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ABSTRACT A path planning method fused B-spline curves, and an improved anytime repairing A*
algorithm path planning method (BS-IARA*) is proposed to address the needs for timeliness, feasibility,
and optimality in robot path planning in indoor dynamic environments. In this method, firstly, adaptive
expansion factors and dynamic search step strategies are introduced in the initial stage and iterative process of
the algorithm, respectively, to improve the low expansion factor preference defect and low search efficiency
in the anytime repairing A* algorithm; Secondly, the resulting path is optimized using B-spline curves to
enhance the smoothness and feasibility of the track. Simulation experiments in a static environment show that
the introduced improved strategies can combine to enhance path quality and planning efficiency; simulation
experiments in a dynamic environment show that the method can generate feasible paths quickly, with better
path cost and smoothing than the standard anytime repairing A* and Randomized Weighted A* algorithms,
and continuously improve the path optimality in a specified time to meet the needs of dynamic path planning.

INDEX TERMS Dynamic path planning, improved anytime repairing A* algorithm, B-spline curves.

I. INTRODUCTION
Path planning is a topical problem in indoor mobile robot
research. The aim is for an indoor mobile robot to automati-
cally plan an optimal and safe path from start to finish in an
obstacle-laden working environment under unguided condi-
tions. In dynamic environments, indoor mobile robots must
react quickly to changes in the indoor environment, planning
new and safe paths within a defined time frame to ensure
collision-free operation while maximizing path optimization
and planning efficiency to reduce the energy consumption of
the mobile robot. Currently, the methods proposed for the
path-planning problem of mobile robots are broadly classi-
fied into intelligent bionic algorithms [1], [2], [3], [4], [5],
sampling-based planning algorithms [6], [7], and graph
search algorithms [8], [9], [10], [11]. The intelligent bionic
algorithm is difficult to apply in complex working scenarios
containing dynamic obstacles due to its solution accuracy
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and optimization-seeking efficiency. Represented by the RRT
algorithm, random sampling-based path planning methods
have the ability to avoid falling into local optima and quickly
plan safe paths, but the random nature of the sampling sacri-
fices robustness in the search for an optimum. Heuristic graph
search algorithms are widely used in practical engineering
because of their efficiency and stability. Still, it is challenging
to solve the problem of generating better paths in complex
dynamic environments within a specified time.

To solve the problem of low time efficiency and poor
quality of traditional path planning algorithms in generating
feasible paths in dynamic environments, many scholars have
conducted research on heuristic anytime search algorithms
[12], [13], [14], [15], [16]. These algorithms are capable
of outputting the current optimal search result at any time
after the start of the planning process, and the quality of
the paths is continuously improved as the number of itera-
tions increases, allowing them to solve dynamic path plan-
ning problems with a balance of planning timeliness and
optimality of results. Likhachev et al. [17]proposed Anytime
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Repairing A* (ARA*), which obtains better planning results
by continuously reducing the expansion factor during the
iterative process and making full use of the expansion infor-
mation during each iteration to improve the efficiency of
subsequent searches. Chakrabarti et al. [18] proposed Any-
timeWindow A* (AWA*) to reduce the number of expansion
nodes by searching iteratively within a restricted window
region. It verified that it effectively improved the algorithm
search efficiency when solving the backpack and TSP prob-
lems. Bhatia et al. [19] proposed a Randomized Weighted
A* (RWA*) method to solve the benchmark function global
search problem, which obtains higher search efficiency and
robustness by randomizing the weighting factors in the imme-
diate heuristic A* algorithm.

This paper proposes a fusion of B-sample curves and the
Improved Anytime Repairing A* algorithm (BS-IARA*) for
solving path-planning problems for mobile robots in dynamic
environments. This method introduces an adaptive expansion
factor and dynamic step size strategy to solve the issues of
low expansion factor preference defect, algorithm efficiency
sensitive to the scale of the planning area, and unsmooth
planning path in the ARA* algorithm. Simulation results in
a static environment show that the introduced improvement
strategy effectively improves the optimality and smoothness
of the generation path of the standard ARA* algorithm. The
dynamic simulation results show that compared to the stan-
dard ARA* and RWA* algorithms, the BS-IARA* algorithm
can generate feasible paths quickly, improve feasible path
length and path smoothness effectively, and continuously
improve path optimality within the specified time, meeting
the needs of dynamic path planning.

The rest of the paper is organized as follows: Section II
describes the standard ARA* and the improvement strategies
introduced. Based on the B-spline curve path smoothing strat-
egy is introduced in Section III. Experimental comparisons
and results discussion are conducted in Section IV. Section V
summarizes the article.

II. IMPROVED ANYTIME REPAIRING A* ALGORITHM
A. STANDARD ANYTIME REPAIRING A* ALGORITHM
The Anytime Repairing A* algorithm was proposed by
Likhachev et al. [17], which performs the weighted A*
algorithm multiple times by decreasing the expansion factor
one at a time to obtain better planning results and to make
full use of the expansion information during each iteration to
improve the efficiency of subsequent searches. The general
form of the cost function of the ARA* algorithm during node
expansion can be expressed as:

key(s) = g(s)+ ε × h(s) (1)

In equation (1), g(s) denotes the true cost from the starting
point to the current node s, h(s) represents the estimated cost
from the current node to the target node; ε is the expansion
factor (ε ≥ 1). During the iterative search of the path, ARA*
simultaneously updates and saves three node chains, namely
the OPEN list, the CLOSED list, and the INCONS list. When

the ARA* algorithm search repeatedly extends to a node in
the CLOSED list and causes the g value of that node to fall,
the value of that node’s generation is updated, and the node
is placed in the INCONS list. The nodes in the INCONS list
will not be expanded immediately but will be merged with
the OPEN list and reordered for expansion during the next
iteration of the search process. After completing a single path
planning, if the planning time has not yet exceeded the limit,
an expansion factor and node chain list update is performed,
and this is used for the next weighted A* algorithm planning.
The update of the expansion factor in the ARA* algorithm is
expressed as a monotonically decreasing function:

ε = ε −1ε (2)

The empirical value of 1ε from [17] is taken as 0.1 in (2).
In this section, the ARA* algorithm is improved to enable

the generation of feasible paths quickly and the subsequent
continuous optimization of existing paths based on the struc-
ture of the anytime repairing A* algorithm. By introducing
the adaptive expansion factor, dynamic step size strategy, and
smoothing path strategy to overcome the low expansion factor
preference defect, low efficiency of the algorithm, sensitivity
to the scale of the planning region, and unsmoothed planning
path in the anytime repairing A* algorithm, the robustness
and feasibility of the algorithm are improved. The follow-
ing describes the improved ARA* algorithm process and
improvement strategy.

B. ADAPTIVE EXPANSIVE FACTOR STRATEGY
The value of the expansion factor in the ARA* algorithm
is closely related to the actual situation and can directly
affect the results and time of the algorithmic operation. In the
search process, the initial expansion factor determines the
algorithmic efficiency and solution quality. A smaller initial
expansion factor means a large number of node expansions,
leading to a decrease in search efficiency; a more prominent
initial expansion factor represents a high search efficiency
but yields sub-optimal search results for the feasible paths.
The choice of ε in the valuation function is a prerequisite for
finding the optimal path in a finite amount of time, and the
value of the expansion factor ε is usually set according to the
different scales and complexity of the working environment
of the mobile robot. In the improved algorithm proposed in
this paper, the initial expansion factor can be varied with
the scale of the working environment, which can balance the
need of the algorithm for search efficiency and optimization
results. As shown in (3):

ε = ceil(
length+ width

2
×

1− c
10

) (3)

In equation (3), the function ceil ensures that the expansion
factor ε ≥ 1, length is the length of the environment map,
width is the width of the environment map, and c represents
the complexity of the working map, i.e., the density of static
obstacles.
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C. DYNAMIC SEARCH STEP STRATEGY
The search steps of the standard ARA* algorithm are set
according to the actual requirements to ensure the mobile
robot’s safe operation. If the search step size is too large, the
quality of the planned path could be better, while if it is too
small, the solution’s efficiency is affected, and it is easy to
fall into local search. To balance the algorithm’s initial path
planning speed with the path’s optimality, the algorithm in
this paper uses a dynamic step strategy for planning in the
iteration of the algorithm, i.e., a more significant search step
is used at the beginning of the iteration. After the initial path
is obtained, the search step is reduced iteratively to get a
path with better optimality. In addition, the ARA* algorithm
consumes a lot of computation time for cost calculation
and sorting of OPEN list nodes. Using a more significant
search step can effectively reduce the number of nodes in the
OPEN list, improve the initial planning efficiency, and avoid
the extension of the algorithm into local search in complex
working areas. In the simulation environment, the maximum
search step size lmax and the minimum search step size lmin
are determined by considering the threat information and the
planning performance of the mobile robot. This paper uses
lmax as the initial extension step to improve the speed of the
algorithm in planning possible paths. The search step size is
reduced linearly as the number of iterations of the algorithm
increases to enhance the quality of path planning and is not
reduced when the step size is declined to lmin, as shown in (4):

l = lmax −1l (4)

In equation (4), 1l is the decreasing search step.

D. THE IMPROVED ANYTIME REPAIRING A* ALGORITH
PROCESS
The pseudo-code of the improved ARA* algorithm is shown
in Algorithm 1 and Algorithm 2, where Algorithm 2 is a sub-
pseudo-code of Algorithm 1. The approximate steps of the
improved ARA* algorithm are as follows:firstly determines
according to equation (3) and plans a suboptimal path; next,
it determines whether is reduced to 1 and exceeds the plan-
ning time, and if so, saves the result of the previous planning
step, otherwise continue the search in the OPEN list and
INCONS list obtained during the last planning step, reduce
and according to equation (2) and equation (4) respectively,
and repeat this step.

III. BASED ON B-SPLINE CURVE PATH SMOOTHING
STRATEGY
In practical indoor work scenarios, the resulting path should
conform to the kinematic and dynamic constraints of the
mobile robot. Therefore, the planned path should satisfy
the requirement of smoothness, ensuring as far as possi-
ble that the planned path is identical to the actual move-
ment trajectory. Path planning using the ARA* algorithm
generates spikes at turns. Path planning using the ARA*
algorithm generates spikes at turns, and the output of the
currently planned optimal path requires smoothing of the

Algorithm 1 Improved ARA*
1: set CLOSED = OPEN = INCONS = ∅, g(sstart )= 0
2: insert sstart into OPEN with key(sstart ), g(sgoal) =∞
3: determine ε according to (3)
4: while ε ≥ 1 or NOT INTERRUPTED do
5: ImprovePath
6: get path
7: save current suboptimal path
8: decrease ε

9: if ExpandStep > lmin then
10: decrease ExpandStep according to (4)
11: end if
12: move states from INCONS into OPEN
13: update OPEN according to (1)
14: end while

Algorithm 2 Improve Path
1: while key(sgoal) > mins∈OPEN (key(s)) do
2: remove s with the smallest key(s) from OPEN
3: CLOSED = CLOSED ∪ s
4: for each successor s′ of s do
5: if s′ was not visited before then
6: key(s′) =∞
7: end if
8: if key(s′) > g(s) + h(s, s′) then
9: key(s′) = g(s) + h(s, s′)
10: end if
11: if s′ /∈ CLOSED then
12: insert s′ into INCONS
13: end if
14: end for
15: end while

global route to facilitate the smoothness of the mobile robot
and to reduce unnecessary energy loss at path spikes. B-
spline curves [20], [21], [22] are the most commonly used
trajectory smoothing strategy in engineering practice and can
effectively improve the smoothness and safety of paths.

Assuming that there are a total of n+1 control points,
which are used to define the strike, the bounding range of
the B-spline curve, the kth degree B-spline curve is defined
as:

P(u) =
∑N

i=0PiBi,k (u) (5)

In equation (5), Pi is the control point, Bi,k evaluated by
equations (6) and (7), is the ith B-spline basis function of
order k .

Bi,0(u) =

{
1, ui ≤ u ≤ ui+1
0, others

(6)

Bi,k (u) =
u− uk
ui+k − 1

Bi,k−1(u)

+
ui+k − u

ui+k − ui+1
Bi+k,k−1(u) (7)
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This paper chooses a third-order B-spline curve, i.e., k =
3, to balance the smoothness and computational complexity
of the robot trajectory. The pseudo-code for path planning
based on the improved ARA* algorithm and using B-spline
curves are shown in Algorithm 3. First, create a map of
the mobile robot’s working environment and determine the
starting and target points; Then, the globally optimal path
from the starting position to the target position is planned
using the improved ARA* algorithm; and finally generates
a B-spline curve with planning curvature and obstacle avoid-
ance safety distances using the global path coordinate points
as control points, thus obtaining a continuous obstacle-free
optimal feasible path.

Algorithm 3 BS-IARA* Algorithm
1: set sstart and sgoal
2: get the initial path through Improved ARA∗ algorithm
3: get the waypoints (P0,P1,P2, . . . ,Pn)
4: sstart = P0,sgoal = Pn
5: if u < n−k + 2 then
6: compute Pi according to (5)
7: u← u+ 1
8: end if

IV. SIMULATION AND ANALYSIS
This section first validates the ARA* algorithm with dif-
ferent improvement strategies on maps of different scales
and containing only static obstacles, comparing the com-
putational timeliness and optimality of the algorithm from
several aspects. Simulation experiments are then conducted
in complex dynamic environments using the three algorithms,
standard ARA*, RWA* [19], and BS-IARA*, respectively,
to verify the path planning capability of the algorithms in
dynamic environments and under limited planning time con-
ditions.

A. STATIC ENVIRONMENTS SIMULATION VERFICATION
AND ANALYSIS
The standard ARA* algorithm with various initial expansion
factors and search steps and the ARA* algorithm applying
different improvement strategies are used to maps with differ-
ent scales to verify the effectiveness of the different improve-
ment strategies. The map settings are shown in Table 1, and
the path planning trajectories comparing various expansion
factors, different step sizes, and using path smoothing strate-
gies are shown in Figure 3(1), (2), and (3), respectively:
Table 2 counts the path planning time, path length, and the

number of expansion nodes for the standard ARA* algorithm
with different parameters and BS-IARA* algorithm in the
environment built based on the information in Table 1, and
the specific planning trajectory is shown in in Figure 1,
Figure 2, and Figure 3. In particular, sub-schematic (a) shows
the difference in the performance of different expansion
factors in solving feasible paths. When the initial expan-
sion factor of the standard ARA* is 1, the algorithm solves

TABLE 1. Information on static maps.

TABLE 2. Information on static maps.

better paths, but the number of nodes in the OPEN table
is high, and the efficiency of the solution cannot be guar-
anteed. The ARA* algorithm, which only introduces an
adaptive initial expansion factor, does not ensure the opti-
mal solution path. Still, it significantly reduces the solution
time and improves the efficiency of planning feasible paths.
Sub-schematic (b) compares the path planning results of
the standard ARA* with different search step sizes and the
ARA* algorithm with the sequential introduction of two
improved strategies in different environments. The standard
ARA* algorithm uses a fixed step size that does not bal-
ance the algorithm’s search accuracy and solution efficiency.
Although the improved ARA* algorithm does not ensure
optimality in all metrics, the improved ARA* algorithm per-
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FIGURE 1. Diagram of different improvement strategies applied under Map 1. (a) is planning results with different expansion factors, (b) is planning
results with different step sizes, (c) is a schematic of the comparison using the B-spline curve path smoothing strategy.

FIGURE 2. Diagram of different improvement strategies applied under Map 2. (a) is planning results with different expansion factors, (b) is planning
results with different step sizes, (c) is a schematic of the comparison using the B-spline curve path smoothing strategy.

FIGURE 3. Diagram of different improvement strategies applied under Map 3. (a) is planning results with different expansion factors, (b) is planning
results with different step sizes, (c) is a schematic of the comparison using the B-spline curve path smoothing strategy.

forms better in terms of combined solution time and quality
of the solution. Sub-schematic (c) uses B spline curves for
path smoothing. The number of nodes in the node chain
table is not counted in Table 2 as the path smoothing strat-
egy only optimizes the paths resulting from the improved
ARA* algorithm planning. The spikes at the corners of the
smoothed paths are well-optimized to ensure smoothness,
while the path lengths are further reduced to meet practical
requirements.

B. DYNAMIC ENVIRONMENTS SIMULATION VERFICATION
AND ANALYSIS
The following experiments are conducted to verify the
real-time path planning performance of the BS-IARA*
algorithm in dynamic indoor environments. The following
assumptions are first made for the mobile robot’s operating
environment:

1. Both dynamic and static obstacles are present in the
indoor working environment.
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FIGURE 4. Dynamic obstacle moving vertically upwards at a rate of 4m/s. (a) 0∼10.5s dynamic obstacle moves vertically upwards. (b) 10.5∼21s
dynamic obstacle encounters boundary and moves in the opposite direction.

TABLE 3. Table of dynamic obstacle information.

2. Moving obstacles in the working environment is simpli-
fied to outer circles.

3. The obstacle runs in a straight line and returns in the
opposite direction when it reaches the boundary of the work-
ing environment.

4. Moving obstacles run at a known constant rate and in an
available direction.

Dynamic obstacle movement is shown in Figure 4. Assume
that the mobile robot moves at a rate of 5m/s, the starting
coordinates are (0.5m,0.5m) and the ending coordinates are
(48.5m,48.5m), and the algorithm planning time is limited to
1s.

Information on all dynamic obstacles in the working envi-
ronment is shown in Table 3, and the three algorithm param-
eters are shown in Table 4:

The simulation results are shown in Figure 5, Figure 6,
Figure 7, and Table 5. Figure 5, Figure 6, and Figure 7 show
the schematic diagrams of the dynamic path planning process
for the standard ARA* algorithm, the RWA* algorithm, and
the BS-IARA* algorithm, respectively. Table 5 records the
path cost, corner cost, and the number of extended nodes in
the OPEN table for the three algorithms.

TABLE 4. Parameter settings.

TABLE 5. Table of dynamic obstacle information.

As shown in Table 5, when using the BS-IARA* algorithm
for dynamic path planning, the robot successfully avoids
all obstacles in reaching the motion target (as shown in
Figure 7), and the entire movement is 14.12s with a path
cost of 70.6m. Compared to standard ARA* and RWA*, path
lengths are 1.9% shorter, path corners are 64.9% and 53.19%
lower, and expansion nodes are 11.41% and 17.68% lower,
respectively. The above numerical simulation results show
that the BS-IARA* algorithm proposed in this paper can
find a feasible better path within the specified time limit and
meet the path planning requirements in a dynamic environ-
ment. The path smoothing has been greatly improved with
high planning efficiency and strong feasibility. Compared
with the standard ARA* algorithm and RWA* algorithm,
the BS-IARA* algorithm can plan feasible paths in a very
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FIGURE 5. Standard ARA* algorithm for planning paths in a dynamic environment. (a) ,(b) and (c) are schematic diagrams of the trajectories of the
mobile robot at times 0s, 5s, and 7s, respectively.

FIGURE 6. RWA* algorithm for planning paths in a dynamic environment. (a) ,(b) and (c) are schematic diagrams of the trajectories of the mobile robot
at times 0s, 5.3s, and 8.6s, respectively.

FIGURE 7. BS-IARA* algorithm for planning paths in a dynamic environment. (a) ,(b) and (c) are schematic diagrams of the trajectories of the mobile
robot at times 0s, 7.2s, and 12s, respectively.

short period and make full use of the planning time to
continuously optimize the paths, which can search for bet-
ter feasible paths in a static environment with higher effi-

ciency and also adapt to the strict requirements of timeli-
ness and optimality in a dynamic environment, with solid
smoothness.
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V. CONCLUSION
This paper proposes a fusion of B spline curves and an
improved ARA* algorithm, which is able to plan feasible
paths quickly and continuously improve the path quality as
the planning time increases. An adaptive expansion factor
and dynamic step size strategy are introduced to balance
the quality and planning efficiency of the paths planned by
the algorithm to address the shortcomings in the anytime
algorithm. Simulation test results show that the planning
efficiency of the BS-IARA* algorithm is higher than that of
the RWA* and standard ARA* algorithms. It can instantly
handle path planning problems in dynamic environments and
has strong engineering practicality. This paper only considers
the path-planning problem of robots in a two-dimensional
environment. In the future, an attempt will be made to extend
and apply the methodology of this paper to the path-planning
problem of robots in a three-dimensional environment.
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