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Abstract This paper proposes a hierarchical attitude planning method to address the complex attitude planning problem for multi-

rigid-body spacecraft equipped with multiple laser communication terminals under constraints. The proposed method comprises three

key steps: attitude decomposition, constrained path search, and trajectory generation. First, attitude decomposition determines the

desired spacecraft platform attitude and feasible terminal joint angles (satisfying range-of-motion limits) corresponding to the desired

terminal pointing directions. Next, the multi-heuristic A* algorithm is employed to perform a search for a feasible attitude and joint

angle sequence within the high-dimensional configuration space satisfying all pointing constraints. Finally, a novel Lie group SO(3)-based

trajectory planning method is applied to generate smooth and dynamically feasible attitude trajectories connecting the discrete sequence,

by solving a sequence of quadratic programs. Numerical simulations under different operational constraints demonstrate the effectiveness

of the proposed method in generating feasible and smooth trajectories.
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1 Introduction

Attitude planning is a crucial component of a spacecraft’s attitude control system. Spacecraft in orbit face various
constraints when performing attitude maneuvers [1–4]. For example, equipment such as infrared telescopes and
star trackers has attitude keep-out constraints, requiring that their sensitive axes not be exposed to bright celestial
objects [5, 6]. Similarly, ground communication missions require mandatory pointing constraints, ensuring that
the communication antenna remains continuously aligned with the ground station [7, 8]. Furthermore, structural
strength limitations impose an upper limit constraint on the spacecraft’s angular velocity during maneuvers [9,10].
Constrained attitude maneuvers cannot be guaranteed by unconstrained control algorithms, which creates the need
for attitude planning. Such planning involves designing feasible attitude trajectories under multiple constraints to
serve as control inputs. This approach reduces controller complexity, improves precision, and plays a crucial role in
increasingly complex space missions. As a result, generating feasible attitude paths under complex constraints has
become an active research area.

In recent years, based on different approaches to dealing with pointing constraints, related research can be broadly
categorized into three main approaches: the potential function approach [11–13], search-based approach [14–16],
and optimization-based approach [17–19]. The potential function approach models constraints as regions of high
potential and the desired attitude as a low potential minimum. Constraint avoidance is achieved by incorporating
the negative gradient of this potential function into the control law. Search-based approaches discretize the attitude
configuration space (typically SO(3)) and employ graph search algorithms (e.g., A*, RRT [20]) to explore feasible
attitude sequences. Conversely, optimization-based approaches formulate attitude planning directly as a constrained
nonlinear optimization problem, deriving the attitude trajectory as the solution to this problem.
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The rise of satellite internet has made attitude planning for satellites equipped with laser terminals an active
research area [21, 22]. In such constellations, spacecraft must establish links with nodes in different orbital planes
using laser terminals. Attitude maneuvers requiring multiple terminals are necessary both after deployment and
during communication topology switches. However, existing planning algorithms struggle with these multi-terminal,
multi-constraint scenarios due to several fundamental challenges: the curse of dimensionality, low computational
efficiency, and inadequate dynamic feasibility.

These limitations manifest differently across various methodological approaches. Potential function methods,
while effective for single rigid bodies under pointing constraints, scale poorly to multi-body systems. Search-based
algorithms like A* become computationally intractable in high-dimensional spaces due to the curse of dimensionality.
Nonlinear optimization approaches, though capable of handling complex constraints, often require prohibitively long
computation times for practical implementation.

Furthermore, ensuring the dynamical feasibility of the planned attitude trajectory is a critical aspect that often
requires careful consideration [23]. For instance, some search-based methods [14, 24] neglect the crucial step of
smooth interpolation between discrete attitude nodes, resulting in non-smooth, potentially dynamically infeasible
attitude profiles. While optimization-based methods [17,21] can generate smooth trajectories, the physical interpre-
tation of their objective functions is often unclear, making it difficult to predict or control the specific characteristics
(e.g., energy consumption, maneuver time) of the resulting attitude path.

Inspired by these observations, we propose a hierarchical attitude planning method for spacecraft with three
2-degree-of-freedom (2-DOF) laser communication terminals. This method addresses key challenges in deploying
low-Earth orbit satellite communication constellations: how to compute desired attitudes from topological link rela-
tionships and how to design feasible attitude trajectories under multi-terminal and multi-constraint conditions. To
tackle these problems, a hierarchical structure is adopted to simplify computation by handling subsets of constraints
at each step. Within this framework, the proposed method decomposes the problem into three sequential steps.

Step 1 (attitude decomposition). A simple nonlinear optimization problem is formulated for attitude decom-
position, constrained by the terminals’ pointing and maximum maneuverable angle, with the objective function
being the minimization of the angular distance of the platform’s maneuver. This decomposes the desired terminal
pointing directions into corresponding desired platform attitude and feasible terminal joint angles.

Step 2 (constrained path search). The multi-heuristic A*(MHA*) algorithm is employed to address the high-
dimensional path search problem. This step generates a discrete sequence of platform attitudes and terminal joint
angles that satisfies all pointing constraints.

Step 3 (dynamically feasible trajectory generation). The design problems of platform attitude curves and joint
angle curves are transformed into solving a series of quadratic programming (QP) problems. The variables in these
QPs are the coefficients of basis functions fitting the attitude curves over segments of the path.

The main contributions of this paper are summarized as follows.

(i) A novel, comprehensive hierarchical attitude planning framework is presented. This framework integrates
attitude decomposition, constrained path search, and dynamically feasible trajectory generation, enabling effective
planning for high-dimensional spacecraft systems with multiple movable parts under complex constraints.

(ii) A new Lie group SO(3)-based trajectory planning methodology is introduced. This methodology efficiently
transforms the constrained attitude trajectory design problem into solving a sequence of QPs. Crucially, we provide
a rigorous theoretical analysis elucidating the physical significance (e.g., its relationship to minimizing angular
acceleration) of the objective function within the established QP formulation.

2 Problem statement

2.1 Notation definitions and useful lemmas

The symbols used in this paper are defined as shown in Table 1. The definitions of SO(3) and so(3) are respectively
SO(3) =

{
R ∈ R3×3

∣∣RTR = RRT = I, det (R) = 1
}
and so(3) =

{
S ∈ R3×3

∣∣ST = −S
}
. so(3) and R3 are iso-

morphic, and x ∈ R3 and x̂ ∈ so(3) can be mapped one-to-one by the vector’s cross-product operator. The lemmas
that will be used in this paper are stated below.

Lemma 1 ([25]). Any rotation matrix R (θ,w) is equivalent to a rotation about a fixed axis w ∈ S2 through an
angle θ ∈ [0, 2π).

The exponential map establishes a link between the equivalent axis representation and the rotation matrix, i.e.,
R (θ,w) := exp (θŵ) = I + sin θŵ + (1− cos θ) ŵ2, where angular distance θ = d(R, I) = arccos ((tr (R) − 1) /2)



Huo T, et al. Sci China Inf Sci September 2026, Vol. 69, Iss. 9, 192206:3

Table 1 Notation definitions.

Notation Meaning

R The set of real numbers.

R ∈ R
3×3 Rotation matrix of the satellite platform relative to the inertial frame FI .

I ∈ R
3×3 Identity matrix.

SO(3) Lie group formed by rotation matrices.

so(3) Tangent space of Lie group SO(3) at identity element I.

S2 The unit sphere in R
3.

D (x) Tangent operator of SO(3).

θi ∈ [−90◦, 90◦] Yaw angle of the laser terminal.

ϕi ∈ [−15◦, 15◦] Pitch angle of the laser terminal.

η Exponential coordinates of a rotation matrix.

Ωmax Upper limit of angular velocity for the satellite platform.

T Time of attitude maneuver.

r1,j ∈ S2, j = 1, . . . , p Forbidden pointing in inertial frame FI .

r2,j ∈ S2, j = 1, . . . , p Mandatory pointing in inertial frame FI .

Nk The k-th node in the A* algorithm.

ωk Angular velocity on the k-th interval.

‖·‖ 2-norm of a vector.

(·)T Transpose of a matrix.

(·)∧, (̂·) Cross-product matrix of a vector.

(·)0 Initial value.

(·)
d

Desired value.

and unit vector ŵ =
(
R−RT

)
/ (2 sin θ). The inverse of the exponential map exp (·) is denoted by log (·), i.e.,

log (R (θ,w)) = θŵ ∈ so(3). The bounded vector θw is called exponential coordinates for R.

Lemma 2 ([25]). Given R ∈ SO(3) and p, q ∈ R3, the following properties hold:
(i) R(p× q) = (Rp) × (Rq);
(ii) Rp̂RT = (Rp)

∧
;

(iii) ‖Rp−Rq‖ = ‖p− q‖.

Lemma 3 ([26]). Let ε denote a small positive constant, t denote time and x (t) = [x1 (t) , x2 (t) , x3 (t)]
T ∈ R3

denote a differentiable curve. Let α (x) = sin (‖x‖) / ‖x‖, β (x) = 2 (1− cos (‖x‖)) /‖x‖2, and ẋ (t) = d
dtx (t).

Then the derivative of R (t) = exp
(
x̂ (t)

)
with respect to time t is

Ṙ (t) = R (t) (D (x) ẋ)
∧
, (1)

where tangent operator D (x) is

D (x) =

{
I − β(x)

2 x̂+ 1−α(x)

‖x‖2
x̂2, ‖x‖ > ε,

I, ‖x‖ < ε.
(2)

Lemma 4 ([27]). The angular distance d(R1,R2) on SO(3) has the following properties:
(i) The angular distance is double translation invariant, i.e., d (RR2,RR1) = d (R2R,R1R) = d (R2,R1) , ∀R ∈

SO(3);
(ii) The angular distance is physically significant as the maximum angle of one rotation.

2.2 Problem statement and overview of approach

This paper investigates the attitude planning problem for spacecraft in a low-Earth-orbit communication constella-
tion. The constellation comprises satellites equipped with multiple laser terminals. Due to orbital motion, varying
communication tasks, and other factors, the constellation’s communication topology undergoes dynamic changes.
When the communication topology shifts, spacecraft must execute corresponding attitude maneuvers to ensure
laser terminals point toward different spacecraft. As illustrated in Figure 1, assuming the designed communication
topology, to complete the communication task, the spacecraft needs to use three laser terminals over a future period
to point toward Satellites 1–3, respectively. Specifically, Satellite 1 resides in the same orbit with a forward orbital
phase, while Satellites 2 and 3 are located in adjacent orbits with backward orbital phases.
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Figure 1 (Color online) Schematic diagram of the spacecraft orbit.

Figure 2 (Color online) Spacecraft model with three laser terminals.

The spacecraft model, illustrated in Figure 2, comprises a central platform and three laser terminals. Each
terminal possesses two rotational degrees of freedom: yaw and pitch. The mounting planes of the three laser
terminals are parallel to the xBOByB plane of the spacecraft body frame FB , and the angle between the terminals
is 120◦. The attitude of the spacecraft platform is denoted by R. The rotation angles of the three terminals are their
yaw and pitch angles, denoted by θi ∈ [−90◦, 90◦] and ϕi ∈ [−15◦, 15◦] for i = 1, 2, 3, respectively. The positive
value is counterclockwise.

The objective of this work is to design smooth and dynamically feasible trajectories for the platform attitude
(R(t)) and the terminal joint angles (θi(t) and ϕi(t)) that simultaneously satisfy terminal angle constraints, terminal
pointing constraints, and angular velocity constraints, given that the initial platform attitude, initial rotation angle,
and terminal target pointing are known.

To achieve this objective, we propose a hierarchical attitude planning framework. As shown in Figure 3, in the
first step, we design an attitude decomposition method based on terminal joint angle constraints and the maximum
rotation angle of the platform to decompose the desired pointing into the platform attitude and joint angles.

The second step addresses constrained path search. We employ the MHA* algorithm to search the combined
configuration space (platform attitude and joint angles) for a discrete sequence of feasible states. This sequence
must satisfy all pointing constraints throughout the path and respect the discretization inherent in the search.
The search is based on the geometric properties of SO(3), specifically utilizing the representation mapping rotation
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Figure 3 (Color online) Overview of multi-terminal hierarchical attitude planning algorithm.

matrices onto a 3D ball of radius π as characterized in Lemma 1.
The third step focuses on generating smooth and dynamically feasible trajectories. Given the discrete sequence

of state nodes (platform attitude + terminal joint angles) from Step 2, we design continuous trajectories R(t) and
θi(t) connecting these nodes. Due to the non-Euclidean nature of the SO(3) manifold for the platform attitude,
we apply a Lie group SO(3)-based trajectory planning method. This method transforms the trajectory generation
problem into solving a sequence of QP problems.

3 Attitude decomposition and path search

3.1 Attitude decomposition

The functions of yaw and pitch angles taken for a unit vector s = [s1, s2, s3]
T are denoted Azi (s) and Ele (s),

respectively,

Azi (s) = atan2 (s1, s2) ,

Ele (s) = atan2

(
s3,
√
s21 + s22

)
. (3)

The known terminal desired pointing in the inertial system is zj ∈ S2, j = 1, 2, 3, and the spacecraft platform
attitude to be determined is Rd. This desired attitude Rd should enable the terminal to satisfy the movable range
of rotation (90◦ and 15◦)

−
1

2
π 6 Azi (Rdzj) 6

1

2
π,

−
1

12
π 6 Ele (Rdzj) 6

1

12
π. (4)

Assuming that the spacecraft rotates with an upper limit of angular velocity Ωmax and a maneuver time T , we
would like the rotation angle corresponding to Rd to satisfy

d (R0,Rd) 6 ΩmaxT. (5)

Using Lemma 4, we obtain d (R0,Rd) = d
(
Rd

TR0, I
)
=
∥∥log

(
Rd

TR0

)∥∥. Based on Lemma 1, Rd
TR0 ∈ SO(3)

can be expressed by the exponential coordinates: Rd
TR0 = R(η). Considering that the exponential coordinates η

are bounded, Eq. (5) simplifies to

0 6 ‖η‖ 6 min {π,ΩmaxT} . (6)
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The objective of attitude decomposition is to find a minimum platform rotation while satisfying constraints (4)
and (6), so Rd(η) is obtained by solving the following optimization problem:

min
η

‖η‖2

s.t. (4), (6). (7)

Thus, in attitude path planning, the starting point (known) is {R0, θi,0, ϕi,0} , i = 1, . . . , 3 and the end point is
{Rd = R0 exp(η̂), θi,d, ϕi,d} , i = 1, . . . , 3, where θi,d = Azi (Rdzj) and ϕi,d = Ele (Rdzj). Attitude decomposition
serves as the first step in the proposed planning framework, while dynamic-related constraints are considered in
the third step. In spacecraft attitude control systems, attitude planning acts as a precursor to control. Generating
smooth reference trajectories during planning helps improve control accuracy. It should be noted that attitude
decomposition only provides the final desired attitude state—not the entire trajectory—and therefore does not
directly affect the control process.

Remark 1. Attitude decomposition is motivated by two primary reasons. First, constellation design provides only
the communication topology, which must be translated into specific platform attitudes and terminal joint angles to
control the satellites during operational mode. Second, complex scenarios, such as post-deployment initialization,
inter-plane link establishment, and topology switching, require coordinated platform-terminal maneuvers beyond
the capability of terminal motion alone.

3.2 Attitude path search

In the second step, we utilize an improved A* algorithm [28] to plan a sequence of attitudes that satisfy the pointing
constraints, considering the need to perform path search in a 3 + 3× 2 = 9 dimensional space.

3.2.1 Attitude node extension method and pointing constraints

We divide the searched space S into two parts SO(3) and S1 × S2:

S = SO(3)× S1 × S2,

S1 =
[
−
π

2
,
π

2

]
×
[
−
π

2
,
π

2

]
×
[
−
π

2
,
π

2

]
,

S2 =
[
−

π

12
,
π

12

]
×
[
−

π

12
,
π

12

]
×
[
−

π

12
,
π

12

]
. (8)

Since S1 × S2 is a subset of the Euclidean space R6, the node extension method for angles θi,k and ϕi,k are

θi,k+1 =

{
θi,k ± δh, |θi,k − θi,d| > δh,

θi,d, |θi,k − θi,d| 6 δh,

ϕi,k+1 =

{
ϕi,k ± δh, |ϕi,k − ϕi,d| > δh,

ϕi,d, |ϕi,k − ϕi,d| 6 δh,
(9)

where δS is the expansion step of the angles. Using Lemma 4, a path search from R0 to Rd is equivalent to a search
from I to R0

TRd. Further using the exponential coordinates, it can be equivalent to a search from vector 0 ∈ R3

to vector η ∈ R3, whereby we transform path search in a non-Euclidean space into one within a Euclidean space.
Assuming that the current attitude node of the platform is Rk = exp (η̂k), the expansion of the node is designed
as follows:

Rk+1 =

{
exp

(
δSO(3)κ̂

)
exp (η̂k) , d (Rk,Rk+1) > δSO(3),

R⊤
0 Rd, d (Rk,Rk+1) < δSO(3),

(10)

where δSO(3) is the expansion step size and κ ∈ S2 is the unit vector generated using uniform distribution. In the
experiments of this paper, six unit vectors are generated per expansion.

In this paper, we consider the existence of forbidden pointing constraints and mandatory pointing constraints.
The forbidden pointing constraints are the need to avoid the direction of bright celestial bodies, such as the Sun,
for the pointing of the laser terminal during attitude maneuvers. As shown in Figure 4, these forbidden directions
are known under the inertial frame FI and denoted as r1,j ∈ S2, j = 1, . . . , p. The pointing of the terminal in the
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Figure 4 (Color online) Schematic diagram of spacecraft pointing constraints.

inertial frame should have an angle with r1,j ∈ S2 greater than the corresponding constraint angle α1,j , which is
therefore required to be satisfied by the extended attitude node

r1,j
TRk+1v (θ1,k+1, ϕ1,k+1) 6 cosα1,j ,

r1,j
TRk+1v

(
θ2,k+1 +

2π

3
, ϕ2,k+1

)
6 cosα1,j,

r1,j
TRk+1v

(
θ3,k+1 −

2π

3
, ϕ3,k+1

)
6 cosα1,j. (11)

The mandatory pointing constraint means that the direction of the laser terminal should always be maintained
within a fixed angle with the given direction. Taking terminal 1 as an example, assuming that the angle between it
and the given direction r2,j ∈ S2 is always less than α2,j , the constraint on the node can be written as

r2,j
TRk+1v (θ1,k+1, ϕ1,k+1) > cosα2,j , (12)

where v(a, b) = [vx(a, b), vy(a, b), vz(a, b)]
T ∈ S2 is a function that calculates the direction of pointing under this

system based on the yaw and pitch angles of the terminal, i.e.,

vx(a, b) = sin
(
π

2
− b
)
cos(a),

vy(a, b) = sin
(
π

2
− b
)
sin(a),

vz(a, b) = cos
(
π

2
− b
)
. (13)

3.2.2 Path search based on multiple heuristics A*

The A* algorithm is a heuristic graph search algorithm that centers on rating the priority of a node N based on
the value of the following cost function:

f(N ) = g(N ) + h(N ), (14)

where g(N ) is the actual cost from the starting point to the current node N and h(N ) is the estimated cost from the
current node to the goal. Let h∗(N ) denote the actual cost from the current node to the goal. When h(N ) 6 h∗(N ),
it is said that h(N ) is admissible, in which case the A* algorithm gives the shortest path. However, there are
difficulties in designing a suitable heuristic function in high-dimensional, non-Euclidean spaces, and thus traditional
A* algorithms do not work well on such problems. Considering the need for path planning in 9-dimensional
space (S = SO(3) × S1 × S2) in this paper, we apply a multi-heuristic A* algorithm, the pseudo-code of which is
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described in [28]. In MHA*, n + 1 different heuristic functions h0, . . . , hn are designed, where only h0 is required
to be admissible. Using these n + 1 heuristic functions, the n + 1 searches run simultaneously and independently,
where each search uses its own priority queue. Two parameters, w1 > 1 and w2 > 1, are also introduced in this
algorithm to control the algorithm’s sub-optimality bounds, where w1 is the coefficient of the heuristic term in each
search, and w2 is a factor used to prioritize inadmissible searches (h1, . . . , hn). In this paper, we design 3 heuristic
functions and choose to use the rotation angle as h0, the Euclidean distance, and the Manhattan distance as h1

and h2. For the k-th node Nk = (Rk, θi,k, ϕi,k) = (exp (η̂k), θi,k, ϕi,k), the heuristic term is computed as follows:

h0(Nk) =d(Rk,R
T
0 Rd) +

3∑

i=1

|θi,k − θi,d|+
3∑

i=1

|ϕi,k − ϕi,d|

=
∥∥∥log

(
Rk

TR0
TRd

)∥∥∥+
3∑

i=1

(|θi,k − θi,d|+ |ϕi,k − ϕi,d|),

h1(Nk) =
∥∥∥ηk − log

(
R0

TRd

)∥∥∥+
(

3∑

i=1

(θi,k − θi,d)
2
+ (ϕi,k − ϕi,d)

2

) 1
2

,

h2(Nk) =

3∑

i=1

∣∣∣(ηk)i −
(
log
(
R0

TRd

))
i

∣∣∣+
3∑

i=1

(|θi,k − θi,d|+ |ϕi,k − ϕi,d|). (15)

The actual cost when a node expands is determined by the step size

g (Nk) = g (Nk−1) + δSO(3) + 6δh. (16)

In summary, the flowchart of attitude path planning is shown in Figure 5.

Remark 2. The MHA* algorithm improves the poor adaptability of traditional A* algorithms in high-dimensional
spaces by incorporating multiple heuristic functions. Its theoretical properties are thoroughly discussed in [28],
which also presents numerical experiments on 12-dimensional manipulator planning and 30-dimensional navigation
problems, demonstrating its strong adaptability in high-dimensional planning. When additional terminals are
installed, each terminal introduces two extra degrees of freedom. The MHA* algorithm remains effective in solving
such problems.

4 Attitude dynamics planning

One difficulty in dynamical planning is that high degrees of freedom are required to fit attitude sequences when
the sequences are too long. We therefore establish an optimization method for the simplest sequence containing
only two nodes and then discuss some improvement techniques in the simulation section. As shown in Figure 6,
after the attitude planning in Subsection 3.2, the attitude sequences {θi,0, . . . , θi,m = θi,d}, {ϕi,0, . . . , ϕi,m = ϕi,d},

and
{
I, . . . , R0

TRd

}
⇔ {R0, . . . , Rm = Rd} are obtained, and the task of this section is to perform the dynamics

planning to obtain the angle curves θi(t), t ∈ [0, T ], ϕi(t), t ∈ [0, T ], and the attitude curve R(t), t ∈ [0, T ], which are
C2. Since a fixed step size is used to generate nodes, the total time T is divided equally in the dynamics planning.

4.1 Dynamics planning of laser terminals

Since yaw angles and pitch angles differ only in their symbols, we will use the yaw angle θi as an example to present
the dynamics planning method for joint angles. In the time interval [tk, tk+1], θi,k is assumed to be of the following
form:

θ̃i,k (t) =

l∑

k=0

ai,k,jhj,k (t) = (ai,k)
T
hk(t), (17)

where ai,k = [ai,k,0, . . . , ai,k,l]
T
, hk(t) = [h0,k (t) , . . . , hl,k (t)]

T
and hj,k(t) is the basis function. θ̃i,k (t) should be

equal to two nodes at the left and right endpoints, and the first and second order derivatives at the left endpoint
should be equal to those of the previous segment. Thus the equality constraints on θ̃i,k (t) are

θ̃i,k(tk) = θi,k,
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Figure 5 Flowchart of attitude path search.

θ̃i,k(tk+1) = θi,k+1,

˙̃
θi,k(tk) =

{
˙̃
θi,k−1(tk), k 6= 0,

0, k = 0,

¨̃
θi,k(tk) =

{
¨̃
θi,k−1(tk), k 6= 0,

0, k = 0.
(18)

Additional constraints are required for the last segment

˙̃
θi,k(T ) = 0,

¨̃
θi,k(T ) = 0. (19)

Furthermore, since there is an upper limit on the angular velocity of rotation and its derivatives, the inequality
constraint for θ̃i,k (t) is that the first and second order derivatives at the right endpoint (t = tk+1) are less than the
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Figure 6 (Color online) Sequence of attitudes and direction of planning.

given values

−ξ1 6
˙̃
θi,k(tk+1) 6 ξ1,

−ζ1 6
¨̃
θi,k(tk+1) 6 ζ1. (20)

The derivatives of each order at the left endpoint (t = tk) remain the same as at the right endpoint in the previous
segment, so the upper bound constraint is also satisfied.

Since the torque of rotation is directly related to the second-order derivative of θ̃i,k (t), θ̃i,k (t) is obtained by
solving the following quadratic programming problem:

min
ai,k

1

2

∫ tk

tk

¨̃
θ
2

i,k (t) dt =
1

2
(ai,k)

T
Pi,kai,k

s.t. (18), (19), (20), (21)

where

Pi,k =

∫ tk+1

tk

hk (t)hk
T (t) dt

=




∫ tk+1

tk
h0,kh0,kdt · · ·

∫ tk+1

tk
h0,khl,kdt

...
...

...∫ tk+1

tk
hl,kh0,kdt · · ·

∫ tk+1

tk
hl,khl,kdt


 . (22)

Constraints (18)–(20) are linear and can be written in the following form:

Ai,kai,k = bi,k,

−c1 6 Gi,kai,k 6 c1, (23)

where

Ai,k =





[
hk

T (tk) , hk
T (tk+1) , ḣ

T
k (tk) , ḧ

T
k (tk)

]T
, k 6= m,

[
hk

T (tk) , hk
T (tk+1) , ḣ

T
k (tk) , ḧ

T
k (tk) , ḣ

T
k (tk+1) , ḧ

T
k (tk+1)

]T
, k = m,

bi,k =





[θi,k, θi,k+1, 0, 0]
T
, k = 0,

[
θi,k, θi,k+1,

˙̃
θi,k−1(tk),

¨̃
θi,k−1(tk)

]T
, 0 < k < m− 1,

[
θi,k, θi,k+1,

˙̃
θi,k−1(tk),

¨̃
θi,k−1(tk), 0, 0

]T
, k = m− 1,

Gi,k =
[
ḣT
k (tk+1) , ḧ

T
k (tk+1)

]T
,

c1 = [ξ1, ζ1]
T. (24)
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Remark 3. In the quadratic programming problem (21), the existence of a globally optimal solution is determined
by whether Pi,k is positive definite or not. The positive definiteness of Pi,k is then determined by the basis functions;
e.g., for common polynomial basis functions, Pi,k is always positive semi-definite, and hence there exists a globally
optimal solution.

4.2 Dynamics planning of the platform

4.2.1 Interpolation on SO(3)

Interpolating on SO(3) is not as straightforward as interpolating in Euclidean space; hence, in this paper, we use
the algorithm in [29, 30] to obtain the attitude curve R(t). Also, unlike the planning of angles θi,k(t) which is
done backwards from the interval [t0, t1], in optimizing the curve R(t) it is done forwards from the last interval
[tm−1, tm = T ] as shown in Figure 6. On the interval [tk, tk+1], the attitude curve Rk,k+1 is designed as follows:

Rk,k+1 (t) = Rkγk (t) ,

γk (t) = Uk (t) exp (βk (t)−Xk (t)− I)WT
k (t) ,

Xk (t) = (t− tk)Ωk,

Uk (t) = exp

(
(t− tk)

Ωk

2

)
,

Wk (t) = exp

(
− (t− tk)

Ωk

2

)
,

Ωk =
log
(
R−1

k Rk+1

)

tk+1 − tk
, (25)

where βk (t)− I ∈ so(3) is the interpolation curve to be optimized. Since so(3) and R3 are isomorphic, the above
interpolation algorithm both transforms the complex interpolation problem on SO(3) into a simple interpolation
problem on R3 and has many elegant properties. With slight symbol abuse, we fit the vector (βk (t)− I)

∨ ∈ R3 in
the same way as in (17), i.e.,

(βk (t)− I)∨i =

l′∑

j=0

ai,k,jhj,k (t) = (ai,k)
Thk(t), i = 1, . . . , 3. (26)

According to [18], the first and second order derivatives of the curve γk(t) are

γ̇k (t) =
Ωk

2
γk (t) + γk (t)

Ωk

2
+ γk (t) (Wk (t)D (ηk) η̇k)

∧
,

γ̈k (t) =γk (t)

(
−
Ωk

2
Wk (t)D (ηk) η̇k +Wk (t) Ḋ (ηk) η̇k +Wk (t)D (ηk) η̈k

)∧

+
Ωk

2
γ̇k (t) + γ̇k (t)

Ωk

2
+ γ̇k (t) (Wk (t)D (ηk) η̇k)

∧, (27)

where η̂k (t) = βk (t)−Xk (t)− I, t ∈ [tk, tk+1]. The tangent operator D(ηk) is defined as described in Lemma 3.
The angular velocity and its derivative are

ω̂k (t) = γk
T(t)γ̇k (t) ,

̂̇ωk (t) = γT
k (t) γ̈k (t)− (ω̂k (t))

2
. (28)

It follows that the angular velocity in vector form and its derivatives are

ωk(t) =γT
k (t)

Ω∨
k

2
+

Ω∨
k

2
+Wk(t)D(ηk)η̇k,

ω̇k(t) =− ω̂k(t)γ
T
k (t)

Ωk
∨

2
−

Ωk

2
Wk(t)D(ηk)η̇ +Wk(t)Ḋ(ηk)η̇k +Wk(t)D(ηk)η̈k, (29)

where the derivative of the tangent operator D(ηk) is computed in [18, 26].
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4.2.2 Constraints in platform planning

After giving some properties of the interpolating curve (25), we then give some constraints that should be satisfied
if we want the curve to be C2. At the left and right endpoints of the interval [tk, tk+1], the curve Rk,k+1(t) should
be satisfied

Rk,k+1(tk) = Rk,

Rk,k+1(tk+1) = Rk+1. (30)

According to [18], the above constraint is equivalent to

ηk(tk) = ηk(tk+1) = 0. (31)

Substituting (26) gives

(ai,k)
Thk(tk) = (X∨

k )i(tk),

(ai,k)
Thk(tk+1) = (X∨

k )i(tk+1), i = 1, . . . , 3. (32)

Since the platform is planned from back to front, the constraints formed by the continuity of the angular velocity
and its derivatives are

ωk(tk+1) =

{
ωk+1(tk+1), k 6= m− 1,

0, k = m− 1,

ω̇k(t) =

{
ω̇k+1(tk+1), k 6= m− 1,

0, k = m− 1.
(33)

By substituting (31) into (29) and using the result in [18], we have

ωk(tk) =
Ω∨

k

2
+

Ω∨
k

2
+ η̇k(tk)

=Ω∨
k + η̇k(tk),

ω̇k(tk) =
Ωk

2
ωk(tk)−

Ωk

2
η̇k(tk) + η̈k(tk)

=η̈k(tk). (34)

When t = tk+1, there is γk(tk+1) = RT
k Rk+1 = exp((tk+1 − tk)Ωk), and hence we have

ωk(tk+1) =Ω∨
k + exp

(
(tk+1 − tk)

Ωk

2

)
η̇k(tk+1)

= exp

(
(tk+1 − tk)

Ωk

2

)
(Ω∨

k + η̇k(tk+1)),

ω̇k(tk+1) =
Ωk

2
ω̂k(tk+1)−

Ωk

2
η̇k(tk+1) + exp

(
(tk+1 − tk)

Ωk

2

)
η̈k(tk+1)

= exp

(
(tk+1 − tk)

Ωk

2

)
η̈k(tk+1). (35)

Substituting (26) and (35) for (33) yields

(ai,k)
Tḣk(tk+1) =

{
[Wk(tk+1)ωk+1(tk+1)]i, k 6= m− 1,

0, k = m− 1,

(ai,k)
Tḧk(tk+1) =

{
[Wk(tk+1)ω̇k+1(tk+1)]i, k 6= m− 1,

0, k = m− 1,
i = 1, . . . , 3. (36)

When k = 0, there is an additional equation constraint
{
ω0(t0) = 0,

ω̇0(t0) = 0,
⇔

{
(ai,0)

Tḣ0(t0) = 0,

(ai,0)
Tḧ0(t0) = 0.

(37)
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On the interval [tk, tk+1], the right endpoint is used to satisfy the constraints of the equation due to the C2 property,
while the left endpoint is used for the constraints on the maximum value of the angular velocity and its derivatives

{
−ξ2 6 ωi,k(tk) 6 ξ2,

−ζ2 6 ω̇i,k(tk) 6 ζ2,
⇔

{
−ξ2 6 (ai,k)

Tḣk(tk) 6 ξ2,

−ζ2 6 (ai,k)
Tḧk(tk) 6 ζ2.

(38)

4.2.3 Quadratic programming of the platform

Using Lemma 2 and the triangle inequality, one obtains

‖ωk(t)‖ 6
∥∥Ωk

∨
∥∥+ ‖D(ηk)η̇k‖ . (39)

From the forms of D(η) given in Lemma 3, it is clear that ‖D(ηk)η̇k‖ is bounded

‖D(ηk)η̇k‖ 6

∥∥∥∥∥

(
I −

1− cos (‖ηk‖)

‖ηk‖
2 η̂k +

1− sin (‖ηk‖) / ‖ηk‖

‖ηk‖
2 η̂k

2

)
η̇k

∥∥∥∥∥

6 ‖η̇k‖+
1− cos (‖ηk‖)

‖ηk‖
‖η̇k‖+

‖ηk‖ − sin (‖ηk‖)

‖ηk‖
‖η̇k‖

6

(
2 +

1− cos (‖ηk‖)− sin (‖ηk‖)

‖ηk‖

)
‖η̇k‖ , ‖ηk‖ ∈ (0,π) . (40)

The function f(x) = 2 + (1− cosx− sinx)/x is bounded on the interval [0,π], so it follows that

‖ωk(t)‖ 6
∥∥Ωk

∨
∥∥+mf ‖η̇k‖ , (41)

where mf is the maximum value of the function f(x). Considering ‖η̇k‖ <
∥∥∥β̇∨

k (t)
∥∥∥+

∥∥Ωk
∨
∥∥, we have

‖ωk(t)‖ 6 (1 +mf )
∥∥Ωk

∨
∥∥+mf

∥∥∥β̇∨
k (t)

∥∥∥ . (42)

Eq. (42) illustrates that decreasing
∥∥β̇∨

k (t)
∥∥ leads directly to attitude curve with smaller angular velocities. A

similar analysis can be applied to the derivative of the angular velocity, i.e., decreasing
∥∥β̇∨

k (t)
∥∥ and

∥∥β̈∨
k (t)

∥∥ results
in attitude curve with smaller angular velocity derivatives, which implies lower control consumption. Therefore, we
transform the attitude curve Rk,k+1(t) design into solving an optimization problem of the following form:

min
ai,k

1

2

∫ tk+1

tk

λ1

(
β̇∨
k

)T
β̇∨
k + λ2

(
β̈∨
k

)T
β̈∨
k dt

s.t. (32), (36), (37), (38). (43)

Next, we show how to rewrite the above optimization problem as a quadratic programming problem. Substituting
(26) into (43) yields

∫ tk+1

tk

(
β̇∨
k

)T
β̇∨
k dt =

3∑

i=1

∫ tk+1

tk

(
(ai,k)

Tḣk(t)
)2

dt =

3∑

i=1

ai,k
TPk,1ai,k,

∫ tk+1

tk

(
β̈∨
k

)T
β̈∨
k dt =

3∑

i=1

∫ tk+1

tk

(
(ai,k)

Tḧk(t)
)2

dt =

3∑

i=1

ai,k
TPk,2ai,k, (44)

where

Pk,1 =

∫ tk+1

tk




ḣ0 (t)
...

ḣl′ (t)



[
ḣ0 (t) , . . . , ḣl′ (t)

]
dt,

Pk,2 =

∫ tk+1

tk




ḧ0 (t)
...

ḧl′ (t)



[
ḧ0 (t) , . . . , ḧl′ (t)

]
dt. (45)
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Thus, the objective function of the optimization is

1

2

∫ tk+1

tk

λ1

(
β̇∨
k

)T
β̇∨
k + λ2

(
β̈∨
k

)T
β̈∨
k dt =

1

2
aT
kPkak, (46)

where ak = [aT
1,k,a

T
2,k,a

T
3,k]

T and Pk = diag (λ1Pk,1 + λ2Pk,2, λ1Pk,1 + λ2Pk,2, λ1Pk,1 + λ2Pk,2). Similarly, the

matrix Pk is positive definite or not depending on the basis functions. Let H (t) = diag
(
hT
k (t) ,hT

k (t) ,hT
k (t)

)
.

Constraints (32), (36), (37), and (38) can be rewritten as

Akak = bk,

− c2 6 Gkak 6 c2, (47)

where

Ak =

{
H1, k 6= 0,[
H1, Ḣ (tk) , Ḧ (tk)

]⊤
, k = 0,

H1 =
[
H (tk) ,H (tk+1) , Ḣ (tk+1) , Ḧ (tk+1)

]⊤
,

bk =





[
X∨

k (tk) ,X
∨
k (tk+1) , 06×1

]⊤
, k = m− 1,[

X∨
k (tk) ,X

∨
k (tk+1) , b1

]⊤
, 0 < k < m− 1,[

X∨
k (tk) ,X

∨
k (tk+1) , b1, 06×1

]⊤
, k = 0,

b1 = Wk (tk+1)
[
ωk+1 (tk+1) , ω̇k+1 (tk+1)

]⊤
,

Gk =
[
Ḣ (tk) , Ḧ (tk)

]⊤
,

c2 =
[
ξ2, ξ2, ξ2, ζ2, ζ2, ζ2

]⊤
. (48)

We have now established a complete multi-terminal hierarchical attitude planning algorithm. The proposed
method is an efficient planning method, despite involving nonlinear optimization. At each step, we strive to
achieve the objective simply. In the attitude decomposition step, the nonlinear optimization objective function is
simple and has few constraints. In contrast, the optimization problems established in [17, 18] require simultaneous
consideration of constraints such as direction, angular velocity, and torque. In the path search step, the multi-
heuristic A* algorithm applied is an improved algorithm for searching in high-dimensional spaces. In dynamic
planning, the problem of generating smooth curves is transformed into multiple QP problems without losing the
physical context.

5 Numerical simulation

In this section, we perform three simulations with random initialization to illustrate the effectiveness of the proposed
method. We assume that both the spacecraft and the target spacecraft toward which its terminal needs to be pointed
are located in a circular orbit of 500 km with an inclination of 10◦. The ascending nodes of the four satellites have
longitudes of 10◦, 10◦, 5◦, and 13◦. The true anomalies are 20◦, 25◦, 15◦, and 15◦. In the experiment, we
establish a unit sphere centered at the origin of the spacecraft’s body frame and project the pointing constraints
and terminal trajectory onto this unit sphere. By unfolding this unit sphere, we obtain a 2D trajectory diagram.
Attitude decomposition problem (7) is a nonlinear optimization problem. We employ a solver named the trust-
region method to solve this problem, which is a gradient-based method. The implementation method involves using
the “scipy.optimize.minimize” function from Python’s SciPy library [31]. Initialization is performed using a random
approach. In the relevant calculations, the constant ε in Lemma 3 is set to ε = 10−8.

5.1 Simulation results with multiple forbidden pointing constraints

The attitude constraints used in this set of simulations are CZ1–CZ4 in Table 2, and the pointing of these constraints
remains immobile in the inertial frame FI . CZ1–CZ4 are forbidden pointing zones. If the terminal’s trajectory enters
these zones, it indicates that the generated attitude trajectory does not satisfy constraint (11). The initial attitude
R0 and initial angles [θ0, ϕ0] of the spacecraft are randomly generated, but also satisfy the pointing constraints.

Case 1 : R0 = exp

((
[−0.7005, 1.3461, 0.9415]

T
)∧)

,
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Table 2 Attitude constraints pointing in simulations.

Serial number Pointing in FI Type αj (Case 1) αj (Case 2) αj (Case 3) αj (Case 4)

CZ1 [0.3214, 0.5567, 0.7660]T Forbidden 21◦ 21◦ – –

CZ2 [0.1330, 0.7544,−0.6428]T Forbidden 27◦ 25◦ 15◦ 18◦

CZ3 [−0.7544, 0.1330, 0.6428]T Forbidden 15◦ 20◦ 16◦ 23◦

CZ4 [−0.1504,−0.8529,−0.5000]T Forbidden 15◦ 20◦ 18◦ 28◦

CZ5 [−0.5349, 0.8296, 0.1604]T Mandatory – – 15◦ 15◦

Figure 7 (Color online) Attitude trajectories. (a) Case 1; (b) Case 2.

[θ0, ϕ0] = [−0.7435, 0.5418,−1.5104,−0.0464,−0.0977, 0.1397]T,

Case 2 : R0 = exp

((
[−2.32507,−0.2407,−1.4444]

T
)∧)

,

[θ0, ϕ0] = [0.9272, 1.2532, 0.0784, 0.1686, 0.1439, 0.1324]T. (49)

To accomplish the attitude planning task, it is first necessary to perform an attitude decomposition to obtain
the desired attitudes based on the terminal desired pointing obtained from the relative positions of the spacecraft.
Using the attitude decomposition method proposed in Subsection 3.1, the desired attitude and angle are obtained
as follows:

Case 1 : Rd = exp

((
[0.4025, 1.3486, 1.4256]

T
)∧)

,

[θd, ϕd] = [0.6032, 1.5359,−0.2236, 0.0253,−0.1317,−0.1396]T,

Case 2 : Rd = exp

((
[1.9598, 1.2862, 1.8662]

T
)∧)

,

[θd, ϕd] = [−0.7386, 0.2610,−1.5359,−0.1394,−0.0092, 0.1396]T. (50)

The planning framework proposed in this paper includes the following parameters: expansion steps (δSO(3) and
δh), w1, and w2 in the attitude path search, and parameters λ1 and λ2 in dynamics planning. The expansion step
sizes a and b determine the path length; larger step sizes result in fewer path nodes. Due to the differing motion
ranges of the terminal pitch and yaw angles, step sizes for each terminal angle can be designed independently during
search. For convenience, identical step sizes are adopted in this paper. Parameters w1 and w2 define the theoretical
suboptimal boundary of MHA*. To accelerate path search, a larger value for w1 can be adopted. Parameters λ1

and λ2 represent coefficients of
(
β̇∨
k

)T
β̇∨
k and

(
β̈∨
k

)T
β̈∨
k , respectively. As analyzed in Subsection 4.2.3, β̈k influences

angular acceleration magnitude. To achieve a trajectory with smaller angular acceleration, a larger value for λ2 can
be selected.

With the parameters shown in Table 3, using (49) and (50) as inputs to the attitude planning algorithm, the
resulting path lengths are 14 and 13, respectively. The terminal pointing discrete trajectories formed from the
platform attitude and terminal angles are shown in Figure 7. The starting point of pointing at each terminal is
marked with “⋆”. The desired pointing of the terminal is fixed in the inertial system, but the initial attitude is
given randomly. Thus, in Figure 7, Cases 1 and 2 have different starting points and the same end point. Since
nodes that do not satisfy the pointing constraints are removed at generation time, discrete sequences of attitudes
can avoid the four constraint zones to reach the endpoints.
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Figure 8 (Color online) Yaw angle and pitch angle curves for each terminal in Case 2. (a) Terminal 1; (b) Terminal 2; (c) Terminal 3.

Figure 9 (Color online) Terminals and platform angular velocity curves in Case 2. (a) Pitch angular velocity curves of the terminals; (b) yaw

angular velocity curves of the terminals; (c) platform angular velocity curves.

Figure 10 (Color online) Terminals and platform angular acceleration curves in Case 2. (a) Pitch angle angular acceleration curves of the

terminals; (b) yaw angle angular acceleration curves of the terminals; (c) platform angular acceleration curves.

The next step after obtaining the discrete attitude sequences is to perform dynamics planning to obtain continuous
curves. In the dynamics planning, the Legendre basis functions are chosen with order 12. The remaining parameters
are set as follows:

T = 80 s, ξ1 = 0.0698 rad/s = 4◦/s, ζ1 = 0.0524 rad/s2 = 3◦/s2,

ξ2 = 0.0524 rad/s = 3◦/s, ζ2 = 0.0349 rad/s2 = 2◦/s2. (51)

We show the dynamics planning results for Case 2 in detail in Figures 8–10, and the results for Case 2 are abbreviated
to give the trajectories in Figure 7. None of the trajectories entered the attitude constraint zones. The angular
velocity and angular acceleration curves we have plotted satisfy the upper bound constraints.

Our proposed dynamics planning method is based on a single interval. If the interval-by-interval optimization
is performed, the second-order derivatives of the resulting curves (derivatives of angular velocities) have signifi-
cant abrupt changes at the endpoints of the intervals. Therefore, to reduce the abrupt changes, we combine the
interval-by-interval optimization into a multiple-interval optimization. Specifically, we divide the attitude sequence
approximately equally into 3 segments and obtain the final curve by solving three optimization problems. The
planning results of Case 2 for the platform angular acceleration under different segmentation numbers are shown
in Figure 11. As the segmentation number increases, the number of abrupt angular velocity changes caused by
segmentation also increases. When such curves serve as control inputs, the adverse effect is that they can lead to
multiple instances of instantaneously large control torque requirements.

5.2 Simulation results with mandatory pointing constraints

In this subsection, we perform attitude path planning in a scenario where both forbidden pointing constraints and
mandatory pointing constraints exist. We assume that during the attitude maneuvering of the spacecraft, the
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Figure 11 (Color online) Platform angular velocity curves of Case 2 at different numbers of segments. (a) 4 segments; (b) 5 segments;

(c) 6 segments.

Table 3 Parameters in each case.

Serial number δh δSO(3) w1 w2 λ1 λ2

Case 1 0.1 0.1 8.0 2.0 1 3

Case 2 0.12 0.13 6.0 2.0 1 3

Case 3 0.09 0.1 8.0 3.0 1 3

Case 4 0.14 0.12 8.0 2.0 1 3

trajectory of terminal 1 needs to remain within CZ5 at all times to satisfy constraint (12), while terminals 2 and 3
need to avoid the constraints CZ2–CZ4. The randomly generated initial attitude and initial angles that satisfy the
pointing constraints are as follows:

Case 3 : R0 = exp

((
[0.1429,−0.1621, 0.5117]

T
)∧)

,

[θ0, ϕ0] = [1.3677, 0.1354,−1.0721, 0.1211,−0.0937, 0.1837]
T
,

Case 4 : R0 = exp

((
[−0.3050, 2.2751, 0.9203]

T
)∧)

,

[θ0, ϕ0] = [1.1601,−0.0852, 1.3184, 0.1425, 0.2259, 0.1617]
T
. (52)

The desired attitude and desired angles obtained after performing the attitude decomposition are as follows:

Case 3 : Rd = exp

((
[0.1547,−0.1803, 1.5131]

T
)∧)

,

[θd, ϕd] = [0.6137, 1.5359,−0.5119,−0.0080, 0.1017,−0.2269]T,

Case 4 : Rd = exp

((
[0.5993, 2.1165, 1.2377]

T
)∧)

,

[θd, ϕd] = [0.5054, 1.5359,−0.3006, 0.0717,−0.2269,−0.0151]T. (53)

The path search steps in each case are shown in Table 3. Considering that the pointing of terminal 1 is restricted
to a smaller region CZ5, the nodes of terminal 1 are generated with a step size of 0.5δh. Eventually, in Figure 12, we
plot the resulting path nodes, where the paths of terminals 2 and 3 always avoid the forbidden pointing constraints
CZ2–CZ4, while the path of terminal 1 remains within CZ5.

In the dynamics planning, the parameter selection is exactly the same as in the previous subsection, and again
the resulting path is divided into 3 segments for planning. In Case 3, the trajectories of terminals and 3 go around
CZ4 and then reach the end. In Case 4, the trajectory of terminal 2 goes around CZ4 and then reaches the end
point, while terminal 3 is always away from the attitude constraint zones. The trajectories obtained by dynamics
planning pass sequentially through the attitude sequence obtained by path search and always satisfy the attitude
constraints.

In Figures 13–15, we give further detailed results of the dynamics planning for Case 4. The angular profile of each
terminal is shown in Figure 13, and the angular change conforms to the movable range constraint of the terminals.
The angular velocity curves of the terminal and the platform are shown in Figure 14, while the angular acceleration
is demonstrated in Figure 15, and both sets of curves comply with the maximum value constraint and the terminal
constraint. The simulations from Case 1 to Case 4 illustrate the effectiveness of the proposed method in this paper
to cope with the multi-pointing and multi-constraint attitude planning problem.
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Figure 12 (Color online) Attitude trajectories. (a) Case 3; (b) Case 4.

Figure 13 (Color online) Yaw angle and pitch angle curves for each terminal in Case 4. (a) Terminal 1; (b) terminal 2; (c) terminal 3.

Figure 14 (Color online) Terminals and platform angular velocity curves in Case 4. (a) Pitch angular velocity curves of the terminals;

(b) yaw angular velocity curves of the terminals; (c) platform angular velocity curves.

Figure 15 (Color online) Terminals and platform angular acceleration curves in Case 4. (a) Pitch angle angular acceleration curves of the

terminals; (b) yaw angle angular acceleration curves of the terminals; (c) platform angular acceleration curves.

Additionally, compared to other planning algorithms, the MHA* algorithm offers advantages in computational
efficiency and success rate. To illustrate this, we conducted 20 planning simulations for scenarios with all pro-
hibitive pointing constraints and scenarios with a single mandatory pointing constraint. In these simulations, initial
attitudes and constraints were randomly generated. The weighted A* (WA*) algorithm and rapidly-exploring
random trees* (RRT*) algorithm are used as comparators. The performance of different algorithms in terms of
success rate (SR), minimum computation time (MinT), maximum computation time (MaxT), average computation
time (AT), minimum path length (MinL), maximum path length (MaxL), and average path length (AL) within
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Table 4 Comparison of MHA*, WA*, and RRT*.

SR MinT (s) MaxT (s) AT (s) MinL MaxL AL

MHA* (forbidden constraints) 19/20 0.1 0.7 0.3 15 49 27.6

WA* (forbidden constraints) 15/20 0.1 0.6 0.2 17 42 26.6

RRT* (forbidden constraints) 15/20 1.5 25.6 6.0 13 26 20.5

MHA* (mandatory constraint) 19/20 0.2 0.5 0.2 11 38 24.4

WA* (mandatory constraint) 18/20 0.1 1.7 0.3 13 38 24.2

RRT* (mandatory constraint) 17/20 0.7 13.1 3.2 11 28 16.8

fixed step sizes (δSO(3) = 0.1, δh = 0.08), fixed runtime (60 s), and fixed iterations (2000) is examined. As shown
in Table 4, the MHA* algorithm slightly outperforms WA* in terms of success rate and runtime, and significantly
outperforms RRT*. However, RRT* has the advantage of producing planning results with shorter average paths.
The algorithm’s outstanding performance in success rate and runtime is the primary reason for using MHA* in this
paper.

6 Conclusion

This paper proposed a hierarchical attitude planning method for spacecraft with multiple laser terminals. The
method involves three key steps: (1) decomposing the inertial pointing requirements to determine the desired
platform attitude and terminal angles; (2) employing multi-heuristic A* search to generate a feasible attitude
sequence satisfying pointing constraints; (3) connecting this sequence via quadratic programming to form C2 attitude
curves, including an analysis of the quadratic program’s physical significance. While the resulting curves are C2,
abrupt changes in angular acceleration remain. Future work will focus on generating smoother attitude nodes
and developing planning methods better suited to platform dynamics. Additionally, for constellations comprising
numerous satellites, surrounding obstacles impose additional constraints on attitude and orbit control. These issues
will be addressed in subsequent studies.
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