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Abstract

LiDAR, one of the most important sensing methods used in mobile robots and cars with assistive/autonomous driving functions, is

used to locate surrounding obstacles or to build maps. For real-time path generation, the detection of potholes or puddles on the driving

surface is crucial. To achieve this, we used the coordinates of the reflection points provided by LiDAR as well as the intensity infor-

mation to classify water areas, which was achieved by applying a linear regression method to the intensity distribution. The rationale

for using the LiDAR index as an input variable for linear regression is presented, and we demonstrated that it is not affected by errors

in the distance measurement value. Because of LiDAR vertical scanning, if the reflective surface is not uniform, it is divided into dif-

ferent groups according to the intensity distribution, and a mathematical basis for this is presented. Through experiments in an outdoor

driving area, we could distinguish between flat ground, potholes, and puddles, and kinematic analysis was performed to calculate the

maximum width that could be crossed for a given vehicle body size and wheel radius.
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1. INTRODUCTION

LiDAR is used in various devices such as mobile robots and

autonomous cars for obstacle detection, localization, map

generation, and simultaneous localization and mapping (SLAM).

By measuring the time for laser light to reflect and return, LiDAR

can calculate the distance to the reflection point. 3D LiDAR,

which measures the omnidirectional range in the horizontal

direction and a limited range in the vertical direction at high

speeds, has been commercialized and, despite being relatively

expensive, has become an essential sensing method. For general

road driving, [1] determined the border of a road using LiDAR,

and [2] generated road models and maps by fusing inertial

navigation devices, GPS information, and LiDAR. Intensity,

which is another measurement of LiDAR, is the intensity of the

laser reflected from the measurement point, and the reflectivity is

determined by the component of the surface from which the light

is reflected. LiDAR intensity measurements are used to

distinguish soil, tree areas, and river or stream areas using special

LiDAR installed on aircraft when creating aerial maps [3,4]. For

autonomous driving, [5] described a study to determine paved and

unpaved surfaces based on the dispersion value of the intensity of

LiDAR laser beams. In [6], the reflectivity according to the

distance of a covered road was measured, and a correction

equation was derived using the reflectivity of soil, cement, grass,

and asphalt. Ref. [7] measured the reflectivity of drivable roads,

created a model for the drivable area, and continuously updated it

to create a drivability probability map.

For outdoor driving robots, the driving road may contain

puddles or potholes even on paved roads. The presence of water

affects the reflection of the laser, and the accuracy of the distance

measurements decreases owing to diffuse reflection from the

water. Therefore, if the presence of water can be determined, the

accuracy is expected to decrease. Additionally, detecting water

puddles and determining whether they can be passed are essential

for creating a real-time path.

In this study, we performed an experiment in an environment

with a water reservoir and developed a method for estimating the

exact location of a water puddle through changes in LiDAR

intensity measurements. Based on the general characteristics of

intensity, we propose a group segmentation method that uses the

scan order rather than the measurement position of the reflective

surface, assuming a change in intensity as a linear model. This
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was experimentally verified in an outdoor environment

comprising puddles, potholes, and flat areas. In addition,

geometric analysis was performed to determine the maximum

width that a mobile robot can pass through in the presence of

puddles or potholes rather than continuous terrain.

2. LiDAR Data Segmentation

2.1 Reading a Water Surface using LiDAR

To check the accuracy of the distance measurements using

LiDAR when a water puddle exists, we configured an

experimental device as shown in Fig. 1. A reservoir filled with

water was placed on a floor, a plate with a square hole was placed

on top of the reservoir, and a LiDAR sensor was installed pointing

towards the center of the water surface. At the center of the water,

the angle of incidence of the laser beam was 0°, and the angle of

incidence increased in the left and right directions. The change in

the accuracy of the measurement value of the angle of incidence

was confirmed by moving the position of the water tank

Fig. 2 shows the surface coordinate x, y from LiDAR. The right

and top directions are the +X and +Y, respectively. Although the

distance from the center to the water was 0.6 m, inaccurate values

were output in the water surface area. More importantly, many

measurements had an output of 0 because of a failure to measure

properly. In this study, the goal was not to accurately measure the

distance to the water surface but to recognize the area with water.

3D LiDAR is designed to scan a certain range of vertical and

omnidirectional horizontal surfaces. For Ouster OS1 LiDAR, which

was used in the experiment, the horizontal plane is scanned with

2048 channels, and the vertical plane is scanned with 128 channels

over a 45° range. As shown in Fig. 3, an index was used to

distinguish each measurement point; the vertical surface had an

output format in which the vertical index j increased from top to

bottom, and the horizontal surface had an output format in which the

horizontal index i increased clockwise when viewed from above.

In this study, to increase the measurement range and resolution

of the vertical plane, we rotated the LiDAR 90° and fixed it, as

shown in Fig. 1, and the resolution of the vertical plane was used

as 2048 channels. In this paper, the LiDAR index is denoted as i,

as shown in Fig. 3. LiDAR measures the distance to the laser

beam reflection point (R), and outputs the coordinates of the

reflection point (x, y, z) with respect to the LiDAR origin

calculated internally using Eq. (1).

(1)

The computation time is reduced and the sampling frequency is

increased by storing the values of 

for each scan position in advance as constant values, and the

coordinate values are output by multiplying them with the

measured distance value . If the distance value is 0 owing to a

measurement error, all the coordinates of the reflection point are

output as 0. Although such errors rarely occur during LiDAR

scanning, we confirmed that many errors occur when scanning the

water surface. Therefore, the coordinate values may include

   , , cos cos , cos sin , sinx y z R R R    

cos cos ,cos sin ,sin    

R

Fig. 1. Experimental setup; (a) LiDAR, plate and box with water. (b)

Photo 

Fig. 2. LiDAR measurement 

Fig. 3. LiDAR outputs index 
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significant amounts of errors; therefore, the intensity information

is expressed based on the index value of the LiDAR instead, as

shown in Fig. 4. In the figure, when the index value is 1024, the

laser ray hits the center of the water surface. The intensity is

relatively small in the area with water, and differences are

observed in the plate part above the water tank located on the left

and right sides and in the floor part on both sides. This paper

presents a method for differentiating laser reflection surfaces using

intensity information.

2.2 LiDAR Intensity Output Segmentation

The basic principle of LiDAR, which measures the distance to

a reflection point, involves calculating the distance from the time

required for the laser light to reflect and return. LiDAR provides

not only the coordinates for each measurement point but also

information such as intensity and reflectivity.

Fig. 5 shows the parameters associated with LiDAR installed at

a height of h above the ground.

The index value increases from top to bottom when scanning

the vertical plane, and this is the movement position of the LiDAR

internal mechanism, which can be assumed to be accurate. The

angle changes for each index are set as equal; therefore, the value

of  in the figure is constant. The distance from the LiDAR

origin corresponding to index  to the measurement point has the

following relationship:

(2)

The intensity is affected by the ambient lighting, reflector

material, angle of incidence, and distance. For a surface with the

same reflectivity, the intensity of the light reflected by the laser

beam is inversely proportional to the square of the distance.

(3)

For the main area of interest, which is the lower half of the front

when the LiDAR is installed at the height , the

relationship between the index value and the inverse squared

distance is shown in Fig. 6. We can reasonably assume that ,

shown in blue, has a linear relationship with index i. The red line

in the figure represents a linear relationship with the index.

Because the intensity is proportional to , and  has a linear

relationship with i, the intensity is assumed to have a linear

relationship with i for the same reflector material, and the

measured intensity is analyzed using the linear regression method.

In the linear regression method, the relationship between the

input variable  and output variable  is expressed

in the form of Eq. (4), where  is the output value obtained using

the linearized equation.
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(4)

The parameters a, b are obtained by the following minimization

method.

(5)

Using the expressions defined in Eqs. (6)-(8),

(6)

(7)

(8)

where  and ,  in Eq. (4) can be

obtained using Eq. (9) and Eq. (10), respectively:

(9)

(10)

To explain the concept of group segmentation, if the distribution

of  consisting of two groups with a linear relationship is

shown in Fig. 7.

The method of segmenting data into two groups involves

finding values that classify one group of ranges 

and the other group of ranges , which is an

optimization that minimizes the objective function in Eq. (11).

(11)

where,  is the output calculated using the equation after

linearizing the group consisting of , and 

corresponds to the group consisting of . The expected

optimization results are shown in Fig. 8. The dotted lines represent

linear equations for each group.

To improve the speed of the optimization process, we use the

relationship in Eq. (12) to calculate Eq. (11).

(12)

Because the number of groups cannot be specified in advance

for the measured values of the area of interest, the number of

groups is also determined in the optimization process. This

method is based on the residual error (sum of squares error) of the

entire dataset. For example, if the residual error divided into two

groups is smaller than the residual error when expressed as a

single group using a linear regression equation, it is divided into

two groups. However, as the number of groups increases, the

residual error naturally decreases. Thus, a penalty that increases

linearly with the number of groups is used.

With this method, the experimental results shown in Fig. 3 were

segmented into five groups, as shown in Fig. 9.

The intensity changed depending on the type of reflection

surface. The results show the water surface in the center, the left

and right sides of the center, which were the plates above the

reservoir, and both ends of the floor.

2.3 Experiment on Various Ground Conditions

Potholes or puddles in front of the driving direction must be

detected using LiDAR when driving on rough outdoor terrain.
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Fig. 7. Sample data for segmentation

Fig. 8. Data segmentation results for two groups.



Identifying Puddles based on Intensity Measurement using LiDAR

271 J. Sens. Sci. Technol. Vol. 32, No. 5, 2023

Thus, three experimental environments, as shown in Fig. 10(a)

were studied: a water puddle in which the reservoir was buried, a

pothole after the reservoir was removed (Fig. 10(b)), and the

pothole filled with soil to flatten it (Fig. 10(c)).

First, for the puddle, the coordinates of the reflection point

among the LiDAR output values for one vertical plane are shown

as circles in Fig. 11. The water puddle was located 1.37 to 1.73 m

ahead, the water depth was 0.08 m, and the height of the LiDAR

origin was 0.6 m above the ground. The measurements of the

reflected portion of the water surface did not indicate the location

or depth of the water, and many measurements repeatedly had

values of 0, as shown in Fig. 11. This was a measurement error in

which the measured distance was 0, thereby the coordinate value

calculated from this was an output of 0.

The results of group segmentation using linear regression for

the output intensity and index values are shown in Fig. 12. The

environment was divided into three groups: ground, central water,

and ground.

Fig. 13 shows the location of the water puddle, with the

coordinate values belonging to the central group highlighted in

green.

Fig. 9. Segmentation into five groups based on intensity 

Fig. 10. Experimental environment: (a) puddle, (b) pothole, (c) flat

surface

Fig. 11. LiDAR output (x, y) for an environment with a puddle

Fig. 12. Segmentation of the LiDAR intensity output for an envi-

ronment with a puddle

Fig. 13. Identified puddle in the LiDAR output (x, y)
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Second, after the reservoir was removed, the intensity of the

LiDAR measurements for the pothole formed a single group, as

shown in Fig. 14.

Finally, the intensity measured after filling the pothole with soil and

flattening it formed a group, as shown in Fig. 15, similar to the case with

the pothole. We confirmed that only the cases in which water was

present could be segmented into groups based on intensity values.

A method of detecting a pothole using distance R was published

in [8]. For the three cases above, R with respect to the index is

shown in Fig. 16.

Flat ground and potholes can be recognized by detecting

changes in [8]. For puddles, some of these values are 0 in the area

reflected on the water, but by classifying groups based on

intensity, the ground and existence of puddles can be confirmed.

Measurements of intensity were performed on various surfaces

including the asphalt, the brick and the rubber mat. Fig. 17 shows

the results. We verified that a uniform surface may be modeled as

linear function, while the brick surface shows larger variance. 

The Lidar has an internal 3-axis accelerometer and the update rate

is 100 Hz. By monitoring the vertical acceleration, we can detect any

Fig. 14. LiDAR intensity output for an environment with a pothole

Fig. 15. LiDAR intensity output for flat surface

Fig. 16. Index versus distance outputs for the puddle, pothole, and

flat surface

Fig. 17. Various surfaces: (a) asphalt, (b) brick, (c) rubber mat (d)

intensity
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abnormal vertical shock. This may cause incorrect point cloud

reading. However, the intensity reading may not be directly affected.

3. Geometry Analysis

The mobile robot used in the experiment was a WeGo-ST from

WeGo Robotics, which was equipped with a LiDAR on the upper

front part.

When driving forward and a puddle of water is detected ahead,

the possibility of passing through it must be determined, which is

essential for planning a real-time path. The main dimensions

shown in Fig. 18 are a wheel radius of r = 0.165 m, distance

between the wheel axles of  = 0.498 m, distance from the front

wheel axle to the endpoint of the front end of the car body of 

= 0.216 m, distance between the wheel axle and the bottom of the

car body of  = 0.023 m, and height from the bottom of the car

body to the ground of  = 0.142 m.

We assumed that the torque output of the drive motor and the

friction between the wheels and the ground were sufficiently large

and that the height of the ground surface after passing through the

puddle was the same as the height before passing through. The

height between the lowest part of the front part of the car body and

the ground was f, which could pass the pothole only if , as

shown in Fig. 20. As shown in Fig. 21, a geometric relationship

was obtained when the bottom of the front end of the car body

touched the ground, when . A wheel whose radius is 

spanning a pothole width of  is shown in Fig. 22. The angle 

related to the change in height of the center of the wheel axis ,

is derived using Eqs. (13) and (14):

(13)

(14)

From these two equations,  is expressed in terms of wheel

radius  and width  as in Eq. (15).

(15)

The tilt angle  of the car body due to the descent of the wheel

axis by  is

(16)

The amount of change in height at the bottom-end point of the
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Fig. 18. Mobile robot WeGo-ST

Fig. 19. Vehicle Parameters

Fig. 20. Clearance: f when successfully crossing a pothole

Fig. 21. Conditions under which the front end of the vehicle hits the

ground

Fig. 22. Change in height of the wheel center
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front car body is . Therefore, the height f

between the lowest part of the front part of the car body and the

ground, as shown in Fig. 20, is represented by Eq. (17).

(17)

Substituting the car body dimensions used in the experiment,

the maximum width that can be crossed safely is when the value

of f obtained by setting Eq. (17) is positive, which is a function of

the width of the puddle p. Using Eq. (17), the change in value f

according to the change p is shown in Fig. 23.

If both wheels are placed on the same level of the ground

, then  as predicted in Fig. 19. If the

width is less than 0.301m, the vehicle body can cross without

colliding with the ground. The above analysis applies equally to

puddles and potholes. A study on whether passage is possible

when a curb exists was published in [8].

4. CONCLUSIONS

In this paper, we introduce a method of detecting puddles on a

driving surface using the intensity of LiDAR measurements.

Using the basic characteristics of light intensity, the intensity

measurements can be segmented into groups using the linear

regression method to distinguish water puddles on the driving

surface from those on the ground. Even when a partial error

occurs in the measured distance value owing to the characteristics

of the water surface, the intensity provides sufficient information

to enable group segmentation. If potholes or puddles are present

on a planned driving route, determining whether they can be

crossed is essential for real-time path planning. An analysis was

performed to determine the maximum width that could be crossed

for the given dimensions of a robot's body and wheels. In addition

to the intensity, the reflectivity, another LiDAR measurements,

will be useful for identifying the surface.
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