 94.1151 98.6229 99.9883 99.9836 99.9950

10 1.1703 0.3623 1.8964 91.2607 94.3493 97.1612 99.9706 99.9705 99.9919

11 0.9361 0.3965 2.1087 98.3310 98.0591 99.2671 99.9895 99.9961 99.9972

12 1.6815 0.4241 2.6311 96.2686 87.6836 96.7701 99.9851 99.9590 99.9891

13 1.9261 0.6104 2.6141 98.2722 97.8700 98.7419 99.9922 99.9921 99.9959

14 0.9748 0.4445 0.1882 96.3305 96.4037 98.1159 99.9810 99.9866 99.9935

15 1.3957 0.2871 2.7691 92.1017 96.1651 97.7901 99.9474 99.9837 99.9931

16 1.6800 0.4295 8.2280 83.7947 94.5185 96.2595 99.9186 99.9778 99.9864

17 0.9247 0.5750 1.4222 98.1599 96.4524 99.3689 99.9948 99.9821 99.9947

18 0.8002 0.3851 0.7967 97.7057 96.3214 98.5575 99.9931 99.9759 99.9955

19 0.9526 0.0539 8.1722 97.7580 97.6104 98.7319 99.9928 99.9908 99.9955

20 1.1699 0.2725 0.1024 91.3492 90.8063 98.5362 99.9715 99.9759 99.9947

Average — — — 94.7951 94.2831 97.7434 99.9792 99.9789 99.9923
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constellation contains a mothership and six daughter sur-
veyors. The mothership provides maneuver ability for
transfer and deployment. The six daughter surveyors are
deployed on the Venus-like orbits and monitor the space
inside the Earth’s orbit. The deployment can be completed
within five years using values of less than 300m/s velocity
increment. The surveillance constellation can provide
effective early warning for almost all PHAs. Only 4 of
2072 PHAs are invisible during the 5-year mission. More-
over, the surveillance constellation can also be applied for
asteroid orbit determination (OD) and the OD accuracy is
approximately 5 km after 40 days of measurement using
one surveyor or 10 days of measurement using two differ-
ent surveyors. Based on this work, the system scheme
design, payload instruments, in-orbit observations, and
data analysis pipelines could be further conducted in the
future.
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