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Abstract

Space robots have a wide application prospect in the aerospace industry. Due
to the limited fuel for the space robots, which cannot support the space robots
to run for a long time. In addition, the special working environment makes it
impossible to replenish the fuel for the robot at any time. Therefore, a proper
path is crucial for the operation of space robots. In order to ensure the op-
eration of space robots, we optimize the allocation of exploration tasks and
the selection of space robot paths, jointly. We propose two combination al-
gorithms named Parallel Search and Task Allocation (PS-TA) and Subbranch
Insertion and Task Allocation (SI-TA) to optimize the path and the task allo-
cation, intend to obtain the minimum completion latency. We also construct
Random Path Planning and Task Allocation (RTA) as the baseline. At last,
we provide extensive experiments to demonstrate that proposed algorithms can
obtain lower completion latency compared with RTA. Furthermore, SI-TA is
more energy-efficient than PS-TA.

Keywords: Space robot, Path planning, Combination algorithm, Completion
latency

1. Introduction

Space robot technology obtain continuous progress with the sustainably de-
veloped space industry. The space robot can perform various space tasks such
as area exploration, and sample collection without astronauts [1, 2]. Generally,
space robots can be categorized into on-orbit and exploration robots. The on-
orbit robots mainly provide diverse on-orbit services. While the main services
provided by exploration robots mainly include extravehicular exploration and
base construction, etc.

Advances in the space field have greatly promoted the research of space
robots, such as path planning of space robots and system design [3, 4]. As early
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as 1994, some scholars have already systematically studied the path planning
problem [5]. The path planning can be classified into local path planning and
global path planning, depending on the knowability of global information [6, 7].
Global path planning is implemented under the condition that global informa-
tion is known. The three most established global path planning methods are
intelligent bionic algorithm, graph search algorithm, and random sampling al-
gorithm [8]. In the static environment, global path planning can provide the
optimal path for each space robot [9]. While the local path planning (online
path planning) performs better in the dynamic environment [10]. Local path
planning can adaptively generate the current optimal trajectory when obstacles
occur between the source and destination [11]. To obtain optimal path planning,
many algorithms have been adopted such as the simulated annealing algorithm
[12], and fuzzy logic algorithm [13].

Since the practical robots have limited resources for space work, path plan-
ning is a crucial issue for studying to improve the efficiency of planet explo-
ration. Path planning is a typical complex nonlinear optimization problem.
Traditional optimization strategies are ineffective in resolving the issue. The
bionic has been widely adopted to solve complex optimization since its appear-
ance. Researchers have proposed different biological-based solutions to tackle
path planning for space robots [14, 15, 16, 17, 18, 19]. The above works mainly
study the single space robot path planning. Few works focus on multi-space
robot path planning.

In this paper, we mainly investigate the joint task allocation and path plan-
ning for multiple space robots. Each exploration region must be explored and
only require exploration once to decrease overall completion delay. Multiple
space robots set out simultaneously from different starting areas to perform ex-
ploration tasks and assemble in a single destination after all areas have been
explored. The most similar problem to this paper is the Multi-Depots Vehicle
Routing Problem (MD-VRP) [20]. In MD-VRP, multiple vehicles start from
different depots, serve a set of customers, and terminate their tours at the de-
pots. The time spent by a vehicle moving between two customers is much longer
than the time consumption spent serving customers. However, in this paper, the
moving time of a space robot is much less than the exploration time. Therefore,
the algorithms used for MD-VRP can not be applied to our problem directly.
Although an exploration area may appear in multiple paths, only one space
robot need to explore this area. This makes us aware of the importance of a
proper task allocation strategy. It is difficult to predict the time of a space
robot moving in two areas and exploring one area in advance. In this case,
space robots can only generate one-step trajectory after each actions, including
moving and exploring. It is vital to considerably allocate the exploration tasks
while optimizing path planning to lower the exploration latency [21].

To our knowledge, this is the first research to look into multi-space robot task
allocation and path planning, jointly. The main contributions are as follows.

• We investigate the joint exploration task allocation and path planning for
space robots. Multiple space robots locate their respective starting areas
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and set off at the same time to execute exploration tasks. Finally, all
space robots assemble at the same destination after completing tasks. We
model the problem to minimize exploration delay.

• We propose two combination algorithms named SI-TA and PS-TA. The
sequential search subbranch insertion in SI-TA allocates the remaining
areas according to the graph construction and initial path of each space
robot. The forward parallel search algorithm in PS-TA finds the next area
in each round depending on its distance to the destination. Based on the
paths generated by SI-TA and PS-TA, a Greedy-based Task Allocation
(GRTA) algorithm based on greedy policy is proposed to minimize the
exploration latency.

• We create the RTA algorithm as the baseline. Then, we implement exten-
sive experiments to demonstrate the effectiveness of SI-TA and PS-TA.
PS-TA achieves lower compared with SI-TA, while SI-TA consumes less
fuel than PS-TA, according to the results of the experiments. Moreover, in
terms of completion delay and fuel usage, PS-TA and SI-TA all outperform
RTA.

The remainder is organized as follows. We summarize the related work in
Section 2. We then describe the studied problem and model the problem in
Section 3. In Section 4, we propose two algorithms named PS-TA and ST-TA,
respectively. Extensive experiments and analyses are presented in Section 5
Finally, the conclusion of this paper is presented in 6.

2. Related Works

Path planning in dynamic situations is one of the most essential study issue
of robots industry, especially when the extreme conditions are subject to robots
in space environment.

Since the path planning problem is NP hardness [22], it is hard for a ex-
ponentially complicated traverse algorithm to satisfy the time limited practical
applications Path planning is also a fundamental question in mobile robots to
generate an optimal or sub-optimal path to enable the efficient operation of
the robot [23, 24, 25]. In general, path planning approaches may be divided
into three categories: biologically inspired, combinatorial, and sampling-based
[26]. The biological-based path planning is a type of intelligent algorithm that
simulates the evolutionary behaviors of biology. The combinatorial path plan-
ning usually integrates the graph search algorithm and workspace representation
methods to optimize the path planning problem [27]. The sampling-based algo-
rithms are usually utilized to find a path quickly [28]. However, the path found
by sampling-based algorithms may not be the optimal path.

In recent years, biologically-based techniques have been increasingly popular
in space robot path planning. The authors in [14] presented a genetic algorithm
to find the path to ensure that the on-orbit space robots get close to the tar-
get satellites, safely. The authors in [15] developed a self-adaptive ant colony
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algorithm, which has a faster convergence rate than the traditional ant colony
algorithm. To avoid the obstacle, the authors in [16] proposed an artificial bee
colony algorithm. In addition, some academics have developed a series of combi-
nation techniques to boost path planning performance even more. The authors
in [17] integrated a genetic algorithm and simulated an annealing algorithm to
generate a path with the capability of obstacle avoidance. In a 3D environment,
a hybrid genetic-cuckoo search algorithm was designed in [18] to generate an
optimal path and can alleviate the conflict between optimality and delay.

Except for the biology-based algorithms, the authors of [19] suggested a path
planning algorithm on the basis of enhanced fuzzy control to avoid the obstacles
that appeared continuously. The authors of [29] designed a deep deterministic
policy gradient method with multi-constrained reward to find the best path
while keeping path length, coupling disturbance, and safety in mind.

The existing works mentioned above can solve the path planning problem
for single space robots with different methods. However, the cooperation of
multiple space robots in a space environment is less considered to the most of
our knowledge.

3. Scenario description and problem definition

In our studied scenario, multiple space robots are required to execute multi-
ple areas exploring tasks, collaboratively. To avoid additional fuel consumption,
we assume that each area needs to be explored only once. All space robots un-
dertake exploration activities at the same time in different starting locations and
finally stay in the same destination area when all areas have been explored. In
our work, we conjointly study the execution decisions of exploration tasks and
the multi-space robot path planning to minimize total exploration task com-
pletion delay. Besides, we consider homogeneous space robots for simplicity. A
space robot does not take time to explore the area which has been explored by
other space robots. Note that, a space robot is required to explore the area
which is not explored as it arrive. If some space robots arrive in a previously
unexplored area at the same time, the lower serial number space robot explore
this area. We will cover the serial number later.

Next, we will introduce the studied scenario and problem in this paper and
then formulate the problem. We define an undirected graph G = (V, E) to
abstractly represent the entire exploration area. We denote E = {1, 2, · · · , e}
to represent the paths between areas. Besides, let V = {1, 2, · · · , v} be the
area set. In order to facilitate the description, we will use word “node” and
“area” interchangeably in the following text, indicating the same meaning. For
an exploration task, we can obtain the corresponding graph G = (V, E) in
advance. Then, we number the nodes in a graph. We set the serial number of
the starting node to start at 0, that is 0, 1, · · · , s− 1. Space robots at different
starting nodes have the same serial number as the starting nodes where they
locate, which also means that there are s space robots. Note that the destination
is the node with the largest serial number. Let λi,j

b indicate whether the space
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robot b moves between area i and j.

λ
i,j
b =

{

1 The space robot b moves between area i and j

0 otherwise.
(1)

When i = j, λi,j
b = 0. We can use an order sequence 〈·〉 to represent a space

robot path. For example, if a space robot locate at area 1 in the begin, goes
through area 2 and comes back to area 1, then the path of this space robot
can be represent as 〈1, 2, 1〉. Next, a discriminant operation ⊖ was defined as
follows. If λi,j

b = 0, λi,j
b ⊖ j = {∅}. When λ

i,j
b = 1, λi,j

b ⊖ j = {j}. Then, a
splicing operation ⊗ between sets is also defined. The rule for ⊗ is as follows.

{f} ⊗ {g} = 〈f, g〉. (2)

Finally, let
⊔

be the operation of set accumulation.

v
⊔

a

{φa} = {φa} ⊗ {φa+1} ⊗ · · · ⊗ {φv}. (3)

Then, let Pb be the path of space robot b, which can be obtained by follow
formula.

Pb = {b} ⊗ (

v−1
⊔

i=b

v−1
⊔

j=0

λ
i,j
b ⊖ j), (4)

Our main goal is to achieve minimum exploration latency. We define the time
for space robot b to explore area i as τ ib . If the multiple paths contain the
same area, then, which space robot takes the responsibility for the exploration
of this area should be determined carefully. Let γi

b indicate whether the space
robot b performs the exploration tasks of area i, where b ∈ {0, 1, · · · , s − 1},
i ∈ {0, 1, · · · , v − 1}.

γi
b =

{

1 The space robot b explore area i

0 otherwise.
(5)

Let T exe
b denote the time spent by space robot b completing the exploration

task.

T exe
b =

v−1
∑

i=0

γi
b · τ

i
b . (6)

Let κi,j
b indicate the delay for space robot b moving between area i and area j.

Then, we denote θ to indicate the position of a node in Pb, where 1 ≤ θ < |Pb|.
As an illustration, the θ-th node on path Pb can be represented as Pb[θ]. Let
T r
b be the overall movement delay of space robot b.

T r
b =

|Pb|−1
∑

θ=1

κ
Pb[θ],Pb[θ+1]
b . (7)
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We denote T to represent as the overall task completion latency.

T = max{T exe
b + T r

b }. (8)

We can formalize the latency minimization problem as follows.

minT (9)

s.t.

s−1
∑

b=0

v−1
∑

i=0

γi
b = v. (10)

Formula (10) ensures that each area is explored.

Algorithm 1 Find Shortest Path

Input: s, v,G

Output: l

1: Initial l
2: Append s to l //Append start node to path l

3: while l does not end with v do

4: Get the last node e of l
5: Obtain the neighbor node set C of e according to G

6: Calculate the distance d between first node in set C and v

7: de,v = Caldis(e, v) //Calculate the distance between two nodes
8: for each c in C do dc,v = Caldis(c, v)
9: if dc,v<de,v and dc,v < d then

10: d← dc,v

11: Obtain the node c∗ corresponding to d

12: Append c∗ to l

13: return l

4. Solutions

The joint optimization problem is decomposed into two subproblems, path
planning, and task allocation. Before solving the task allocation problem, we
need to find the working path for all space robots. The path of each space records
the movement sequence of the robot from a starting area to the destination. The
generated paths must cover all nodes in the given graph. Then, we solve the
task allocation problem to obtain the execution decision of exploration tasks
to minimize the overall latency. In particular, we propose two path planning
algorithms named Sequential Search Subbranch Insertion (SSSI) and Forward
Parallel Search (FPS), respectively. After that, a task allocation algorithm
named Greedy-based Task Assignment (GRTA) is proposed to generate the
execution decision of each exploration area. Finally, we combine SSSI with
GRTA to obtain SI-TA and combine FPS with GRTA to obtain PS-TA.
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4.1. Solutions for Path Planning

We next introduce the SSSI and FPS, respectively. We first introduce SSSI.
The Algorithm 1 is used to obtain the shortest path for each space robot, which
is usually used to generate the shortest path in many works. However, the
paths obtained by using Algorithm 1 can not cover all nodes. Next, the SSSI
algorithm is used to insert nodes that are not covered into the shortest paths
obtained by Algorithm 1. The details of SSSI are described as follows.

Algorithm 2 Sequential Search Subbranch Insertion

Input: G, lb, b ∈ {1, 2, · · · , s} //lb is initial path of space robots b
Output: lb
1: w = 0
2: Initialize Fb

3: Denote z to indicate state of nodes //explored or unexplored
4: while There exists paths b where lb[w] is not destination do

5: Φ = {∅}
6: Record serial number of all space robots that meet the conditions in Φ.
7: for each ϕ in Φ do

8: Construct hϕ //neighbor nodes set of lϕ[w]
9: if There exits nodes that not explored then

10: Insert the node lϕ[w] into the last position of Fϕ

11: Choose an unexplored node h′ in hϕ

12: Insert h′ into position lϕ[w + 1]
13: Update z

14: if The successor node g of lϕ[w] are contained by hϕ then

15: if The last node of Fϕ is in g then

16: Insert g into position lϕ[w + 1]
17: Remove g from Fϕ

18: w = w + 1;

19: return lb

First, stores all paths that do not reach the destination according to w,
where w is the search position on paths. Define set Φ to record the space robot
serial number corresponding to the paths. Then, we can construct the set hϕ to
record serial numbers of neighbor nodes of node lϕ[w] according to the structure
of the given graph G, where lϕ represents the path of robot ϕ.

Next, we judge the type of nodes in Φ according to z, where z is used to
indicate whether a node is explored. If the node lϕ[w] is an unexplored node,
we insert lϕ[w] into the last position of Fϕ, where Fϕ is the set of bifurcation
nodes. We denote a node as a bifurcation node if the neighbor nodes of this
node are not all explored nodes. Then, we select an unexplored node h′ in hϕ

and insert h′ into the position lϕ[w + 1]. We next update the z. If all nodes in
hϕ are explored. We insert node g into position lϕ[w + 1], where g is contained
by hϕ and is the successor node of lϕ[w] and the last node of Fϕ. Next, we
remove g from Fϕ. Finally, update the search position w. The pseudocode of
SSSI is described in Algorithm 2.
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Algorithm 3 Distance Calculation

Input: G = {N , E}
Output: D //distance information
1: µ = 1
2: Initial E //indicator vector
3: while Sum(E) < |N | do //Sum(E) represent the sum of elements in E
4: Initialize ς //set of nodes that are not operated
5: Initialize η

6: for α = 0 to |op| − 1 do

7: for β = 0to |N | − 1 do

8: if op[α] is a neighbor of β then

9: if ind[β] == 0 then

10: D[β] = µ //record distance
11: E [β] = 1
12: append the node β to ς

13: µ = µ+ 1
14: η = ς

15: return D

Next, we introduce FPS. The main idea of FPS is to synchronously search
the next node to go for each space robot that has not reached the destination.
The successful execution of FPS requires preliminary knowledge of the distance
from all nodes to the destination. We adopt Algorithm 3 to obtain the distance
information. In this process, we assume that the distance between two adjacent
nodes is 1. We first set the destination node to be the initial node. Then,
the distance of nodes that are directly adjacent to the destination and have
not been accessed is set as 1. Continue to find the nodes which are directly
adjacent to the nodes with 1 distance to the destination and have not been
accessed, and the distance of these nodes to the destination is set as 2. Repeat
the above steps until all nodes have been accessed. We denoted D to record
the distance information. After that, we obtain the path of each space robot by
using Algorithm 4. The main process is summarized as follows.

Step1: Find all space robots which have not reached the destination and con-
struct set S to store the found space robots serial number.

Step2: Construct set Cr of neighbor nodes of the last node for each pr accord-
ing to the given G. Each node in Cr may be an explored node or an
unexplored node. We denoted Wr to represent the set of unexplored
nodes.

Step3: Calculate the number ηr of nodes in Cr.

Step4: Append the only node in Wr to lr when ηr = 1, where lr is the path of
space robot r.

Step5: Find out all nodes which are farthest to the destination according to
D and Wr. Construct Dr

max to record the corresponding space robots
serial numbers.
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Algorithm 4 Forward Parallel Search

Input: G = {N , E}, D
Output: li
1: Initialize ρ

2: Initialize li to record path for i
3: while There are robot r ∈ S that has not reached destination node do

4: for each r in S do

5: Get neighbor nodes set Cr of last node of path according to the G

6: Get unexplored nodes set Wr of i according to Cr and ρ

7: Calculate the number ηr of nodes in Wr

8: if ηr == 1 then

9: Append this node to path lr
10: Update ρ

11: if ηr > 1 then

12: Construct set Dr
max of nodes that are farthest to destination

node according to D, Wr

13: if Dr
max only contains one node then

14: Append this node to path lr
15: else

16: Select a node from Dr
max randomly to append to lr

17: Append the penultimate node on lr to lr again

18: Update ρ

19: if ηr ≤ 0 then

20: while true do

21: Find node with minimal distance to destination node in Cr

22: Append this node to lr
23: if r has reached the destination node then
24: break //terminates the path search for r

25: Repeat line 5 to 18
26: break;

27: return li
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Step6: Choose a node from Dr
max to add to the last position of lr. After that,

we append the penultimate node on lr to lr again.

Step7: Find out the node with minimal distance from starting node to destina-
tion in Cr and append this node to lr. If r reaches the destination, we
terminate the algorithm. Otherwise, repeat Step4 - Step6 once. Then,
we terminate the algorithm.

For the pseudocode of FPS, see Algorithm 4

4.2. Greedy-based Task Assignment

In this subsection, we propose GRTA based on greedy policy to generate the
execution decisions of exploration tasks. The details of GRTA are described in
Algorithm 5.

Algorithm 5 Greedy-based Task Allocation

Input: pb
Output: T

1: w = 1, γ = pb[0]
2: T = τ

γ
b

3: Let vector z indicate whether nodes are explored
4: Let mb represent the length of pb
5: while There exists w ≤ mb do

6: U = {∅}
7: for b = 0 to s− 1 do

8: if w ≤ mb then

9: U = U ∪ b

10: for each u in U do

11: if Node pu[w] is an explored node then

12: Tu = Tu + κ
pu[w−1],pu[w]
u

13: else

14: Construct set Ω to record paths whose last node is pu[w]
15: Select space robot a whose Ta is minimum.

16: Ta = Ta + τ
pa[w]
a + κ

pa[w−1],pa[w]
a

17: for Robot α in Ω \ a do

18: Tα = Tα + κ
pα[w−1],pα[w]
α

19: Update z

20: w = w + 1

21: Compute T with formula (8)
22: return T

First, let mb be the length of path pb and w be the index to indicate the
current search position of all paths. We define U to record the space robot serial
number. If w ≤ mb, we append b to U . Then, we judge whether the node pb[w]
has been explored for each space robot b. If node pb[w] has been explored, we
just compute the moving delay for b arriving at this node. If this node is an
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(a) Graph G1 (b) Graph G2

Figure 1: Graphs for experiment

unexplored node, we record all paths whose node in position w is this node.
Then, we construct Ω to store the robot serial number corresponding to these
paths. We next choose a node a from Ω with a minimum Ta and compute the
exploring time and moving time of a. For node α in Ω \ a, we only compute the
movement time of the robot arriving at this node. Finally, we update the state
of nodes in ρ. We calculate the T with Equation (8) when h > max(Si).

GAT can be formally described by Algorithm 5.

4.3. Combination algorithm

We combine Algorithm 2 and Algorithm 5 to obtain SI-TA algorithm. Be-
sides, we also obtain a combination algorithm named PS-TA by combining Al-
gorithm 4 and Algorithm 5. SI-TA and PS-TA solve the path planning problem
through Algorithm 2 and Algorithm 4, respectively. After that, SI-TA and PS-
TA obtain the execution decision of exploration task by using GRTA algorithm.

5. Simulation Results and Analysis

A series of experiments are implemented in this section to demonstrate the
performance of SI-TA and PS-TA. Furthermore, RTA algorithm is created for
comparison. The RTA selects nodes randomly for each space robot and uses
GRTA to make decisions for exploration tasks.

5.1. Simulation Setup

In the experiments, we construct a specific scenario where three space robots
execute an exploration task. As shown in Figure 1(a)[30] and Figure 1(b) which
are graphs abstracted from two areas. The first exploration task consists of 20
exploration areas and the second exploration task consists of 15 exploration
areas. In the beginning, all space robots stay at their respective starting areas
(0, 1, and 2). We set the largest serial number node as the destination. We set
the moving delay between two areas is uniformly distributed in [10, 20]s. The
time consumed by exploring an area is distributed in [200 500]s.
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Figure 4: Algorithms running time on two graphs

5.2. Experimental Results and Performance Analysis

First, we focus on the performance of algorithms on task completion latency.
We normalize the latency by dividing the same constant. The Figure 2 shows
the final results. It is observed that the latency of PS-TA is minimum. Because
PS-TA can make the load between space robots more balanced. We can also
see that the delay of RTA is the largest, mainly due to the high randomness of
the path planning algorithm used by RTA.

Because space robot fuel is limited, and refueling is difficult. Therefore,
it is significant to consider the fuel consumption of space robots. Due to the
homogeneity of space robots, the exploration time for all space robots to explore
an area is same under different algorithms. The main difference in completion
latency of different algorithms main depends on the moving delay. Therefore, we
can compare the energy efficiency of algorithms according to the space robots
moving delay. For the sake of simplicity, we normalized the movement time.
The Figure 3 show the experimental results. From the figure, we can see that
the SI-TA can save more fuel than PS-TA. The fuel consumption of RTA is the
highest. This is caused by the randomness of path planning in RTA.

Next, the running time of the SSSI and the FPS are counted. To avoid
contingency, we count the results of 10 experiments, respectively. The Figure
4(a) and Figure 4(b) show the results on G1a nd G2, respectively. From Figure
4, the running time of SSSI is higher. The main reason is that SSSI spent more
time executing the insert operation.

6. Conclusion

In this paper, we have investigated the joint path planning and task allo-
cation problem for space robots and formalized the problem to minimize the
exploration task completion latency. In this problem, multiple space robots set
out simultaneously from different starting areas to perform exploration tasks
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and assemble at a single destination after all areas have been explored. We
have proposed two algorithms named SI-TA and PS-TA by integrating a task
allocation algorithm and a path planning algorithm to solve the completion la-
tency minimization problem. In particular, we have designed two path planning
algorithms named SSSI and FPS, which can generate paths for all space robots
moving from their respective starting node to the destination. In addition, each
node of the given graph must be contained by at least one path. Furthermore,
we have proposed an algorithm named GRTA as the task allocation algorithm
to allocate the exploration tasks based on the generated paths to space robots
with the greedy idea to obtain minimum completion latency. To further prove
the performance of the proposed algorithms, the RTA algorithm has been con-
structed as a baseline, which generates paths for space robots by randomly
selecting nodes and allocating tasks with GRTA. To demonstrate the perfor-
mance of proposed algorithms, extensive experiments have been implemented.
Experimental results show the effectiveness of the proposed algorithm. In terms
of fuel consumption and completion latency, the proposed algorithms perform
better compared with RTA. The proposed algorithms are all better than RTA
on delay and fuel consumption. Specifically, the PS-TA can save more time to
complete the exploration tasks than SI-TA. Besides, SI-TA consumes less fuel
than PS-TA.
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