344 IEEE JOURNAL OF SELECTED TOPICS IN APPLIED EARTH OBSERVATIONS AND REMOTE SENSING, VOL. 16, 2023

A Fast Large-Scale Path Planning Method on Lunar
DEM Using Distributed Tile Pyramid Strategy

Zhonghua Hong

Abstract—In lunar exploration missions, path planning for lunar
rovers using digital elevation models (DEMs) is currently a hot
topic in academic research. However, research on path planning
using large-scale DEMs has rarely been discussed, owing to the
low time efficiency of existing algorithms. Therefore, in this article,
we propose a fast path-planning method using a distributed tile
pyramid strategy and an improved A* algorithm. The proposed
method consists of three main steps. First, the tile pyramid is gen-
erated for the large lunar DEM and stored in Hadoop distributed
file system. Second, a distributed path-planning strategy based on
tile pyramid (DPPS-TP) is used to accelerate path-planning tasks
on large-scale lunar DEMs using Spark and Hadoop. Finally, an
improved A* algorithm was proposed to improve the speed of
the path-planning task in each tile. The method was tested using
lunar DEM images. Experimental results demonstrate that: in a
single-machine serial strategy using source DEM generated by the
Chang’e-2 CCD stereo camera, the proposed A* algorithm for
open list and closed list with random access feature (OC-RA-A*
algorithm) is 3.59 times faster than the traditional A* algorithm in
long-distance path planning tasks and compared to the distributed
parallel computation strategy using source DEM generated by the
Chang’e-2 CCD stereo camera, the proposed DPPS-TP based on
tile pyramid DEM is 113.66 times faster in the long-range path
planning task.

Index Terms—A star, distributed computing, hadoop distributed
file system (HDFS), path planning, spark, tile-pyramid.

I. INTRODUCTION

UNAR exploration using a lunar rover is the first step in

human space exploration, and the path planning problem

for lunar rovers has been an important focus of research in lunar
exploration projects [1].

The core idea of path planning is to determine an optimal

path from the current starting position to the goal position in an

unknown environment. Path planning algorithms are generally
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divided into two categories: global path planning and local path
planning [2], [3].

Global path-planning research uses global terrain and obsta-
cle information to model and calculate optimal paths, whereas
local path-planning research usually models the environmental
data in the process of data collection and then measures as
many effective paths as possible based on the model. Global
path-planning algorithms include classical algorithms such as
Dijsktra [4], Floyd [5], A* [6], RRT [7], and intelligent al-
gorithms such as the ant colony algorithm [8] and genetic
algorithm [9]. Local path-planning algorithms mainly include
artificial potential field-based and neural-network-based meth-
ods. Among the above-mentioned methods, Dijsktra and Floyd
can calculate the optimal path, but require more time and a large
amount of memory as they need to traverse and store all the
points [10], [11]. The A* algorithm adopts a heuristic search
technique based on the Dijsktra algorithm, which accelerates
the path search speed [12]. The RRT algorithm has a fast
path-finding speed; however, the path is usually neither optimal
nor smooth [13]. The ant colony and genetic algorithms show
strong performance in path planning; however, they rely heavily
on the parameter setting, and the convergence speed is slow.
Gan et al. [14] proposed an improved RRT algorithm for fast
tree construction to reduce the time spent of path planning. Liu
et al. [15] combined pheromone diffusion and geometric local
optimization to propose an improved ant colony algorithm for
solving the problem of slow convergence. Bounini et al. [16]
proposed a novel potential field method for robot navigation,
and Qu et al. [17] proposed a modified pulse-coupled neural
network model for real-time path planning of mobile robots in
dynamic environments.

With the rapid development of modern mapping technology
and the upgrading of sensor hardware, the generated digital
elevation models (DEMs) have become increasingly accurate,
and the data volume has become larger; therefore, pathfind-
ing calculations based on DEMs are becoming increasingly
time-consuming. To solve the above-mentioned problems, Hong
et al. proposed an improved A* algorithm using closed list
with random access data structure (C-RA-A* algorithm) [18].
Compared with the traditional A* algorithm (Trad-A* algo-
rithm), the efficiency of path planning on DEM generation
was significantly improved. However, when the data volume of
DEMs is excessively large, the applicability of this algorithm is
limited by the memory size of the server. Compared with a sin-
gle computer, distributed storage [e.g., Hadoop distributed file
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system (HDFS), HBase] and computational technologies (e.g.,
MapReduce, Spark) use the storage and computational resources
of clusters and show tremendous advantages when data increases
dramatically. Therefore, they are extensively used in the storage
[19], [20], [21], calculation [22], [23], segmentation [24], and
path planning of massive remote sensing data. Wang et al. used
the MapReduce-based distributed parallel Dijkstra algorithm to
solve the shortest path problem. The MapReduce-based dis-
tributed Dijkstra algorithm has significant advantages over the
traditional Dijkstra algorithm for large-scale path planning [25].
However, for frequent iterative computation, MapReduce needs
to spend a considerable amount of time on the disk IO of inter-
mediate data. Alazzam et al. proposed a path-planning algorithm
for A* on Spark, and the results showed that the Spark-based A*
algorithm has a significant effect on large-scale graph theoretic
data [26]. However, their algorithm cannot efficiently use the
neighborhood property of DEM grids to obtain neighbour nodes.
According to the above analysis, significant progress has
been made, and a number of algorithms have been proposed
to improve the efficiency of path planning. However, some
problems still need to be explored. First, most existing path-
planning algorithms focus on small areas. Relatively few studies
have been conducted on path planning based on large-scale
data. Second, the efficiency of existing algorithms needs to
be improved, particularly when applied on a large scale, and
the processing of nodes using big data platforms is mutually
irrelevant. Finally, most research focuses on road and traffic data
and DEMs of the Earth, and few studies on path planning based
on lunar DEMs have been conducted. Therefore, the objective
of this article is to propose a fast large-scale path-planning
method based on lunar DEMs. The proposed method adopts
a distributed tile-pyramid strategy to improve the path-planning
efficiency on a large-scale lunar DEM. In addition, an improved
A" algorithm was proposed by modifying the data structure,
which can enhance the efficiency of sub-path planning on tiles.

The main contributions of this article can be summarized as

follows.

1) This article presents a fast large-scale path planning
method based on lunar DEM images. The time efficiency
of the path search is significantly improved, especially in
long distance path planning task.

2) We propose a distributed tile-pyramid strategy for per-
forming large-scale path-planning tasks. This strategy
calculates the nodes of path planning from coarse to fine
according to the characteristics of the tile pyramid and uses
the idea of divide-and-conquer to accelerate the process
by distributing the data across the cluster.

3) Thedata structure of the A* algorithm is improved, thereby
accelerating the sub-path-planning task.

4) The method of this article provides support for the fast
search of long-distance three-dimensional (3-D) paths
over thousands of kilometers. The proposed method is not
only applicable to the path planning of lunar rover, but
also suitable for path planning task on Mars and Earth.

The remainder of this article is organized as follows. Section II

presents the details of the methodology. Section III describes the
dataset and experimental design. The experimental results and
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Fig. 1.
pyramid.

Overall flowchart of path planning for DEMs using distributed tile

analyses are presented in Section IV. The influence of factors
with different cut tile sizes or computational parallelisms is
discussed in Section V. Finally, Section VI concludes the article.

II. METHODS

This article proposes a fast large-scale path-planning method
for lunar DEMs using a distributed tile-pyramid strategy. As
shown in Fig. 1, the proposed method comprises three compo-
nents. First, a tile pyramid was generated for a large lunar DEM
and stored in HDFS. Second, a distributed path-planning strategy
based on a tile pyramid (DPPS-TP) was used to accelerate
path-planning tasks on large-scale lunar DEMs using Spark and
Hadoop. Finally, an improved A* algorithm (OC-RA-A* algo-
rithm) was proposed to improve the speed of the path-planning
task in each tile.

A. Pyramid Generation and Storage

The tile pyramid was constructed by up-sampling with a 2:1
ratio for the source DEM data to generate the pyramid and cut
each layer of the pyramid into rectangular tiles of the same size
[27]. As shown in Fig. 2, the source DEM (size 2048 x2048px)
is the bottom layer (layer 0) of the tile pyramid, and its tile
pyramid consists of three layers when the tile size is 512 x 512px,
of which the size of layer 1 is 1024 x 1024px and that of layer
2 is 512x512px. The tiles of each layer have corresponding tile
row and column numbers, which are used to quickly locate the
tiles on the tile pyramid.

HDFS was used in this article to store the tile pyramid of
the DEM. Because HDFS has high-throughput data access and
a data redundancy mechanism, it is well suited for large-scale
remote sensing data applications. The HDFS cluster is a typical
master-slave operation mode that controls and manages the
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Fig.2. DEM tile-pyramid structure.

distributed storage of the cluster through the NameNode and
DataNode nodes. The NameNode node is used to store the
metadata of tile byte blocks. The function of the metadata is
to locate the storage location and order of the tile byte blocks in
each DataNode node, which is used to store and redundantly
generate the data of the tile pyramid. The NameNode node
communicates with the DataNode node through a network [28].
Fig. 3 shows how a DEM with a pixel size of 2048x2048 is
converted into a tile pyramid with a tile size of 512x512 and
stored in the HDFS. First, the tile pyramid is generated from
the source DEM with a tile size of 512x512px; subsequently,
the tiles of each layer are filled using a Z-order curve [29] or
Hilbert curve [29], [30]. Finally, the tile data and pyramid layer
information are serialized and stored in HDFS.

B. Principle and Implementation of DPPS-TP

This article proposed DPPS-TP and implemented it using
Spark. Using the pyramid model properties, the set of starting
and ending points of each tile was calculated from coarse to fine,
and the sub-path planning task on each tile was accelerated by
Spark using the divide-and-conquer idea.

To reduce the iteration time, a layer-hopping process was
included in the tile layer selection from the upper tile layer to
the lower tile layer. As shown in Fig. 4, coarse-grained path
planning is first performed from the topmost tile layer (n = 4),
and the set of starting and ending points of n = 2 tile layers is
inferred. Subsequently, distributed path planning is performed
for the n-2 tile layers until the path planning result of the bottom
tile layer is calculated.

This article used Spark to implement DPPS-TP. Apache Spark
is a fast, general-purpose computational engine designed for
large-scale data processing. It uses resilient distributed datasets
(RDDs) and directed acyclic graphs (DAGs) to ensure that the
Spark tasks run quickly and correctly in a distributed environ-
ment. RDDs are the most fundamental data processing model in
Spark and represent a resilient, immutable, partitionable, parallel
computable in-memory set. DAGs are a set of combinations of
vertices and edges, where vertices are used to represent RDDs
and edges are used to represent the operational relationships
between RDDs. DAGs in Spark are essential for ensuring that

distributed computations can perform tasks sequentially [22],
[31]. Research shows that the main reason Spark runs faster
than MapReduce is that Spark reduces unnecessary disk IO
operations by building DAGs to improve task execution effi-
ciency; however, as MapReduce operations are independent of
each other, the results produced by each MapReduce operation
are written to the disk [32], [33].

As shown in Fig. 5, in a master-slave mode cluster, Spark
divides the path-planning task into multiple subtasks and assigns
them to the slave nodes for execution. The slave nodes fetch the
tile data from HDFS, execute the subtasks assigned by the master
nodes, and finally write the results to HDFS.

In this article, DPPS-TP was implemented using Spark, which
is used to construct distributed tile datasets and distribute sub-
path planning tasks to clusters for execution. As shown in Fig. 6,
the main steps for implementing DPPS-TP using Spark are as
follows:

1) Read the topmost pyramid tiles from HDFS and construct

tile data RDDs in memory.

2) Input the starting and ending points of the topmost pyra-
mid.

3) Filter the tile RDDs containing the start and end points
based on the set of start and end points.

4) Perform the distributed path planning subtask for each tile
from the filtered tile RDDs to obtain the tile path RDDs
for this layer.

5) Determine whether this layer is the bottom tile pyramid; if
it is not the bottom layer, execute step 6; if it is the bottom
layer, output the tile path RDDs to the HDFS.

6) Use tile path RDDs of this layer pyramid to deduce the set
of starting and ending points in the next tile pyramid layer
that needs to perform local path planning.

7) Read the tiles of the next layer pyramid from HDFS and
construct tile data RDDs in memory.

8) Input the results of step 6 and step 7 into step 3 and
continue down from step 3.

It should be noted that since the starting and ending points
of each tile are determined by the high abstraction and low
resolution layers, there may be points between tiles that will
be fail to pass. These impassable points will be corrected by
iterating over the global path points at the end of the experimental
program. This step has little impact on the final path planning
task. More detail analysis please refer to the results section.

DPPS-TP reduces the time spent performing path planning
tasks on large-scale DEMs by moving from coarse-grained tile
path-planning tasks to fine-grained distributed tile path planning
tasks in an iterative manner.

In the Spark implementation of DPPS-TP, Driver is respon-
sible for broadcasting the set of starting and ending points of
each tile and controlling the number of iterations, and workers
is responsible for the sub-path planning task of each tile.

As shown in Fig. 7, first, driver and workers construct the tile
RDDs and tile metadata of the topmost pyramid (i = n) from
HDFS, and driver broadcasts the start and end points of the
path planning to workers. Subsequently, workers filter the tile
RDDs that do not participate in the path planning and perform
sub-path planning for the remaining tiles according to the set of
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Fig. 3. DEM is distributed to generate a tile pyramid and stored in the HDFES.

Layer-4 Layer-2 Layer-0

Fig. 4. Principle of distributed path planning strategy based on tile pyramid.

start and end points. Finally, DPPS-TP determines whether this
layer is the bottom layer (i = 0) based on the tile metadata. If
yes, the obtained path node RDDs are saved to HDFS, if not,
iterative operations are performed. In the iterative operation,
driver collects the path node RDDs obtained from workers and
calculates the set of starting and ending points of each tile of
layer i-2. And then, the Spark cluster sends a read request for
the tile pyramid at level i-2 to HDFS and constructs the tile
RDD and tile metadata of the tile pyramid at level i-2 from
HDFS and finally performs distributed path planning of layer
i-2.

C. Improved A* Algorithm Using Open List and Closed List
With Random Access Data Structure (OC-RA-A* Algorithm)

The C-RA-A* algorithm uses a minimum heap to implement
the open list and a 2-D matrix to implement the closed list.
Because the time complexity of the minimum heap to find
elements is O(n), the C-RA-A* algorithm spends more time

DataNode
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=
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Z
2
=
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DataNode

—— Network communications

— — » Generate and distribute tasks

Fig. 5. Spark cluster architecture and task distribution.

determining and searching the neighbouring nodes of the current
node when the amount of data in the open list is large.
Therefore, we made some improvements based on the C-RA-
A* algorithm for the closed list and open list data structures. As
shownin Fig. 8, in the OC-RA-A* algorithm, the data structure of
the open list is implemented using the minimum heap and 2-D
matrix, and the data structure of closed list was implemented
using a 2-D matrix. Owing to the random-access property of
the two-dimensional array structure, the OC-RA-A* algorithm
stores the references of the nodes in the open list in memory
and improves the search speed of the nodes in the open list.
Compared with the C-RA-A* algorithm, the time complexity of
the OC-RA-A* algorithm in determining whether the adjacent
nodes of the current node are in the open list is reduced from

O(n) to O(1).
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Fig. 6. Flowchart of spark implementing distributed path planning strategy
based on tile pyramid.

III. DATA AND EXPERIMENTS
A. Data

The 20-m resolution lunar DEM data generated by the
Chang’e-2 CCD stereo camera were used in this experiment.
The area selected for the experiment is located from 77 N to 87
N, 158 E to 158 W. The total image size of the selected area was
32768 x32768 pixels, and the total area was 429496.7296 km?,
as shown in Fig. 9.

B. Experimental Design

Experiments were performed on a single local computer with
an AMD Ryzen 7 processor with 2.90 GHz speed and 32G
random access memory and on a distributed cluster of three
virtual machines with 96G RAM and 48 cores each. In addition,
a tile pyramid was generated from the DEM data and stored in
HDFS before the experiment.

To ensure the effectiveness of path planning, the tracked lunar
vehicle was used as a reference, and a feasible slope threshold
of 20° was set for whether to pass that was applied to the
experiments of the DEM grid path planning task [34]. As shown
in Fig. 10, in the experiments, the projected area of the vehicle
is assumed to be a grid cell, and a 3 x 3 window is formed
based on the grid cell (4, ) where the vehicle is located, and
the eight surrounding grid cells (the corresponding elevation of
(i,7) is Z; ;). The slopes in the vertical/horizontal and oblique
directions were calculated using (1) [35], where CellSize is the
size of each grid

_11Z; i—Z. . .
Stope — 4 2 Zeatmsi s o =il + ly = gl = 1
t —1M|f'|:1 d‘f‘|:1'
all "~ CliSizer1.4140 1L 0 and |y —

ey

The heuristic function of the A*algorithm used in this exper-
iment is given by
F (P)= G(P)+H(P). @)
In (2), G(P) is the actual distance cost from node P to the
starting point and H(P) is the estimated distance cost from
node P to the end point. In this article, G(P) was obtained by
calculating the Euclidean distance, as shown in (3), and H(P)
was obtained by calculating the Manhattan distance, as shown in
(4).In (3) and (4), G(P’) represents the actual distance from the
starting point to P’; G(P) represents the actual distance from
the starting point through P’ to point P; P represents the
position of the end point; x, y, z represent the horizontal and
vertical positions of the nodes and the corresponding elevation
values, respectively,

G (P)= G(P)

+ \/(Pz - P+ (P, - P{;)z + (P, — PL)?
3)
H (P) = |Pc— P™| + |P, — P “)

In this article, four experiments were designed to verify and
explore the efficiency of the DPPS-TP and OC-RA-A* algo-
rithms. As given in Table I, these experiments selected the
starting and ending points at different distances. Except for
the experiments on A* path planning based on long paths with
different degrees of parallelism in DPPS-TP, four sets of points
were selected for the remaining experiments to simulate the
starting and ending points of the long, medium, medium, and
short paths.

C. Evaluation Indicators

Time cost and path accuracy were used to measure the per-
formance of the proposed strategy. The time cost is defined as
the total running time for path planning, where the time cost for
distributed computing is divided into the cluster start-up time and
parallel computing time. The total time was calculated using

T =Tsn + TCompule- (@)

In addition, the average deviation between the planned path
and the reference path is calculated to evaluate the accuracy of
the path planning. The reference path is defined as the shortest
passable path from the starting point to the ending point by
using the traditional A* algorithm. The planned path represents
the path obtained from the experimental calculation.

The average deviation is calculated as the mean offset between
the points of the reference path and the planned path, as shown in
(6). Where (x;,v;), (xg:,yg;) denotes the pixel horizontal and
vertical coordinates of the planned path and the reference path,
respectively, n denotes the number of point pairs, and CellSize
denotes the size of each grid. Totally, 90% of the points in the
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TABLE I
SELECTION OF STARTING AND ENDING POINTS OF DIFFERENT EXPERIMENTS ON DEMS

Yes

——s Notifying HDFS of incoming tile data of i — 2 layer

Experiment

Long Path
Start Point-End Point
(px, py)-(pX, py)

Middle-Long Path
Start Point-End Point
(px, py)-(pX, py)

Median Path
Start Point-End Point
(pX, py)-(pX, py)

Short Path
Start Point-End Point
(px, py)-(px, py)

A* path planning based on single machine
and DPPS-TP

A* path planning based on distributed
cluster and DPPS-TP

A* path planning based on DPPS-TP for
different tile sizes

A* path planning based on DPPS-TP with
different degree of parallelism in long path

(160, 272)-
(32416, 32608)

(16368, 16512)-
(17856, 17984)

(128, 256)-
(32384, 32640)

(160, 272)-
(32416, 32608)

(3072, 3168)-
(23968, 23936)

(16384, 16368)-
(16944, 16992)

(3072, 3200)-
(24000, 23936)

(8176, 8512)-
(16848, 17664)

(16416, 16400)-
(16688, 16672)

(8192, 8512)-
(16832, 17664)

(12224, 12128)-
(14016, 14320)

(17024, 17056)-
(17200, 17216)

(12224, 12160)-
(14016, 14336)

Closed List

1 = this node is closed
0 = this node is not closed

/

arrays of node type 7

Two-dimensional N
Y
1

A minimun heap of node type

I arrays of boolean type

OC-RA--A* Algorithm

Fig. 8. Data structures of open list and closed list in OC-RA-A* algorithm.

path are involved

CellSize <
Deviation = —— g \/(ﬂh - l“gi)2 + (i — ygi)2'
i=0

n
(6)

IV. RESULTS
A. Results of Time Cost Comparison of Different Methods

The method in this article consists of two parts: the OC-RA-A*
algorithm for sub-path planning on each tile and DPPS-TP for
parallel processing of the tiles. In order to verify the efficiency of

[
o
o
o
-

row pixel/(20m)
-
w
-
o
~

13107
col pixel/(20m)

19661 26214 32768

Fig. 9. Lunar DEM data with 20-m resolution.

the OC-RA-A* algorithm for path planning at different distances
on tiles, this experiment uses a single machine serial computing
strategy of the source DEM to mimic the path planning task of
different A* algorithms on tiles.

In order to verify the efficiency of the improved A* algorithm
in the proposed method, the proposed OC-RA-A* algorithm is
compared with the C-RA-A* and Trad-A* algorithms. As given
in Table II, the time cost of the Trad-A* algorithm is 3.59 times
higher than that of the OC-RA-A* algorithm and the time cost
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TABLE II
TIME COST OF USING DIFFERENT A* ALGORITHMS IN SINGLE-MACHINE SERIAL COMPUTING AND DISTRIBUTED PATH-PLANNING STRATEGY BASED ON TILE
PYRAMID

Using OC-RA-A* Algorithm in Tile

Using C-RA-A* Algorithm in Tile Using Trad-A* Algorithm in Tile

Calculative - - "
strategy Path Start-up Running Sum Start-up  Running Sum Start-up  Running Sum
Time (s) Time (s) Time (s) Time (s) Time (s) Time (s) Time (s) Time (s) Time (s)
Long 0 21.685 21.685 0 64.342 64.342 0 77.918 77.918
Single-machi .
MEST M Middle-Long 0 18.831 18.831 0 28.969 28.969 0 28.770 28.770
computing Median 0 16.177 16.177 0 14.121 14.121 0 15.353 15.353
strategy
Short 0 6.780 6.780 0 3.056 3.056 0 2.566 2.566
Long 1.181 12.553 13.734 1.166 12.690 13.856 1.156 16.784 17.940
Middle-Long 1.163 11.816 12.979 1.167 11.925 13.092 1.178 15.747 16.925
DPPS-TP
Median 1.162 11.215 12.377 1.180 11.529 12.709 1.174 14.089 15.263
Short 1.156 11.041 12.197 1.171 10.956 12.127 1.206 11.609 12.815
Time comparison of using different A* algorithms in
o single-machine serial computing strategy and DPPS-TP
ETEANEE ) T gg
70
65
60
Zi-1,j Zij Zis1,j 55
250
345
E40
Zi1j+1 Zij Zis1,jx1 =35
30
. . X 25
Fig. 10. Central 3 x 3 window grid. 20
15 —
10
5
0

of the C-RA-A* algorithm is 2.96 times higher than that of the
OC-RA-A* algorithm when a single machine serial computing
strategy is used for the long distance path planning task of the
source DEM. It is important to note that the scale of data and the
computational environment used in this experiment is different
from that used by Hong [18], and that slope maps were not
pre-generated for the DEM in this experiment.

To further validate the efficiency of using DPPS-TP, the
proposed DPPS-TP is compared with a single machine serial
computing strategy at the source DEM. As shown in Fig. 11 and
Table II, the time cost using the single machine serial strategy at
the source DEM is 1.57 times higher than that of DPPS-TP when
using the OC-RA-A* algorithm for long distance path planning
tasks. Meanwhile, as shown in Fig. 12 and Table III, the time
cost of using a distributed parallel strategy for the long-range
path planning task using source DEM is 113 times higher than
that of DPPS-TP in a distributed computing environment.

In this experiment, there are several results that need to be
explained why. As shown in Fig. 11 and Table II, the proposed
method is only applicable to long-distance path planning tasks.
For shorter distance path planning tasks, the time taken by DPPS-
TP for cluster start-up and RDD transformation would be greater
than the computation time for path planning. In addition, in the
experiments with DPPS-TP, the cluster start-up times are all
controlled between 1 and 1.3 s as the cluster start-up time is
only related to the cluster configuration. The speed impact of
DPPS-TP with different pathfinding distances is smaller due to

Short Median Middle-Long Long
+-Single-Machine Serial Computing Strategy Using OC-RA-A* Algorithm
+Single-Machine Serial Computing Strategy Using C-RA-A* Algorithm
+Single-Machine Serial Computing Strategy Using Trad-A* Algorithm
#DPPS-TP Using OC-RA-A* Algorithm
#DPPS-TP Using C-RA-A* Algorithm
#DPPS-TP Using Trad-A* Algorithm

Fig. 11. Time comparison of using different A* algorithms in single-machine
serial computing strategy and distributed path-planning strategy based on tile
pyramid.

Time comparison of using A* algorithm in distributed
cluster and DPPS-TP.
1800

1600
1400
1200
1000
800
600
400
200
0

Time (s)

Short Median
#+A* Algorithm on Distributed Clusters

Middle-Long Long
#A* Algorithm on DPPS-TP

Fig. 12. Time comparison of using A* algorithm in distributed cluster and
distributed path-planning strategy based on tile pyramid.
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A* path planning based on single machine
A* path planning based on DPPS-TP
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Fig. 13.
middle-long path. (c) Result of the median path. (d) Result of the short path.

TABLE III
TIME COST OF USING DIFFERENT A* ALGORITHMS IN SINGLE-MACHINE
SERIAL COMPUTING AND DISTRIBUTED PATH-PLANNING STRATEGY BASED ON

TILE PYRAMID
calculative Path Start-up Running Sum
strategy Time (s) Time (s) Time (s)
Long 1.158 1535.477 1536.635
Distributed .
parallel Middle-Long 1.148 592.842 593.990
computing Median 1.188 256.526 257.714
strategy
Short 1.144 169.893 171.037
Long 1.159 12.360 13.519
Middle-Long 1.141 11.478 12.619
DPPS-TP
Median 1.145 11.352 12.497
Short 1.125 10.794 11.919

the faster sub-path planning on the tiles and the fact that the
main time consumption of DPPS-TP is spent on the operation
of the RDD operator. As shown in Fig. 12 and Table III, the
reason for the long time taken for distributed path planning using
clusters only for the DEM is that it transforms the grid data of
the DEM into discrete point data resulting in a dramatic increase
in the number of nodes involved in the search in the distributed
calculation.

B. Results of Accuracy Comparison of Different Methods

To verify the accuracy of the large-scale path planning, the
proposed DPPS-TP was compared with a single-computer serial
computing strategy and a distributed parallel computing-only
strategy.

Figs. 13 and 14 shows the path planning results based on single
machine and distributed path-planning strategy, respectively. As
can be seen from the figures, the path planning results obtained
by different strategies are very similar. The pathfinding distances
using DPPS-TP are a little longer than those using the single
machine serial strategy. This is because, in the tile pyramid,
the seek nodes in the upper layer cannot accurately derive the
optimal starting and ending points of each tile in the lower layer.

712000
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—2000

row pixel/(20m)

—3000

—4000

10000 12000 14000 16000 18000 2°P9000 12600
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13200 13800 14400 15000
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(c) (d)

A* path results based on single machine and distributed path-planning strategy based on tile pyramid. (a) Result of the long path. (b) Result of the

TABLE IV
ACCURACY OF USING A* ALGORITHM IN DIFFERENT STRATEGIES

Calculative Strategy Path Distance (km) Deviation
(km)
Long 934.607135 -
Single-machine serial Middle-Long 606.374140 B
computing strategy Median 260.678733 -
Short 59.152627 -
Long 961.075599 1.147319
Middle-Long 627.226420 1.164554
DPPS-TP
Median 268.628296 0.804097
Short 60.243263 0.858481
TABLE V

ACCURACY OF A* ALGORITHM USING DIFFERENT STRATEGIES IN
DISTRIBUTED ENVIRONMENT

Calculative Strategy Path Distance (km) De(vkl:xlgon
Long 42.630680 -
Distributed parallel Middle-Long 17.280029 B
computing strategy Median 7793226 _
Short 4.881606 -
Long 44.272451 0.417963
Middle-Long 17.477859 0.050926
DPPS-TP
Median 7.920988 0.013872
Short 4.892102 0.014968

Tables IV and V is the accuracy comparison of single machine
and distributed path-planning strategy. The search paths from
the single-machine serial computing strategy and the distributed
parallel computing strategy are the same as the reference path
because there is no mapping process of different resolution tiles.
Therefore, the deviation is zero. The search path using DPPS-TP
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A* path planning based on distributed cluster
~—— A* path planning based on DPPS-TP
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Fig. 14.
middle-long path. (c) Result of the median path. (d) Result of the short path.

Time Comparison of DPPS-TP in Long Distance using
Different Cores
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Fig. 15.  Time comparison of long path planning with different parallel cores
in distributed path-planning strategy based on tile pyramid.

has a small deviation relative to the reference path since the
starting and ending points of the local path planning on the tiles
are not optimal. As can be seen from the tables, the deviation
is smaller than 1 km for most of the circumstance. Even for
long distance path planning, e.g., the planned distance is greater
than 600 km, the deviation is less than 1.2 km. However, the time
efficiency is greatly improved. The experimental result indicates
the effectiveness of the proposed strategy.

V. DISCUSSION
A. Influence of Using Different Numbers of Parallel Cores

To explore the influence of different numbers of parallel cores
on the time cost of path planning using DPPS-TP, seven parallel
degrees were selected for the long-distance pathfinding task.

The results shown in Fig. 15 and Table VI indicate that the
parallelism of the distributed computation affects the program
running time in path planning over long distances, and the lower
the number of parallel cores, the higher the time overhead of
DPPS-TP.

B. Influence of Constructing Different Tile Pyramids

To explore the influence of different tile pyramids on the
efficiency of path planning using DPPS-TP, this experiment was
performed using three different tile pyramids for the pathfinding
task.
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A* path results based on distributed cluster and distributed path-planning strategy based on tile pyramid. (a) Result of the long path. (b) Result of the

Time Comparison of DPPS-TP in Different Tile
Size

Short

Median Middle-Long
Path

W 512%512 Tile Size ™2048%2048 Tile Size = 8192*8192 Tile Size

Long

Fig. 16. Time comparison of path planning using different tile sizes in dis-
tributed path-planning strategy based on tile pyramid.

TABLE VI
TIME COST OF LONG PATH PLANNING WITH DIFFERENT PARALLEL CORES IN
DISTRIBUTED PATH-PLANNING STRATEGY BASED ON TILE PYRAMID

Agorithn DO ey Timety o
1 1.158 71.918 73.076
5 1.204 29.005 30.209
10 1.159 18.071 19.230
Trad-A* 15 1.156 16.784 17.940
30 1.155 16.550 17.705
60 1.163 16.200 17.363
120 1.153 14.284 15.437
1 1.170 67.086 68.256
5 1.174 22.572 23.746
10 1.165 16.291 17.456
C-RA-A* 15 1.156 14.946 16.102
30 1.211 13.226 14.437
60 1.166 12.690 13.856
120 1.154 12.230 13.384
1 1.164 64.750 65.914
5 1.192 21.554 22.746
10 1.166 15.575 16.741
OC-RA-A* 15 1.175 13.861 15.036
30 1.171 12.289 13.460
60 1.142 11.494 12.636
120 1.156 11.041 12.197
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512 x 512 pixel size tiles are used in DPPS-TP
~—— 2048 x 2048 pixel size tiles are used in DPPS-TP
—— 8192 x 8192 pixel size tiles are used in DPPS-TP
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Long path. (b) Result of the middle-long path. (c) Result of the median path. (d) Result of the short path.

TABLE VII
TIME COST OF PATH PLANNING USING DIFFERENT TILE SIZES IN DISTRIBUTED
PATH-PLANNING STRATEGY BASED ON TILE PYRAMID

TABLE VIII
ACCURACY OF PATH PLANNING USING DIFFERENT TILE SIZES IN DISTRIBUTED
PATH-PLANNING STRATEGY BASED ON TILE PYRAMID

. . Start-up  Running Sum . . . .
Tile Pyramid Path Time (s) Time (s) Time (s) Tile Pyramid Path Distance (km) Deviation (km)
Long 1.162 20.509 21.671 Long 975.580250 1.861580
Middle-Long 1.127 24.222 25.349 Middle-Long 637.130711 7.181821
512x512x7 512x512x7
Median 1.118 20.407 21.525 Median 271.945805 7.737289
Short 1.134 20.040 21.174 Short 60.684336 0.182732
Long 1.140 12.686 13.826 Long 961.959524 2.205383
Middle-Long 1.141 10.933 12.074 Middle-Long 627.944786 7.390781
2048x2048x%5 2048x2048x5
Median 1.145 11.496 12.641 Median 267.870082 8.338281
Short 1.141 11.743 12.884 Short 60.051832 0.550399
Long 1.132 18.229 19.361 Long 961.086947 1.841209
Middle-Long 1.133 17.726 18.859 Middle-Long 626.400827 5.388804
8192x8192x3 8192x8192x3
Median 1.135 17.675 18.810 Median 268.921170 11.068751
Short 1.154 16.705 17.859 Short 60.028377 0.550832

DEM data were used to construct tile pyramids with tile
sizes of 512x512, 2048 x2048, and 8192x8192. The number
of pyramid layers is seven for a 512x512 tile size, five for a
tile size of 2048 x2048, and three for a tile size of 8192x8192.
The results shown in Fig. 16 and Table VII indicate that storing
tile pyramids of different sizes also affected the efficiency of
DPPS-TP.

The experiments were run from the topmost level of tile
pyramids until the bottom level yielded the results. The least time
overhead was spent for DPPS-TP using a tile size of 2048 x2048,
followed by the tile pyramid using a tile size of 8192x8192.
The time expense of DPPS-TP with a tile pyramid of tile size
512x512 was larger than that with a tile pyramid of tile size
2048x2048. This is because a tile pyramid of tile size 512x512
requires processing of a larger number of tiles. The time expense
of DPPS-TP using a tile pyramid of tile size 8192 x 8192 is
greater than that of DPPS-TP using a tile pyramid of tile size

2048 x 2048 because it takes longer to process local sub-paths
using tiles of size 8192 x 8192.

AsshowninFig. 17 and Table VIII, in terms of the pathfinding
distances, using a tile pyramid with a tile size of 8192x8192 is
better than using tile pyramids with tile sizes of 2048 <2048
and 512x512. In particular, using a tile pyramid with a tile
size of 512 x 512 for DPPS-TP yielded the worst pathfinding
distances. This is because with the increasing number of tiles
participating in DPPS-TP, the uncertainty of connection points
between adjacent tiles will also increase, which may lead to long
pathfinding distance.

VI. CONCLUSION

In this article, we propose a fast path planning method using
a distributed tile pyramid strategy to solve the problem of the
low time efficiency of existing algorithms in large-scale path
planning tasks. In addition, an A* algorithm supporting random
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access data structures is proposed to reduce the time cost of path
planning. In experiments with a single machine serial computing
strategy using lunar source DEM data, by virtue of the properties
of the random-access data structure, the OC-RA-A* algorithm
of this article is 3.59 times faster than the conventional A*
algorithm in long-distance path planning tasks. However, the
OC-RA-A* algorithm requires high memory capacity and the
single-machine serial computing strategy is limited by machine
memory, so the distributed path planning strategy based on
tile pyramids is further proposed. By divide-and-conquer and
coarse to fine grained conversion, the proposed distributed path
planning strategy based on tile pyramids is 1.57 times faster
than the single machine serial computing strategy using lunar
source DEM data. In addition, by retaining the neighborhood
information of each pixel, the proposed distributed path planning
strategy based on tile pyramids is 113.66 times faster than the
distributed parallel computation strategy using the lunar source
DEM.
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