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A GPS-Free Human-Following Framework for Caddy Robots Based on
Safety Corridor Obstacle Avoidance Strategy
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Human-following functionality of autonomous mobile robots is a core technology for service robots to collaborate
with humans in real environments. However, existing studies have limitations such as expensive sensor dependency,
high computational complexity, and GPS-based position estimation. These limitations have restricted the applica-
tion of low-cost embedded platforms in outdoor environments where GPS shadowing occurs. This paper proposes a
human-following system that operates in real-time on a low-cost MCU using only a single LiDAR and IMU in outdoor
environments where GPS is unavailable. The proposed system adopts a distributed control architecture that separates
the perception unit and the drive unit. Follower recognition is performed through a lightweight distance-based cluster-
ing algorithm. The following control is designed with a dual-mode structure: Direct Following mode, which directly
follows the follower in environments without obstacles, and Avoidance Following mode, which follows while avoiding
obstacles. In particular, the Safety Corridor concept was introduced to implement real-time obstacle avoidance without
complex path planning. This paper demonstrates stable following performance while maintaining a safe distance not
only in straight following in open areas but also in corner sections and environments with obstacles. Through this, it
aims to solve the high cost and high complexity problems of existing systems and apply to the commercialization of
golf caddy robots.
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1. Introduction

Human-robot interaction has become a core component of
service robot technology. In particular, following robots that
assist humans have attracted significant attention for their
potential applications in various service sectors, including
worker assistance in logistics warehouses, patient accompa-
niment in hospitals, and baggage transportation in airports.

Robot technology is also being actively applied in the field
of golf. A caddy carries golf bags and clubs while providing
advice on course information and club selection. However,
the high cost of hiring professional caddies makes it diffi-
cult for all golfers to afford. Therefore, autonomous caddy
robots have been developed to reduce costs and popularize
golf. However, most remain at the experimental level, and
even commercialized products lack sufficient technical dis-
closure.

Research on human-following for autonomous mobile
robots is classified into vision-based and range sensor-based
approaches according to the sensing method.

Vision-based approaches utilize visual information ac-
quired through cameras. Studies include gait recognition that
identifies specific individuals by analyzing the periodicity of
walking patterns [1], tracking methods that learn appearance
features such as color and shape through probabilistic mod-
els [2, 3], depth estimation using binocular disparity from
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stereo cameras[4], and deep learning-based trajectory predic-
tion [5]. However, these methods suffer from performance
degradation under lighting changes and backlight conditions,
and are vulnerable to occlusion phenomena. Additionally,
they share a common limitation that real-time implementa-
tion on low-cost embedded systems is difficult due to high
computational loads.

In range sensor-based research, the accurate distance mea-
surement capability of LiDAR is utilized. Research imple-
menting following in crowded environments by detecting hu-
man legs with 2D LiDAR and applying particle filters has
been reported [6]. However, real-time implementation on
low-specification MCUs is difficult due to complex proba-
bilistic computations. Distributed sensor network-based po-
sition estimation has also been proposed [7]. However, prior
infrastructure construction is essential, reducing adaptability
to new environments and making outdoor application impos-
sible.

Multi-sensor fusion systems have also been developed for
practical applications. Representative examples include golf
caddy robots fusing LiDAR, camera, and GPS [8], multi-
sensor integration in omnidirectional robots [9], and RGB-D
based Map-Free following [10]. However, synchronization
and calibration of multiple sensors is complex, and position
estimation accuracy degrades in GPS-shadowed areas. Addi-
tionally, RGB-D sensors have limitations for outdoor applica-
tion due to sunlight interference. Special application research
such as front-following Push-Cart [11] and field operation of
shopping guide robots [12] has also been conducted, but has
limitations of high computational load from complex trajec-
tory prediction and indoor environment specialization.
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In summary, existing studies have the following common
limitations. First, high dependence on expensive sensors such
as 3D LiDAR and stereo cameras makes commercialization
difficult [13]. Second, deep learning-based algorithms have
high computational loads, making real-time processing on
low-specification MCUs difficult [3, 11]. Third, existing ob-
stacle avoidance algorithms such as RRT* have high com-
plexity, limiting implementation in embedded environments
[3, 5]. These limitations restrict application of low-cost em-
bedded platforms in GPS-shadowed areas [13, 14].

This study aims to solve the high cost, high complexity,
and GPS dependency problems of existing systems. A low-
cost sensor configuration using only a single 2D LiDAR and
IMU is adopted in unpaved outdoor environments where GPS
is unavailable. A distance-based clustering algorithm with re-
duced complexity was developed to enable real-time process-
ing on a low-cost MCU (STM32F7). For obstacle avoidance,
the Safety Corridor concept was introduced to implement ef-
fective avoidance actions without complex path planning.

The contributions of this paper are as follows. First, a
lightweight clustering algorithm enabling real-time following
with only a single 2D LiDAR is proposed. Second, a follow-
ing control strategy adapting to various environments through
a dual-mode structure of Direct Following and Avoidance
Following is developed. Third, a low-computation obsta-
cle avoidance algorithm is implemented by introducing the
Safety Corridor concept.

The remainder of this paper is organized as follows. Sec-
tion 2 introduces the hardware structure of the caddy robot
and the follower recognition algorithm. Section 3 describes
the control algorithm of Direct Following and Avoidance Fol-
lowing. Section 4 verifies the performance of the proposed
algorithm through scenario-based experiments. Finally, Sec-
tion 5 concludes the paper.

2. Overall Structure of Caddy Robot

This chapter describes the hardware structure of the pro-
posed autonomous following caddy robot and the overall
structure of the driving controller.

Fig. 1 shows the overall structure of the caddy robot de-
veloped in this study. The robot adopts a differential drive
system, with two driving motors mounted on the rear wheels
enabling independent speed control. The two front wheels
are designed as casters to smoothly support the robot’s direc-
tional changes. The front wheels are equipped with suspen-
sion to absorb impacts on unpaved terrain and tilting joints
to prevent sudden rolling. This enables stable driving even in
lawn environments such as golf courses.

The handle is equipped with a button for switching
between manual mode and autonomous mode, and an
electromagnetic-based tactile sensor is embedded so that the
system automatically switches to manual mode when the user
grasps the handle. This design ensures safety by allowing the
user to directly control the robot at any time.

The main controller incorporates an STM32F7 microcon-
troller and IMU. It processes scan data received from the 2D
LiDAR to recognize the follower and transmits appropriate
velocity commands to the driving motors of each wheel ac-
cording to the situation. The battery is positioned at the cen-
ter of the robot to lower the center of gravity and improve
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driving stability.
As shown in the block diagram presented in Fig. 2, scan

data acquired from the LiDAR undergoes a coordinate trans-
formation process to be converted into a Cartesian coordinate
system. The transformed point cloud is classified into indi-
vidual objects through a distance-based clustering algorithm.
Among these, objects satisfying predefined conditions are se-
lected as following targets. Simultaneously, the Safety Corri-
dor algorithm detects obstacles existing on the path between
the robot and the follower. Based on the obstacle detection
results, the system selects the appropriate mode between Di-
rect Following and Avoidance Following to generate the final
velocity command.

This dual-mode structure enables both efficient following
in open areas and safe driving in complex environments. The
detailed operating principles of each mode are explained in
subsequent chapters.

2.1 Follower Recognition Algorithm

In this system, only data from the 180° region in front of
the robot is used, and the effective distance range is set from
0.1 m to 10.0 m. The raw data received in polar coordinates
is transformed into Cartesian coordinates based on the robot
coordinate system through equations (1) and (2).
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Here, the offset of π/2 radians is for compensating the in-
stallation orientation of the LiDAR sensor, aligning the coor-
dinate system so that the robot’s forward direction coincides
with the positive x-axis direction.

The coordinate-transformed points are grouped into indi-
vidual objects through a distance-based clustering algorithm.
In this study, a simple yet effective method is applied where
adjacent points within a distance of 0.1 m are classified as
the same object. For each cluster, the minimum/maximum
coordinate values and the number of points are calculated to
determine the size and position of the object.

The following conditions are set for follower recognition.
First, the diagonal length of the cluster must be between 0.15
m and 0.8 m. This value is set based on the leg width of an
adult, filtering out objects that are too small such as noise or
too large such as walls and furniture. Second, during initial
follower recognition, only objects located within 1.0 m di-
rectly in front of the robot and within ±0.3 m to the left and
right are considered as candidates. This allows the user to
intentionally stand in front of the robot to initiate following.

Once an object is recognized as a follower, it is contin-
uously tracked in subsequent frames. The position is up-
dated only when the distance between the follower position
from the previous frame and the object detected in the cur-
rent frame is within 0.8 m, determining it as the same fol-
lower. This continuity condition prevents the follower from
suddenly switching to another object. Additionally, it enables
stable following even in situations with temporary LiDAR
noise or occlusion.

3. Human Following Control Algorithm

This chapter describes the control algorithm for the Direct
Following mode, in which the robot directly follows the fol-
lower based on their position in an environment without ob-
stacles. This mode is applied in situations where there are no
obstacles on the path, such as open areas or wide corridors. It
determines the forward velocity and rotational velocity based
on the distance and direction to the follower.

3.1 Direct Following
This section presents a distance maintenance control algo-

rithm based on the follower’s position information. The pro-
posed controller converges the relative distance between the
follower and the robot to the target distance while preventing
abrupt velocity changes to achieve stable following behavior.

The follower’s position (x, y) obtained from the follower
recognition module is converted to polar coordinates to cal-
culate the relative distance r and direction angle θ as shown
in equations (3) and (4).

r =
√

x2 + y2 (3)

θ = atan2(y, x) (4)

The forward velocity command vcmd is generated propor-
tionally to the error between the current distance r and the
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Fig. 3 Position and velocity graph based on follower distance

target safe distance dsa f e as shown in equation (5).

vcmd = Kp · (r − dsa f e) (5)

Here, Kp is the proportional gain, which is set to Kp = 2.0
in this system, and dsa f e = 0.85 m is set to maintain an ap-
propriate distance from the follower.

Abrupt velocity changes can compromise the driving sta-
bility of the robot and cause discomfort to passengers. To
prevent this, a Rate Limit Filter is applied to the velocity
command to limit acceleration as shown in equation (6).

v fwd(t) = v fwd(t − 1) + clip(vcmd − v fwd(t − 1),−∆vmax,∆vmax)
(6)

Here, ∆vmax = 0.005 m/s2 is set to implement smooth ac-
celeration and deceleration. Fig. 3 shows the following be-
havior of the proposed controller. In the Position graph, the
robot starts following with a delay relative to the follower’s
movement and converges to the target distance with an S-
shaped smooth trajectory. In the Velocity graph, due to the
effect of the Rate Limit Filter, the robot’s velocity does not
change abruptly but gradually reaches the steady-state ve-
locity vss, and when the follower stops, it also decelerates
smoothly.

Finally, the left and right wheel velocities are calculated
using the forward velocity v fwd and the angular velocity ω
generated from the direction angle θ as shown in equations
(7) and (8).

vL = v fwd + ω (7)

vR = v fwd − ω (8)

Here, ω = Kω · θ, and Kω is the angular velocity gain.
Through this, the robot performs following motion that ad-
justs its direction toward the follower while maintaining the
target distance.

Various emergency stop conditions are set for the safe op-
eration of the autonomous following robot. These conditions
are designed considering the physical structure of the robot
and the limitations of sensors. In case of dangerous situa-
tions, safety is ensured through immediate stopping and tran-
sition to manual mode.

The first emergency stop condition is follower recogni-
tion failure. If the follower is not detected for 3 consecu-
tive frames or more, following is stopped and the robot halts.
This is to prepare for situations where the follower suddenly
disappears from view or LiDAR sensor occlusion occurs.

The second condition is follower distance deviation. If the
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Fig. 4 Obstacle detection in the Safety Corridor region

state where the distance to the follower exceeds 2.5 m contin-
ues for 10 frames or more, it is determined that the follower
has been lost and the robot stops. This applies to cases where
the follower moves faster than the robot’s maximum follow-
ing speed or makes a sudden direction change.

The third condition is obstacle detection near the follower.
If another object of a certain size (0.2 m) or larger is con-
tinuously detected for 6 frames or more within 0.6 m around
the object recognized as the follower, it is determined that the
follower and obstacle are too close or an error has occurred
in follower recognition, and the robot stops.

The fourth condition is LiDAR communication abnormal-
ity. If LiDAR data is not received for 400 ms or more, it
is determined as a sensor abnormality and the robot stops
immediately. These multiple safety conditions work com-
plementarily to ensure safe stopping of the robot in various
exceptional situations.

3.2 Obstacle Avoidance Control Based on User Posi-
tion

The Direct Following mode operates effectively in open
areas or straight sections, but has limitations in environments
such as corner sections with walls or narrow corridors. When
the follower passes near an obstacle, the robot attempting to
follow in a straight path risks colliding with that obstacle. To
solve this problem, this study developed an avoidance path
following algorithm introducing the Safety Corridor concept.

The core design principles of the proposed avoidance al-
gorithm are computational load minimization and real-time
processing. Instead of complex path planning algorithms,
a virtual safety corridor was set between the robot and the
follower. By considering only obstacles within this corridor
as avoidance targets, the computational burden was greatly
reduced. Additionally, a strategy of immediately return-
ing toward the follower after minimal avoidance action was
adopted to minimize degradation of following performance.

The Safety Corridor is a virtual corridor-shaped region
connecting the robot and the follower, and only obstacles
existing within this region are considered as avoidance tar-
gets. For the generation of the Corridor, the coordinate sys-
tem is first rotation-transformed toward the follower direction
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Fig. 5 Avoidance driving by scenario

as shown in equations (9), (10), and (11).

θtarget = atan2(y f ollower, x f ollower) (9)

x′ = x × cos(−θtarget) + y × sin(−θtarget) (10)

y′ = x × sin(−θtarget) + y × cos(−θtarget) (11)

In the rotated coordinate system, the Corridor is defined
as follows. In the x-axis direction, it is the section from the
robot position 0 to the follower position. The total width of
the Corridor in the y-axis direction is set to 1.5 m. This is
the physical width of the robot (approximately 0.6 m) plus
appropriate clearance space. Fig. 4 helps understanding with
the corridor image.

For all points detected by LiDAR, the same coordinate
transformation is applied and then it is determined whether
the rotated coordinates are included in the Corridor region.
Points located inside the Corridor while excluding the fol-
lower region (0.6 m around the follower) are classified as ob-
stacle candidates. These candidate points are again grouped
into individual obstacle objects through distance-based clus-
tering with a reference distance of 0.1 m. Only clusters with
diagonal length of 0.2 m or more are recognized as actual
obstacles.

The sensitivity of obstacle detection is adjusted through a
consecutive frame counter. To prevent false detection due
to single frame noise, the avoidance mode is activated only
when obstacles are detected for 3 consecutive frames in the
same area. Conversely, the avoidance state is maintained for
3 frames even after the obstacle disappears to ensure stable
mode transition.

When an obstacle is detected within the Safety Corridor,
the system transitions to Avoidance Following mode. The
basic principle of avoidance path generation is to offset a cer-
tain angle in the opposite direction of the obstacle from the
reference direction toward the follower.

The avoidance direction is determined according to the po-
sition of the obstacle. If the average y-coordinate of the ob-
stacle cluster within the Corridor is positive, the obstacle is
on the left side of the following path, so it avoids to the right.



If negative, it avoids to the left. The avoidance angle is set to
a default value of 30°. This was determined through experi-
ments as the optimal value for effectively bypassing obstacles
while not losing the follower, as shown in equation (12).

θavoid = θtarget ± 30◦ (12)

The forward velocity in avoidance mode is determined pro-
portionally to the distance to the follower, the same as in Di-
rect Following mode, but the rotation command is generated
based on the modified avoidance angle. This allows the robot
to maintain a constant distance from the follower while mov-
ing along a curved path that bypasses the obstacle.

When the avoidance action is completed and obstacles are
no longer detected within the Corridor, the system automat-
ically returns to Direct Following mode. To prevent sudden
direction changes during mode transition, the avoidance an-
gle decreases gradually, thereby generating a smooth trajec-
tory.

4. Scenario-Based Avoidance Following Verifica-
tion

Experiments were conducted in two representative scenar-
ios presented in Fig. 5 to verify the performance of the avoid-
ance path following algorithm.
Case 1: Corner Corridor Avoidance Following
The first scenario is a situation where the follower passes by
a wall corner while turning the corner. The follower passed
through a 90° corner while grazing the obstacle. If the robot
follows the follower in a straight line, it would collide with
the wall.

As a result of the experiment, as shown in the graph of
Fig. 6, at approximately 1 m before the follower entered the
corner, the wall was detected within the Safety Corridor and
the avoidance mode was activated. The robot moved along
a path offset by approximately 30° from the follower direc-
tion, securing a safe distance of approximately 0.5 m from
the wall while passing the corner. After passing the corner,
as the obstacle within the Corridor disappeared, it automat-
ically returned to Direct Following mode. Throughout the
entire process, the distance to the follower was maintained
within the range of 0.8 m to 1.3 m.
Case 2: S-Curve Avoidance Following
The second scenario is a situation where the follower goes
straight but there is an obstacle (tree) on the path that is diffi-
cult for the robot to pass through. The follower went straight
at a position approximately 1.0 m away from the obstacle.
However, considering the robot’s width, there is a risk of col-
lision with the obstacle on the same path.

In this scenario, the robot generated an S-shaped avoidance
trajectory as shown in the graph of Fig. 7. When the obstacle
is detected within the Corridor, the avoidance mode is acti-
vated to avoid in the opposite direction of the obstacle. After
passing the obstacle, it returns in the opposite direction to ap-
proach the follower. As a result of the experiment, the robot
successfully avoided while maintaining a minimum distance
of approximately 0.4 m from the obstacle, and returned to
normal following state after completing the avoidance action.

The Angle graph in Fig. 8 shows the change in the robot’s
target direction angle over time. In Direct Following mode,
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the robot follows the follower’s direction angle θ directly,
showing gradual angle changes. In contrast, in Avoidance
Following mode, the avoidance angle θavoid is applied in the
section where obstacles are detected within the Safety Corri-
dor, resulting in abrupt angle changes.

Upon entering the avoidance mode, an offset of approxi-
mately 30° is instantaneously applied, which represents the



robot’s directional change to bypass the obstacle. After the
avoidance mode ends, the robot gradually returns to the orig-
inal following angle, achieving a smooth path transition.

The Angular Velocity graph in Fig. 8 compares the angular
velocity characteristics in the two modes. In Direct Follow-
ing mode, the robot maintains a relatively constant angular
velocity while following the follower. In contrast, in Avoid-
ance Following mode, significantly larger angular velocity
fluctuations are observed within the avoidance section.

These angular velocity fluctuations are attributed to two
factors. First, the application of the avoidance angle causes
an abrupt directional change due to the offset. Second, con-
tinuous directional adjustments occur during the process of
bypassing the obstacle.

However, after the avoidance section, both modes converge
to similar angular velocity patterns, confirming that the pro-
posed avoidance algorithm returns stably to Direct Following
mode.

5. Conclusion

This paper proposed a driving control algorithm for an au-
tonomous following robot using a 2D LiDAR sensor. The
proposed system implemented a dual-mode structure of Di-
rect Following and Avoidance Following to achieve stable
following in various environments.

The follower recognition algorithm achieved reliable fol-
lower detection through distance-based clustering and multi-
stage filtering. By combining object size conditions and con-
tinuity conditions, noise and false detection were effectively
filtered, and the recognized follower was prevented from
switching to another object.

In Direct Following mode, a proportional control method
was applied that determines forward velocity and rotational
velocity based on the distance and direction to the follower.
Acceleration and deceleration control through the Rate Limit
Filter and the safe distance maintenance strategy of 0.85 m
ensured safe stopping even in situations where the follower
suddenly stops.

The Safety Corridor-based avoidance algorithm enabled
effective obstacle avoidance without complex path planning.
A virtual corridor of 1.5 m width was set, and only obstacles
within this area were considered as avoidance targets. This
minimized the computational burden, and by applying a 30°
avoidance angle, the connection with the follower was main-
tained while bypassing obstacles.

Experimental results showed that the proposed algorithm
demonstrated stable following performance not only in
straight following in open areas but also in corner sections
and environments with obstacles. The distance to the fol-
lower was maintained near the target value of 0.85 m, and
even during avoidance actions, it was managed within 1.3 m,
so situations where following was interrupted did not occur.

For future research, improvement of follower recognition
accuracy through sensor fusion with 3D LiDAR or cameras
can be considered. Additionally, the possibility of GPS-based
following recovery function in outdoor environments and ap-
plication to assistive robots for the disabled is also worth ex-
ploring.
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