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ABSTRACT Aiming at the problems that Pure Pursuit algorithm is too slow to approach the target path and
take shortcuts at the corners under long forward-looking distance, and large heading jitter at the corners of
the target path under short forward-looking distance, this paper proposes a path tracking algorithm based on
Pure Pursuit and Stanley. First, a new nearest point selection strategy is proposed according to the need of
algorithm fusion. Then, new algorithm coefficients are designed in order to adapt the algorithm to indoor
environment. Finally, a new fusion method is proposed to solve the above problems. In order to verify the
effectiveness of the proposed algorithm, it was tested in three different paths and compared with the improved
Pure Pursuit algorithm proposed by two other related researchers in 2023. The experimental results show
that the proposed fusion algorithm is 62.8% faster than the improved Pure Pursuit algorithm proposed by
Macenski et al. in approaching the target path in indoor environment, and the proposed fusion algorithm’s
distance error is 40% less than that of the improved Pure Pursuit algorithm proposed by Macenski et al.
in indoor environment; the proposed fusion algorithm’s average heading angle error at the corners of the
target path is 20.3% less than that of the improved Pure Pursuit algorithm proposed by Wu, Jiangdong et al.
in indoor environment, and the proposed fusion algorithm’s maximum heading angle error is 30.9% less
than that of the improved Pure Pursuit algorithm proposed by Wu, Jiangdong et al. in indoor environment.
Overall, the fusion algorithm is more suitable than the other two algorithms for mobile robot path tracking
in indoor environments.

INDEX TERMS Forward-looking distance, path tracking, pure pursuit algorithm, Stanley algorithm.

I. INTRODUCTION
The mobile robot [1] constructs a map of its environment in
an indoor environment with the help of sensor informations
and Simultaneous Localization And Mapping (SLAM) [2]
techniques for path planning [3] and path tracking [4].
Path tracking is an important component of mobile robot
motion, and the goal of path tracking [5] is to control
the robot to accurately follow the reference path given
by path planning. The common path tracking algorithms
include five main types: the Pure Pursuit algorithm [6], [7],
[8], the Stanley algorithm [9], [10], [11], [12], the Propor-
tion Integral Differential(PID) algorithm [13], the Linear
Quadratic Regulator (LQR) algorithm [14], [15], and the
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Model Predictive Control (MPC) algorithm [16], [17], [18].
Pure Pursuit algorithm and Stanley algorithm use only the
geometric relationship between the path and the moving
robot to realize tracking, which has simpler implementation
principle, better anti-interference ability and better tracking
results. Compared with the Pure Pursuit algorithm and
Stanley algorithm, the PID algorithm cannot realize the
precise control of the system state, and the parameter
adjustment of the PID algorithm requires a certain amount
of experience and skill, and often takes a long time to
get the required parameters; The Model Predictive Control
(MPC) algorithm needs to iteratively solve the optimization
problem at each time step, and the solution of the optimization
problem is often more time-consuming, and the action of
the mobile robot need have stronger real-time requirements,
and the Pure Pursuit algorithm and the Stanley algorithm
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have strong real-time performance. The Linear Quadratic
Regulator (LQR) algorithm, compared to the Pure Pursuit
and Stanley algorithms, cannot be used on paths with rapidly
changing curvature and is less robust to external disturbances.
In comparison, Pure Pursuit algorithm and Stanley algorithm
are more suitable for mobile robots in indoor environments.

The idea of Pure Pursuit algorithm is to first determine the
forward-looking point based on the forward-looking distance
[19], and then determine the steering angle based on the
heading angle and the distance between the current position
and the forward-looking point position, and control the robot
direction based on the steering angle so that the robot moving
forward along the arc path.The advantages of Pure Pursuit
algorithm [20] are that it has good proximity tracking effect,
can preview the sudden change of the path direction, etc. The
disadvantage of Pure Pursuit algorithm is that the tracking
performance is limited by the forward-looking distance.
If the forward-looking distance is too large, it will cause the
tracking path to be too smooth, which will result in shortcuts
[21] and too slow speed near the target path, thus greatly
reducing the tracking accuracy and tracking efficiency; if the
forward-looking distance is too small, the robot’s heading
will be jittered. Currently, many scholars study how to solve
the shortcomings of the Pure Pursuit algorithm by choosing
an optimal forward-looking distance. For example, some
scholars adjust the forward-looking distance in a way that the
forward-looking distance is directly proportional to the robot
speed [22], [23]; Yu et al. [24] use a fuzzy rule controller to
adjust the forward-looking distance; Serna et al. [25] estimate
the forward-looking distance dynamically based on the speed
and lateral error.

The idea of Stanley’s algorithm is to determine the steering
angle based on the distance between the front wheel and the
nearest point on the target path. Compared to the Pure Pursuit
algorithm, the Stanley algorithm differs in that it does not rely
on the forward-looking distance to control the steering and
movement of the robot and has the advantage of being able to
approach the target path quickly.

In summary, the ability of Stanley algorithm to quickly
approach the path can compensate for the slow approach
speed of Pure Pursuit algorithm with long forward-looking
distance [26]; using Pure Pursuit algorithm with short
forward-looking distance [27] to enter the curve first and
then using Stanley algorithm to quickly approach the path
can solve the problem of taking shortcuts and large heading
jitter by using the Pure Pursuit algorithm at the corner of
the path. Therefore, in this paper, we propose an algorithm
that combines the three advantages of fast path approaching,
no jitter at the corners and no shortcuts at the corners [28],
[29] by fusing the above two algorithms.
In the rest of the paper, related work is presented in

Section II, which mainly includes the Ackermann geometric
model used for the whole paper study and the principles of the
two tracking algorithms. In Section III, the main work of this
paper is presented, including the new nearest point selection

FIGURE 1. Ackermann geometric model.

FIGURE 2. Geometry diagram of pure pursuit algorithm.

strategy, the fusion method, the fusion algorithm coefficient
settings and the fusion algorithm control flow. In Section IV,
the experimental results concerning the fusion algorithm are
analyzed and compared with other Pure Pursuit algorithms.
In Section V, the conclusions are drawn.

II. RELATED WORK
A. ACKERMANN GEOMETRY MODEL
A common Ackermann geometric model is shown in Fig. 1
[30], and let the radius of curvature of the vehicle steering in
themodel be R, the distance between the front and rear wheels
be L, and the front wheel steering angle be δ. The relationship
between the steering radius R and the front wheel steering
angle δ is shown in Eq. 1:

δ = tan−1
(
L
R

)
(1)

B. PURE PURSUITALGORITHM
Fig. 2 shows the geometry diagram of the Pure Pursuit
algorithm [31]. In the figure, α is the angle between the
robot’s heading and the line connecting the robot’s rear

VOLUME 11, 2023 116357



Y. Cao et al.: PP-ST: An Indoor Mobile Robot Path Tracking Algorithm

wheels and the target point (Xla,Yla), Ld is the forward-
looking distance that is the distance between the robot’s
rear wheels and the target point [32], R is the radius of
curvature that the robot needs to follow when steering using
the Pure Pursuit algorithm, and δ is the front wheel steering
angle. Based on the law of sines we can derive the following
equation [33]:

Ld
sin 2α

=
R

sin
(
π
2 − α

) (2)

After simplification, we get:

R =
Ld

2 sinα
(3)

The relationship between steering angle and α can be
obtained by combining Eq. 1 and 3 as follows:

tan δ =
L
Ld

2 sinα

=
2 L sinα
Ld

(4)

Therefore, the required steering angle to enable the robot to
reach the target point can be given by the following equation:

δ = tan−1
(
2Lsin(α)

Ld

)
(5)

As can be seen from Eq. 5, the Pure Pursuit algorithm has
only one parameter which is the forward-looking distance
(Ld ) need to be adjusted [34]. The forward-looking distance is
like a proportional gain factor.If the forward-looking distance
is kept small, the robot tends to track the trajectory more
accurately and the steering angle changes rapidly, but may
cause the heading angle to oscillate [35]. If the forward-
looking distance is kept large, the response becomes slower
and may even see larger corner cuts in some cases, such as
taking shortcuts around path corners, thus reducing tracking
quality and safety [36], as shown in Fig. 3.

FIGURE 3. Diagram of tracking results at different forward-looking
distances.

C. STANLEY ALGORITHM
The geometry diagram of Stanley’s algorithm is shown in
Fig. 4. In the figure, ep is the distance from the center of
the front wheel to the nearest point of the target path, V is

FIGURE 4. Geometry diagram of Stanley’s algorithm.

the robot travel velocity [37],
(
Nx ,Ny

)
is the nearest point

on the target path to the front wheel, ψ is the heading error
angle, and δ is the front wheel steering angle. The steering
angle δ in Stanley’s algorithm consists of two parts: 1. The
steering angle ψ that is the angle between the robot’s current
heading and the tangential direction of the nearest point on
the target path. 2. The steering angle caused by the lateral
error.

According to Stanley’s algorithm, the relationship between
the steering radius R and the lateral distance ep can be
expressed in Eq. 6, where k is the coefficient used to adjust
the convergence to the target path speed and L is the distance
between the front and rear wheels.

R =
LV
kep

(6)

Combining Eq. 1 and 6 we can derive the relationship
between steering angle and distance ep, as shown in Eq. 7.

δStanley = ψ + tan−1 kep
V

(7)

III. METHODS
A. OVERALL CONTROL FLOW OF THE FUSION ALGORITHM
The flow of the fusion algorithm is shown in Fig. 5. First,
the target path position and the initial position of the robot
are obtained. Second, the closest distance of the robot from
the target path is calculated. Third, the tracking algorithm
is selected based on the closest distance. Fourth, output the
steering angle that the robot needs according to the selected
tracking algorithm. Fifth, the robot outputs its actual position.
Sixth, determine whether the robot has reached the end of the
target path, and if so, the tracking ends, otherwise, return to
the second step.

B. NEW NEAREST POINT SELECTION STRATEGY
The new nearest point selection strategy has two main
improvements: taking the rear wheel of the robot as the
center point and optimizing the nearest distance calculation
process.
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FIGURE 5. Overall control flow of the fusion algorithm.

FIGURE 6. Flow chart of fusion method.

1) PICK THE CENTER POINT OF THE ROBOT
The Pure Pursuit algorithm takes the rear wheel as the center
to search the target point on the path, while the Stanley
algorithm takes the front wheel as the center to calculate the
shortest distance from the path,so the two algorithms need to
unify their center points,and this paper chooses the rear wheel
as the center point. After determining the rear wheel as the
center point, the fusion algorithm can calculate the closest
distance of the rear wheel from the path, which is used as
the basis of judgment when the fusion algorithm switches
algorithms; the Stanley algorithm module can calculate the
position of the front wheel based on the position of the rear
wheel, the distance between the front and rear wheels of the
robot and the robot’s heading angle, and then calculate the
closest distance of the front wheel from the path; the Pure
Pursuit algorithm module can use the rear wheel as the center
to search the target point on the path.

2) OPTIMIZE THE NEAREST DISTANCE CALCULATION
PROCESS
The main element of the optimization method for nearest
distance calculation is to select path points only from the path
points within a small area of radius Rs, and the center of the
small area is the center point of the robot. This eliminates
the need to traverse the entire path in each algorithm cycle,
which reduces the need of computational power and increases
the algorithm response time.

FIGURE 7. Threshold schematic.

C. FUSION METHOD
The fusionmethod is to select the tracking algorithm based on
the distance between the robot’s center point and the nearest
point on the path. When the robot deviates from the target
path at a distance greater than the threshold value, the Stanley
algorithm is used for tracking; otherwise, the Pure Pursuit
algorithm is used for tracking. The flow chart of the fusion
method is shown in Fig. 6.

D. FUSION ALGORITHM COEFFICIENT SETTING
We need to design the coefficients which are applicable in
indoor environment. The coefficients needed in the fusion
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algorithm are the forward-looking distance, the convergence
velocity to the target path coefficient k, the threshold and
the radius of the computational range of the closest distance
Rs. Indoor environments have less space than outdoor
environments, and the complexity of indoor environments
is higher than that of outdoor environments, Pure Pursuit
and Stanley are often used in self-driving cars in outdoor
environments, and this paper is to apply Pure Pursuit and
Stanley to mobile robots in indoor environments, which are
much smaller than self-driving cars in terms of size, and
the algorithmic coefficients of Pure Pursuit and Stanley,
which are applied to self-driving cars, are not suitable for
mobile robots, so we need to find out algorithmic coefficients
applicable to mobile robots in indoor environments.

After reading a large number of papers related to the Pure
Pursuit algorithm [30], we found that the selection of the
forward-looking distance in the Pure Pursuit algorithm is
generally between about 0.5 times and 1.5 times the distance
between the front and rear wheel spacing of the mobile
robot trolley being used, with the best tracking accuracy at
0.5 times, and smoother tracking at 1.5 times, and the distance
between the front and backwheels of themobile robot trolleys
used in this paper is 0.13m. After many experiments of trial
and verification and in order to improve the tracking accuracy,
the forward looking distance of 0.05m is more suitable for
the mobile robot used in this paper; Similarly, by reading
Stanley’s algorithm related papers [38], we found that the
convergence velocity to the target path coefficient value k is
generally from 1 to 10, k is the slowest convergence to the
target path when k is 1, and the fastest convergence to the
target path when k is 10. After many experiments of trial
and verification, and in order to improve the convergence
velocity to the target path, we get k is 5, which is more
suitable for the mobile robot used in this paper. In the
extreme case, the mobile robot steers with the minimum
steering radius to approach the target path, and in order to
prevent the mobile robot from steering with the minimum
steering radius too late to return to the correct heading, the
threshold T is chosen to be half of the minimum steering
radius, as shown in Fig. 7, the blue solid line indicates the
target path, the blue solid dot indicates the position of the
mobile robot, the orange solid line indicates the traveled
trajectory, the orange arrow line indicates the mobile robot
heading, the blue dashed line indicates the future trajectory of
the mobile robot, the gray double-arrowed line indicates the
minimum steering radius Rmin,and the green double-arrowed
line indicates the threshold value T. In this paper, the left
and right wheelbase of the mobile robot is 0.235m, and the
minimum steering radius is about 0.11m, so the threshold T
in this paper is 0.05m; setting a nearest-distance computation
range radius Rs avoids each algorithmic cycle from traversing
the target path once, and saves the arithmetic power. After
many experiments, we found that the mobile robot needs at
most 0.5m traveling distance to complete the steering or close
to the path, so we only need to consider the target path within
the radius Rs every time, and for the sake of stability, we set

TABLE 1. Coefficient table of fusion algorithm.

the nearest distance computation range radius Rs to 0.6m.
All the coefficients are shown in Tab. 1.

E. CONTROL FLOW TO SOLVE THE PROBLEM OF
APPROACHING PATH TOO SLOW
As shown in Fig. 8, at the beginning the robot deviates from
the target path far away and uses the Stanley algorithm for
tracking to approach the target path quickly, and then uses
the Pure Pursuit algorithm for tracking when it deviates from
the target path at a distance less than the threshold value.

F. CONTROL FLOW CHART TO SOLVE DEVIATING FROM
THE PATH AND TAKING SHORTCUTS AT PATH CORNER
As shown in Fig. 9, when the robot encounters a corner
on the target path, at this time, it first uses Pure Pursuit
algorithm with short forward-looking distance to enter the
corner, and then uses the Stanley algorithm to track when
the robot deviates from the target path beyond the threshold
value, so that the robot quickly approaches the path, and then
uses the Pure Pursuit algorithm when the robot deviates from
the target path by a distance less than the threshold value.

IV. EXPERIMENTS AND ANALYSIS
We first conducted experiments in these environments of
deviated path and path corner in order to verify the
effectiveness of the fusion algorithm, and then a hybrid path
was used for simulation and analysis in order to verify the
overall performance of the proposed fusion algorithm. The
paths included in the hybrid path are: circular path, bow path,
arch path and Z-path. These four paths represent common
driving states of the mobile robot, including circular driving,
bow route driving, obstacle avoidance and lane changing.
It is worth mentioning that the obstacle avoidance path in
this paper refers to one of the already generated paths to be
tracked, and the algorithm in this paper only needs to track
the paths.

TABLE 2. Parameters of the experimental robot.

To highlight the experimental results, we compare the
performance of the fusion algorithm with two other Pure
Pursuit algorithms. We mainly compare with two improved
Pure Pursuit algorithms proposed by Macenski [39] et al. and
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FIGURE 8. Control flow chart to solve approaching path too slow.

FIGURE 9. Control flow chart at the corner.

FIGURE 10. Physical drawing of the experimental mobile robot.

Wu, Jiangdong [40] et al. in 2023. For ease of presentation,
the next part of the paper will be organized as sm-pp for the
improved Pure Pursuit algorithm proposed byMacenski et al.
wjd-pp for the improved Pure Pursuit algorithm proposed by
Wu et al. ppst for the fusion algorithm proposed in this paper.

The equipment used in the experiment includes a computer
responsible for issuing commands and a mobile robot
responsible for accepting commands and executing them. The
platforms used are the operating system Ubuntu 22.04.3 LTS
and the robot operating system ros2, and the computer and
the mobile robot communicate with each other through wifi.
The programming language used for the experiment is c++,

FIGURE 11. Trace path diagram for ppst and sm-pp.

and the programming language used for the data analysis
is python. The computer uses the robot operating system
ros2 platform to issue velocity and angular velocity control
commands and receives the robot position information from
the mobile robot. The mobile robot receives speed and
angular velocity control commands via wifi and sends
back the position information recorded by the odometer
to the computer. The position information comes from the
odometer, the speed is 0.3m/s, and the angular velocity is
V/R (R is calculated by Pure Pursuit algorithm or Stanley
algorithm).

In this experiment, the equipment parameters of the mobile
robot used are shown in Tab. 2 and the mobile robot used is
shown in Fig. 10.

A. VERIFY FAST APPROACH PATH
In order to verify the effect of fast approaching the target
path, a straight line of 2 m long was chosen as the target path
for the experiment, and the initial position of the robot was
at a vertical distance of 0.2 m from the head of the path.
Fig. 11 represents the tracking path diagrams of ppst and
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FIGURE 12. Plot of ppst and sm-pp distance error variation.

sm-pp, from which we can see that ppst approachs the path
faster than 0.25 and has no heading fluctuation. In this figure,
the blue dashed line indicates the path need to be tracked, and
the solid lines represent the tracking trajectories of different
algorithms, respectively; the starting point of themobile robot
is at the bottom left corner of the figure, and the end point is
at the right side of the figure. Fig. 12 represents the variation
of distance error for ppst and sm-pp, from which we can see
that the distance error of ppst is generally smaller than that of
sm-pp and converges to zero faster than sm-pp.

TABLE 3. Distance error and angular velocity taken to approach the path.

TABLE 4. Time and Global X taken to approach the path.

Tab. 3 shows the average of the distance error for ppst and
sm-pp. we can see that the average distance error of ppst
is 0.012m smaller than that of sm-pp, which indicates that
ppst has higher tracking accuracy than sm-pp on approaching
path. Tab. 3 also shows the average and maximum values
of angular velocity for ppst and sm-pp, and we can see that
the average and maximum angular velocities of ppst are
larger than those of sm-pp, which indicates that ppst has
better steering ability than sm-pp. Tab. 4 shows the time
required to approach the path for the first time and the total
time to complete the approach for both algorithms. ppst
takes 0.9s faster than sm-pp to approach the path for the
first time, and ppst takes 2.7s faster than sm-pp to complete
the approach.Tab. 4 also shows the Global X-coordinates
of ppst and sm-pp when approaching the path for the first
time and the Global X-coordinates of ppst and sm-pp when
completing the approach, from the table we can see that ppst
is 0.327m faster than sm-pp at the first approach and ppst is
0.876m faster than sm-pp at the completion of the approach.

FIGURE 13. Trace path diagram of the three algorithms.

FIGURE 14. Plot of ppst and wjd-pp heading error variation.

In summary, ppst is faster than sm-pp in approaching to the
target path.

B. VERIFY THAT THERE ARE NO SHORTCUTS AROUND
THE CORNERS OF THE PATH AND THAT THE
HEADING IS STABLE
To verify the tracking effect of the fusion algorithm at the
corner of the target path, a right-angle line with a length of
2 m was selected as the target path for the experiment, and
the initial position of the robot was at the position of the first
part of the path.

Fig. 13 shows the tracking path diagrams of the three
algorithms. From the diagram, we can see that sm-pp has
a shortcut, wjd-pp does not take a shortcut, but its heading
jitters a lot after crossing the corner, and ppst achieves both
no shortcut and a more stable heading. In this figure, the
blue dashed line indicates the path need to be tracked, and
the solid lines represent the tracking trajectories of different
algorithms, respectively; the starting point of themobile robot
is at the bottom left corner of the figure, and the end point is
at the right side of the figure.

Fig. 14 represents the graph of the variation of the heading
error of ppst and wjd-pp, and Tab. 5 shows the average
and maximum values of the heading error after crossing the
corner of ppst and wjd-pp. From Fig. 14 we can see that the
maximum value of the heading error of ppst is smaller than
that of wjd-pp, and also the overall heading error of ppst is
smaller than that of wjd-pp. From Tab. 5, we can see that the
average heading error of ppst is 0.077 rad less than that of
wjd-pp, and the maximum heading error is 0.338 rad less than
that of wjd-pp. In summary, ppst is more stable than wjd-pp
in heading around corner.
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TABLE 5. Average and maximum values of the heading error.

FIGURE 15. Trace path diagram of the three algorithms.

TABLE 6. The distance error and heading error of the three algorithms.

C. HYBRID PATH
In order to verify the tracking accuracy of the fusion
algorithm, a hybrid path is used as the target path for the
experiment, and the initial position of the robot is at the
location of the path head. The paths included in the hybrid
path are: a circular path with a radius of 0.3 m, a bow-shaped
path with a length of 2 m and a width of 0.5 m, an arch-
shaped path with a radius of 0.5 m, and a Z-path with a side
length of 1m.

Fig. 15 shows the tracking path diagrams of the three
algorithms. In this figure, the blue dashed line indicates the
path need to be tracked, and the solid lines represent the
tracking trajectories of different algorithms, respectively.
The starting point of the mobile robot is in the upper left
corner of the figure, and the end point is in the lower center
of the figure.

Tab. 6 shows the experimental data of the distance error and
heading error of the three algorithms. From Tab. 6 we can see
that on the hybrid path, the average distance error and average
heading error of the three algorithms are not very different,
the average distance error and average heading error of ppst is
the smallest, and the maximum distance error and maximum
heading error of ppst is smaller than that of wjd-pp and larger
than that of sm-pp. Although the maximum distance error and

maximum heading error of sm-pp are the smallest, sm-pp has
the problem of taking shortcuts and approaching the path too
slowly, and the tracking effect is far inferior to that of ppst.
Overall, the tracking effect of ppst is the best.

V. CONCLUSION
In this paper, we propose a path tracking algorithm based
on fusing Pure Pursuit algorithm and Stanley algorithm.
First, a new nearest point selection strategy is proposed
according to the need of the algorithm. Then, new algorithm
coefficients are designed in order to adapt the algorithm to
the indoor environment. Finally, a new fusion method is
proposed in order to solve the shortcomings of Pure Pursuit
algorithm. In this paper, we first conducted experiments
in these environments of deviated path and path corner in
order to verify the effectiveness of the fusion algorithm. The
experimental results show that the fusion algorithm solves the
problems of approaching the path too slowly when the Pure
Pursuit algorithm deviates from the path, taking shortcuts
at the corners of the path, and having large heading jitter.
In the indoor environment, the fusion algorithm is 62.8%
faster than the improved Pure Pursuit algorithm proposed
by Macenski [39] et al. in approaching the target path, and
the proposed fusion algorithm’s distance error is 40% less
than that of the improved Pure Pursuit algorithm proposed
by Macenski et al. in approaching the target path, the fusion
algorithm’s average heading angle error at the corners of
the target path is 20.3% less than that of the improved Pure
Pursuit algorithm proposed by Wu et al. and the fusion
algorithm’s maximum heading angle error is 30.9% less
than that of the improved Pure Pursuit algorithm proposed
by Wu et al. Then, to verify the overall performance of
the proposed fusion algorithm, a hybrid path was used to
conducted. The experimental results show that the average
distance error and the average heading error of the fusion
algorithm are the smallest, and the fusion algorithm does not
have the drawbacks of the other two algorithms. Overall, the
fusion algorithm is more suitable for path tracking than the
other two algorithms in the indoor environment.

Tracking using the Pure Pursuit algorithm and Stanley’s
algorithm can only travel in arcs and not in straight lines, the
next intention is to set the steering radius to an exceptionally
large value so that a small arc is equivalent to a straight
line under microscopic conditions, so as to make the mobile
robot straighter when traveling in a straight line. At the same
time, we will set the obstacle avoidance strategy according
to the motion characteristics of the Pure Pursuit algorithm at
different forward looking distances.
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