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Abstract: This study proposes a LiDAR-sensor-based elevator recognition technique to prevent
collisions caused by poor operation and the cognitive decline of wheelchair users with upper limb
disabilities. Existing elevator recognition studies show high performance for elevator door recogni-
tion, but this can only be recognized at a position where the elevator can be viewed directly due to the
angle of view range of the sensor. This is not appropriate for wheelchair users who are inexperienced
in operation because alignment must be performed directly based on the elevator. Therefore, this
study presents a LiDAR-sensor-based elevator recognition technique that can detect elevators from
the side to the position and at an angle to the front in order to solve this problem. In addition, this
study proposes a technique for recognizing elevator gates finished with low- and high-reflective
materials in order to enable recognition in various elevator environments. In order to quantitatively
verify the elevator recognition technique proposed in this study, experiments were conducted in an
elevator environment consisting of low and high reflections. The results of the experiments confirmed
that there was no problem in applying the wheelchair active driving technique.

Keywords: electric wheelchair; upper limb disabled; collision; inadequate operation; safety; LiDAR;
elevator; elevator detection; reflectivity

1. Introduction

According to the World Health Organization (WHO), there were about 1.3 billion
disabled people in the world as of 2022, accounting for about 16% of the total population,
including people who have difficulty walking and require the use of a wheelchair [1,2].
There are two main types of wheelchairs: manual wheelchairs that move by pushing the
pushrim directly by hand, and electric wheelchairs that enable movement through use of a
controlling joystick [3,4]. Users of manual wheelchairs may experience lack of endurance
in arm muscle strength or difficulty driving on ramps during long-distance driving. On
the other hand, electric wheelchairs are suitable for users who have difficulty driving due
to lack of arm strength and endurance because they enable movement by control of a
controller joystick using a small force [4,5].

However, according to an in-depth survey of patients with emergency room injuries
caused by electric wheelchair accidents, 93.6% of 407 people surveyed experienced colli-
sions [6]. The main cause of collision accidents with obstacles was the user’s inexperience in
manipulation and cognitive decline. The biggest reason for accidents caused by wheelchair
manipulation errors or inadequate operations is the failure to respond appropriately in
unexpected situations. Therefore, among wheelchair users, those who suffer from severe
disabilities are exposed to the risk of accidents resulting from upper limb physical function
decline. The reason is that the most severely disabled people with impaired upper limb
physical function have symptoms such as shaking, stiffness, and weakness of the arms or
hands, and these symptoms can cause problems in wheelchair manipulation [7].

In the past, research has focused on improving the operation of electric wheelchairs
for people who have difficulty with operating joysticks, but with the development of
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autonomous driving technology, researchers are trying to apply this technology to electric
wheelchairs. However, although autonomous driving technology is effective where there is
a structured map, there is still a problem of safety in areas where the nature of the space
changes, such as moving between floors and riding an elevator. Therefore, in this paper,
we propose a technique for elevator door recognition and doorway width estimation for
wheelchair entry in an autonomous wheelchair system to ensure that a wheelchair can
safely enter the elevator.

Recent studies on elevator recognition include those examining depth-camera-based
elevator recognition and strong elevator door recognition using an LRF (laser range finder)
and cameras [8–15].

A study on depth-camera-based elevator recognition suggested a method of finding
the exact location of the door using forward-oriented, three-dimensional distance data and
particle filters for incorrect initial location of the elevator door. The experiment findings
suggested that the average position error and angle error between the actual door position
and the recognized position were 8 cm and 2◦ or less, respectively [8].

In the case of elevator recognition studies using an LRF and cameras, in one study, a
camera-image-based door verification process was added to the existing method, which
used an LRF only, producing a high elevator door recognition rate of 96.7% when looking
at the elevator from the front [11].

However, existing elevator recognition studies only consider a position where the
elevator can be viewed directly from the front due to the angle of view range of the sensor.
This requires driving and aligning to a position where the user directly faces the front
to perform elevator recognition. However, it is not appropriate for an inexperienced
wheelchair user to drive from the location of the call switch to the location and correct
angle for boarding the elevator.

Electric wheelchairs are divided into rear-wheel-, front-wheel-, and mid-wheel-drive
types, with the center of rotation located at the rear, front, and middle, respectively. The
front-wheel- and mid-wheel-drive types exhibit no difficulties in a narrow environment
due to their narrow turning radius [16]. However, due to the nature of the platform, driving
is unstable on non-flat ground because of low shock absorption, making it unsuitable for
outdoor use [16,17]. On the other hand, the rear-wheel-drive type does not comply with
the restrictions of the application environment because it allows relatively stable driving
even on non-flat ground due to its high shock absorption power [16,17]. However, unlike
the front-wheel- and mid-wheel-drive types, the rear-wheel-drive type can cause collisions
during the alignment to prepare for elevator boarding due to the wide turning radius and
relatively difficult manipulation in front of the wheelchair. In addition, wheelchair users
are located at an angle to the front or side with the elevator when pressing the elevator call
switch, so the driving process for the alignment varies depending on the situation.

Therefore, this study presents a LiDAR-sensor-based elevator recognition technique
that can detect the elevator from the position and angle in front of the rear-wheel-drive
wheelchair user considering boarding of the elevator in order to solve this problem.

Existing elevator recognition studies used LiDAR sensors that measure fast and ac-
curate distance values to solve the inconvenience of maintenance and repair, which is
a limitation of elevator recognition using Marker [8–11]. Since LiDAR sensors measure
distances using light sources, the reliability of the measured distance data is determined
by the type of surface material measured [14]. Various finishing materials for elevators
are used, and elevators made of steel or of mirror-type stainless steel with high surface
reflectivity should be additionally considered when performing elevator recognition based
on LiDAR sensors.

However, sensors that measure distances using light sources, such as LiDAR, show
good performance with general materials with low reflectivity, but high-reflective materials
with high reflectivity result in low recognition performance due to the diffused reflection
of light. When scanning an elevator door finished with a low-reflective material with
low surface reflectance, the shape of the elevator is clearly shown in the LiDAR raw data
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collected. For this reason, recognition techniques using the regularity of data are possible.
However, in the case of elevators made of high-reflective materials with high surface
reflectance, recognition techniques depending on regularity are impossible to use due to a
high level of measurement errors in the collected data [18].

Therefore, this study proposes a technique for recognizing elevator doors finished
with low- and high-reflective materials to enable elevator recognition in various elevator
environments. The purpose of the proposed method is not to determine the existence of an
elevator gate in the system using the vision sensor and AI technology described above, but
to calculate the effective distance and coordinates for electric wheelchair entry according to
the elevator structure. Therefore, the technique proposed in this paper uses LiDAR sensors
based on distance information. However, since the LiDAR approach involves a sensor that
uses a light source, it is necessary to take measurements according to the elevator surface
material; thus, this method estimates the width and coordinates of the elevator door based
on the structural features of the elevator boarding gate.

The proposed recognition technique recognizes the elevator boarding gate based on
the threshold value in points collected from LiDAR containing information on the boarding
gate, using the lines created by the ABD (adaptive breakpoint detector) segmentation
algorithm that actively responds according to the LiDAR’s measurement distance and the
split-and-merge-based IEPF (iterative end point fit) line segment extraction algorithm that
can more clearly detect the boundary of the structure.

In order to quantitatively verify the elevator recognition technique proposed in this
study, experiments were conducted in an elevator environment consisting of low and high
reflections. The recognition rate and precision for the low-reflection finish were 80% and
6.11 cm, respectively, and the recognition rate and precision for the high-reflection finish
were 73.3% and 5.81 cm, respectively.

This paper proposes a method for elevator boarding gate recognition and width esti-
mation. In the Materials and Methods section, the theoretical background of the algorithm
to shape the elevator structure based on the raw data of LiDAR and the proposed eleva-
tor recognition technique are presented. In the Results and the Conclusions sections, an
evaluation contrasting the recognition and width estimation of the elevator boarding gate
with low-reflective and high-reflective finished materials is reported for the quantitative
verification of the proposed theory.

2. Materials and Methods
2.1. Elevator Analysis

Since the elevator recognition is performed based on LiDAR sensors in this study, the
structure of the elevator should be considered. The elevator structure consists of three main
types: an elevator door for passengers to get on and off, a door frame surrounding the gate
to the elevator, and a car that is a part of the elevator carrying the passengers or cargo, as
shown in Figure 1 [19]. The elevator structure that can be measured by LiDAR when the
door of the elevator is closed includes the elevator door and the door frame, and these two
factors are used to set the recognition conditions for the elevator gate.

As the elevator recognition is conducted based on LiDAR sensors whose measurement
data is affected by the materials employed, the material of the elevator should be considered.
Figure 2 shows the results when the elevator is finished with low- and high-reflective materials
and is scanned at the central location of the boarding gate. Point groups collected from the
LiDAR sensors are referred to as the point-cloud. The shape of the elevator in the point-cloud is
relatively clear for low-reflective materials, while the shape of the elevator in the point-cloud
cannot be identified with high-reflective materials with high surface reflectance.

Using a light-source-based LiDAR sensor, it is found that scanning the elevator door and
the door frame at the center of the gate of the high-reflective elevator generates noise due to
large reflection angles and high surface reflectance in the door frame. Since the results of the
noise forms generated depending on the location of the LiDAR sensor are different, there is a
limit to the ability to apply the elevator form as a recognition condition as for a low-reflection
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elevator. To solve this problem, the recognition conditions should be set based on the door and
adjacent wall of the high-reflective elevator with relatively low noise.
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In terms of the structural characteristics of the elevator, the door of the elevator is opened
and closed from the center and the side, which requires a space for storing the door. In order to
secure a space where the elevator door is stored, an elevator wall structure is needed.

Therefore, this study proposes a recognition technique based on the elevator door and
wall structure to overcome the limitations of direct recognition according to the reflectance
of the elevator door finishing material.

2.2. LiDAR-Sensor-Based Gate Structure Shape Recognition Method

This study proposes a LiDAR-sensor-based elevator gate recognition algorithm for
elevator gate recognition. Although the elevator recognition algorithm sets elevator gate
recognition conditions based on the door and door frame, it is impossible to recognize
the elevator if it is finished with high-reflective materials and has high surface reflectance
based on its shape due to the nature of the LiDAR sensors because of significant noise
in the door frame. Therefore, in order to recognize an elevator gate with high-reflective
materials, high-reflective elevator recognition conditions are set based on the adjacent walls
and elevator doors with small surface reflectance.

The elevator gate recognition technique detects the elevator at the position and angle
of the front from the side and accurately detects the coordinates of the elevator door frame.
Before applying the elevator recognition technique, filtering is performed to remove noise
in the point-cloud collected from the LiDAR sensor in advance to improve the recognition
rate. Then, the elevator recognition is implemented using the characteristic points of
the elevator structure based on the lines created by the segmentation and line segment
extraction algorithm in the point-cloud where the noise is removed.

2.2.1. Filtering to Improve Elevator Recognition Rate

The width of the elevator gate is narrow, so to pass safely considering the width of the
electric wheelchair, accurate coordinates of the elevator door frame must be detected for
safe driving [14]. Therefore, in order to accurately detect the coordinates of the elevator, a
low-pass filter (LPF) is applied to remove noise from the raw data collected from LiDAR.

An LPF is used to remove a high frequency signal from the data components in the
point-cloud generated by the LiDAR sensor. The relational equation is shown in Equation (1):

xk = Wxk−1 + (1−W)xk , (0 < W < 1) (1)

This study proposes an algorithm to recognize the shape of the elevator in the collected
point-cloud. However, if there is an object similar to an elevator within the point-cloud,
there is the possibility of misrecognition. In addition, when measuring high-reflective mate-
rials, these can be measured differently from actual distance information due to their high
surface reflectance, which is an obstacle to the recognition algorithm process. Therefore, it
is necessary to apply a technique of masking the data based on the distance value measured
from LiDAR to prevent misrecognition of elevator-like forms and unnecessary noise. The
masking technique is a method of removing unnecessary data by treating it as null when
the measured distance value is greater than the value of thresholdmax or less than the set
value of thresholdmin, as shown in Equation (2). The threshold value is set in consideration
of the position where the wheelchair user presses the elevator call switch.

xn = null , (xn > thresholdmax || xn < thresholdmin) (2)

2.2.2. Clustering and Line Segment Extraction Techniques for the Recognition of Gate
Structure Shapes

In order to perform the elevator recognition technique, it is necessary to analyze
point data in the point-cloud. This can be implemented though a segmentation process
for extracting a set of points with information on the elevator gate, and a line segment
extraction process to perform a test of the elevator gate recognition conditions for each set.
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Segmentation is a data-processing technique that divides a given data set into sev-
eral areas, and algorithms should be selected appropriately according to the acquisition
environment and the purpose of clustering. Segmentation algorithms typically include
K-means, DBSCAN (density-based spatial clustering of applications with noise), and ABD
(adaptive breakpoint detector).

A general clustering method performs area division based on a threshold value in
which the Euclidean distance between consecutive points is fixed [20]. However, since this
method has the problem that it is not formed as a single cluster for areas with low point
data density, points belonging to the elevator may not be formed as a single segment due
to the position of the LiDAR sensor determined by wheelchair user manipulation.

Among the ways to improve the limitations of the general clustering methods, the
K-means algorithm is a method of clustering the collected data into k clusters, which is
simple and fast [21,22]. However, the number of clusters must be specified, which is not
appropriate considering that the number of clusters created when scanning the elevator
gate depends on the LiDAR location.

DBSCAN is a method of forming clusters based on the density of points collected
by a density-based clustering algorithm, and it does not require a predefined number of
clusters and can detect clusters of various shapes and densities [22–24]. However, the
DBSCAN algorithm needs to set a fixed bandwidth for setting the criteria for clustering.
This is not suitable because the number of clusters according to the elevator shape may be
inappropriately generated according to the position of the wheelchair.

On the other hand, ABD performs clustering by adaptively responding to the threshold
value that determines the criteria for segmentation according to the measurement distance
of the LiDAR sensor. This does not require setting the number of clusters in advance, and
clustering is carried out according to the measured distance. Thus, clustering according to
the elevator shape is properly performed regardless of the location of the wheelchair.

Therefore, this study applied the ABD (adaptive breakpoint detector) segmentation
algorithm that adaptively responds to the threshold value, which sets the segmentation
standard, as shown in Figure 3, according to the measurement distance of the LiDAR
sensor. The radius of the threshold circle can be obtained through Equation (3) and
is the noise of the sensor device according to the measured distance value. Based on
this, if the distance value deucliddistance between the points pn−1 and pn calculated through
Equation (4) is greater than Dthreshold, it is separated into a new cluster. The condition for
separating into new clusters is shown in Equation (5).

Dthreshold =|rn−1(sin λ/sin (λ−Q)|+3σ (3)

deucleddistance =

√
(xn − xn−1)

2 + (yn − yn−1)
2 (4)

deucleddistance ≥ Dthresholdradius (5)

In order to recognize the elevator based on the clusters generated through the ABD
clustering algorithm, information on the line segments representing the characteristics of
each cluster must be obtained, which is performed through the line segment extraction
technique.

According to V. Nguyen [25], the incremental algorithm is an algorithm that extracts
new lines using information from previously extracted lines, which is fast and accurate.
However, errors can be accumulated because they depend on the previous results, which
are not suitable for use in noise-producing, high-reflective elevator environments. Although
the RANSAC, HT (Hough transform), and EM (expectation maximization) algorithms have
higher precision than other line segment extraction algorithms, the line segment extraction
accuracy of doors and door frames for the elevator gate recognition is low. Accordingly,
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they are not suitable for elevator recognition because there is a probability of misrecognition
due to their low accuracy.
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The split-and-merge algorithm showed relatively fast performance speed and high
line segment extraction accuracy, and there was no accumulation of errors, which is a
problem with the incremental approach. It also has high line segment extraction accuracy,
unlike the RANSAC, HT, and EM algorithms. The IEPF (interactive end point fit) algorithm
based on split-and-merge is suitable for use in structures such as elevator gates due to its
high line segment extraction accuracy and excellent ability to accurately extract the end
point of the line segment. For this reason, the IEPF line segment extraction algorithm was
applied in this study [26,27].

Therefore, in this study, the IEPF line segment extraction algorithm was used as a method
to extract the line segment of clusters with elevator information. The line segment extraction
process of the IEPF algorithm repeats the split-and-merge process compared to thresholdthd,
a factor that determines the split process based on the point where the distance between
breakpointstart, the starting point of each cluster, and the line L passing through breakpointend,
the ending point, and points existing in other clusters meet, as shown in Figure 4.
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2.2.3. Elevator Feature Point-Based Recognition Method

In order to recognize the elevator, detection conditions should be set according to the
characteristics of the elevator structure. This study presents a recognition algorithm using
the characteristics of line segments generated through the IEPF line segment extraction
algorithm. The elevator recognition technique determines whether or not the recognition
technique is implemented by comparing the number of lines generated through the IEPF
with the minimum number of lines that can represent the shape of the elevator, as shown
in Figure 5. The elevator recognition technique first performs low-reflective elevator
recognition, and if it is not detected, high-reflective elevator recognition is performed to
determine whether the elevator is detected.
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The point-cloud type containing elevator information is divided into two cases, depending
on the location of the LiDAR sensor being scanned, as shown in Figure 6. CASE 1 of Figure 6
shows the case where the scan was performed at a position where the LiDAR sensor could
detect the entire structure of the elevator, and CASE 2 shows the result of the scan at a position
where the right side of the elevator was not detected. Therefore, in this study, the elevator
feature detection conditions are examined based on the extracted line segments to recognize the
two types of elevators determined by the location of the LiDAR sensor.
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The test of the elevator feature detection conditions is based on the angle between the
adjacent line segments, and the length of the line segment with the elevator door frame and
door information; the algorithm for this is shown in Algorithm 1. The final condition of
the elevator recognition algorithm process is based on the distance between the test points
corresponding to the elevator door frame. In this study, an elevator recognition algorithm
is carried out based on the minimum effective door width of 0.8 m for disabled elevators
under the Korea Act on Guaranteeing Convenience Promotion of Elderly Pregnant Women
with Disabilities for the elevator feature test [28].

Algorithm 1. Elevator Detection

Notation
sn = start point of nth line
en = end point of nth line
θn = degree between adjacent line
θthr = threshold degree range
dn = nth line length
d f thr = elevator frame threshold range
ddthr = elevator door threshold range
ls = straight line through points en, sn+1
flag = elevator detection status

Detect ( sn, en, dn, θn) {
for i from 1 to 4

if θn is within the threshold degree:
n = n + 1
if i is 1 or 3:

if dn is within the d f thr
else return

end if
if i is 4:

coordinates = ( en, sn+4)
flag = true
break

end if
ifdn is within the ddthr:
else break
end if

else if i is 3:
if an angle between ln+2, ls is within θthr

if an angle between ln+3, ls is within θthr
coordinates = (en, sn+3)
flag = true

end for
if flag is true

if coordinates distance satisfy elevator width
return coordinates

end if
}

Due to the nature of the LiDAR sensors, the point-cloud, which includes information
on high-reflective elevators, is generated in a very irregular form due to high surface
reflectance, making it difficult to use points that scan the elevator structures. According to
W. Chen [29,30], disturbance observer-based control (DOBC) is a control methodology that
estimates and compensates for disturbances in linear and nonlinear systems and has shown
good performance in the presence of disturbances. However, this technique is suitable for
smooth nonlinear disturbances and is not suitable for non-smooth noisy environments.
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Therefore, in this study, a recognition technique using the adjacent wall of the elevator is
performed as a means of recognizing the high-reflective elevator.

The method of using the adjacent wall of the elevator is based on the slope and distance
information of the line segments collected through the line segment extraction algorithm,
as shown in Figure 7. A mirror-type elevator feature condition test is conducted with a
sequence of inspecting each line segment based on the gradient information and the end
point of the reference line segment ln.

Appl. Sci. 2023, 13, x FOR PEER REVIEW 11 of 19 
 

with a sequence of inspecting each line segment based on the gradient information and 
the end point of the reference line segment 𝑙௡. 

 
Figure 7. High-reflection elevator detection algorithm. 

As shown in Equation (6), the first condition is presented in Equation (7) as a method 
to determine whether the slope value 𝑚௡ା௞ of the line segment 𝑙௡ା௞ to be tested has a 
value similar to the gradient value 𝑚௡ of the baseline segment 𝑙௡. 

The second condition is the process of calculating the distance between the start point 
of 𝑙௡ା௞ and the end point of 𝑙௡ by applying Equation (8) and determining whether the 
result value satisfies the minimum door width condition of the elevator, which is 
performed through Equation (9). 

The last condition is to prevent the process of identifying 𝑙ଷ in Figure 7 that satisfies 
the first and second conditions as the adjacent wall of the elevator, and through applying 
Equation (10), the slope value k of the line passing through the start point of 𝑙௡ା௞ and the 
end point of 𝑙௡ is obtained, and it is determined whether it has a value similar to the slope 
of 𝑙௡ through Equation (11). 𝑚௡ = ∆𝑥௡∆𝑦௡ , 𝑚௡ା௞ = ∆𝑥௡ା௞∆𝑦௡ା௞  (6) 

𝑚௡ − 𝛼 ≤ 𝑚௡ା௞ ≤ 𝑚௡ + 𝛼 (7) 𝑑 = ඥ(𝑥௡ା௞ − 𝑥′௡)ଶ + (𝑦௡ − 𝑦′௡)ଶ (8) 𝑑 ≥ 𝑑௘௟௘௩௔௧௢௥ ௠௜௡௜௠௨௠ ௪௜ௗ௧௛ (9) 

𝑑௘௨௖௟௘ௗௗ௜௦௧௔௡௖௘ = 𝑦௡ା௞ − 𝑦′௡𝑥௡ା௞ − 𝑥′௡ (10) 

𝑚௡ − 𝛼 ≤ 𝑘 ≤ 𝑚௡ + 𝛼 (11) 

3. Results 
3.1. Experimental Environment and H/W Configuration 
3.1.1. Experimental Environment 

This study presents a technique for recognizing elevator gates instead of users in 
various elevator environments of wheelchair users with upper limb disabilities with 
symptoms such as tremors, stiffness, and weakness that can affect wheelchair 
manipulation. To verify the proposed technique, a recognition experiment was conducted 

Figure 7. High-reflection elevator detection algorithm.

As shown in Equation (6), the first condition is presented in Equation (7) as a method
to determine whether the slope value mn+k of the line segment ln+k to be tested has a value
similar to the gradient value mn of the baseline segment ln.

The second condition is the process of calculating the distance between the start point
of ln+k and the end point of ln by applying Equation (8) and determining whether the result
value satisfies the minimum door width condition of the elevator, which is performed
through Equation (9).

The last condition is to prevent the process of identifying l3 in Figure 7 that satisfies
the first and second conditions as the adjacent wall of the elevator, and through applying
Equation (10), the slope value k of the line passing through the start point of ln+k and the
end point of ln is obtained, and it is determined whether it has a value similar to the slope
of ln through Equation (11).

mn =
∆xn

∆yn
, mn+k =

∆xn+k
∆yn+k

(6)

mn − α ≤ mn+k ≤ mn + α (7)

d =

√
(xn+k − x′n)

2 + (yn − y′n)
2 (8)

d ≥ delevator minimum width (9)

deucleddistance =
yn+k − y′n
xn+k − x′n

(10)

mn − α ≤ k ≤ mn + α (11)
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3. Results
3.1. Experimental Environment and H/W Configuration
3.1.1. Experimental Environment

This study presents a technique for recognizing elevator gates instead of users in various
elevator environments of wheelchair users with upper limb disabilities with symptoms such as
tremors, stiffness, and weakness that can affect wheelchair manipulation. To verify the proposed
technique, a recognition experiment was conducted in an elevator environment finished with a
low-reflective material with a passage effective width of 1.08 m, and a high-reflective material
with a passage effective width of 1.2 m, as shown in Figure 8. To quantify the elevator reflectance
of the low- and high-reflective materials, the surface reflectance was measured through an
ARM-216 reflectance meter, AMITARI, and 51.3% and 94.2% were identified for the low- and
high-reflective material finishes, respectively.
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In the experiment for low-reflective elevator recognition, verification of the elevator
gate recognition technique was conducted at a location where the entire elevator gate is
detected through the LiDAR sensor and a location where one elevator door frame is not
detected, as shown in Figure 9a and 9b, respectively.
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The experiment for high-reflection elevator recognition was conducted at the central
location where the entire elevator structure was detected to verify the elevator gate recogni-
tion technique from the significant noise generated by the door frames on both sides of the
elevator, as shown in Figure 9c.

Two different gate recognition experiments were conducted for the above two materials,
and it was confirmed that the coordinates of the elevator door frame were accurately detected.

3.1.2. H/W Configuration

The RPLIDAR A2, SLAMTEC, was used to verify the elevator recognition technique
presented in this study; the specification is shown in Table 1.

Table 1. Specification of LiDAR sensor.

Model RPLiDAR-A2

Distance range 0.15–6 m

Angular range 0–360 degrees

Angular resolution 0.9 degree

Scan rate 10 Hz

Distance error rate <1% of the distance

3.2. Experimental Results

This study proposes a noise removal and masking technique, segmentation, and line-
segmentation-algorithm-based elevator recognition approach in order to detect the accurate
coordinates of elevator door frames as a method for LiDAR-sensor-based elevator recognition.

To verify the proposed method, an experiment was conducted in an environment
where an actual elevator was installed, and in which the elevator environment was finished
with low- and high-reflective materials, respectively.

The accuracy of the method of low-reflective elevator gate recognition for detecting
elevator door frames was verified by conducting an experiment at a location where the
LiDAR sensor could recognize the entire elevator gate and at a location where a certain
part of the gate was not recognized, respectively.

An elevator experiment in which high-reflection material was used verified the ac-
curacy of detecting the elevator door frame coordinates by means of 30 repetitive trials
because real-time LiDAR data has an irregular shape due to high surface reflectance.

3.2.1. Results of the Low-Reflective Material Elevator Gate Recognition Experiment

The experiment for elevator recognition with low-reflective materials was conducted in
the order of LPF, masking technique, ABD, IEPF, and elevator feature detection algorithms
based on the raw data scanned from LiDAR.

Figure 10a shows a raw-data-based point-cloud containing elevator information for low-
reflective materials and shows that it has the form of the entire structure of the elevator.
Figure 10b shows that one cluster was created through the ABD clustering algorithm from the
results of Figure 10a. The results of the IEPF line segment extraction algorithm based on the
generated cluster, which are shown in Figure 10c,d, show the elevator door frame coordinates
detected through the elevator recognition technique based on the extracted line segments.

Figure 11 represents the results of the elevator recognition algorithm at the location
of the LiDAR sensor where one elevator door frame cannot be detected. Figure 11a is a
raw-data-based point-cloud with information from a general elevator. Based on this, it
can be seen that a total of two clusters were created as a result of performing the ABD
clustering algorithm, which is shown in Figure 11b. The results of performing the IEPF line
segment extraction algorithm based on the generated clusters are shown in Figure 11c, and
the results for the coordinates detected by performing the elevator recognition technique
based on the generated line segments are shown in Figure 11d.
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The actual elevator width of the experimental environment was 1.08 m, and the
distance value of the two coordinates measured at the location where the entire structure
of the elevator was recognized was 1.12 m, indicating a maximum error rate of 3.4%. The
distance value of the two coordinates measured at the location where one elevator door
frame was not detected was 1.14 m, confirming that it had a maximum error rate of 5.3%.

3.2.2. Results of the High-Reflective Material Gate Recognition Experiment

The experiment for elevator recognition with high-reflective materials involved the
same procedure as the elevator recognition process for low-reflective materials and was
based on the line segments that were carried out in the order of LPF, masking technique,
ABD, and IEPF using the raw data.

Figure 12a shows a raw-data-based point-cloud containing the elevator information
for high-reflective materials. It can be seen that noise is generated due to the high surface
reflectance of the high-reflective elevator materials. Figure 12b is the result of applying LPF
and masking techniques from the results of Figure 12a, Figure 12c is the result of creating
a total of three clusters through the ABD clustering algorithm, Figure 12d is the result of
creating a total of three segments through the IEPF line segment extraction algorithm based
on the generated clusters, and Figure 12e represents the elevator door frame coordinates
detected through the elevator recognition technique of the high-reflective materials based
on the generated line segments.
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Figure 12. Data pre-processing and detection results of high-reflection elevator.

It was verified that the width of the elevator in the experimental environment was
1.2 m and there was a maximum error rate of 4.847% between the location of the actual
elevator door frame and the detected coordinates.

The recognition experiments of the boarding gate of the low- and high-reflection
elevator were conducted 30 times each. The accuracy and precision of the recognition
algorithm are shown in Table 2. TruePositive (TP) indicates that the algorithm correctly
determines the actual elevator type, and FalsePositive (FP) indicates that the algorithm
incorrectly determines the actual elevator type.

In a low-reflective elevator environment, the probability TP to be recognized as a low-
reflective elevator was 80%, and the probability FP to be determined as a high-reflective
elevator was 10%, indicating a maximum precision of 6.11 cm from the actual low-reflective
elevator gate width.
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Table 2. Experimental results of the elevator detection algorithm.

Number of Experiments, Repeated 30 Times

Elevator Type Reflection
[%]

Correctness
Precision

[cm]
TruePositive (TP)

[%]
FalsePositive (FP)

[%]

Low-reflection
elevator 51.3 80.0 10.0 ≤6.11

High-
reflection
elevator

94.2 73.3 6.7 ≤5.81

In a high-reflective elevator environment, the probability TP to be recognized as a
high-reflective elevator was 73.3%, and the probability FP to be verified as a low-reflective
elevator was 6.7%, indicating a maximum precision of 5.81 cm from the actual width of the
gate to the high-reflective elevator.

As a result of the experiment, the width of the boarding gate of the low-reflective
elevator was 6.11 cm and the width of the boarding gate of the high-reflective elevator
was 5.81 cm in terms of the maximum error rate. According to Kim, J., et al. [8], a camera-
based elevator recognition study was conducted on elevators with low-reflective and high-
reflective materials, and experiments were conducted from 0 to 30 degrees in 10-degree
increments from facing the sensor to the front. The detection performance of elevators with
low-reflective and high-reflective materials was confirmed with maximum position errors
of 4.21 cm and 7.57 cm, respectively.

The threshold value of the masking technique applied in this paper is 2 m, and
the distance error rate of the RPLiDAR-A2 used is less than 1% based on the measured
distance, resulting in a maximum error rate of 0.02 m or less for the measured data. In
addition, considering the minimum door width of 0.8 m for accessible elevators according
to the Act on Ensuring Convenience for the Disabled, the Elderly, and Pregnant Women
in Korea, and the maximum width of 0.7 m for indoor electric wheelchairs according to
the ISO (International Organization for Standardization) standard 7176-5 (Determination
of dimensions, mass and manoeuvring space), the results of this experiment confirm that
there is no problem in applying the wheelchair active driving technique [28,31].

4. Conclusions

This study proposes a technique for recognizing elevator gates instead of users through
LiDAR sensors and elevator recognition algorithms in various elevator environments that
require detailed operation. The experiment was conducted in an elevator environment
with a low-reflective material and a high-reflective material with a high surface reflectance.
For the experiment on the low-reflective elevators examining when the LiDAR sensors
detected the entire elevator gate or only a part of the elevator gate, maximum error rates of
3.4% and 5.3% from the actual elevator width were observed, respectively. The elevator
recognition experiment made of high-reflective material was repeated 30 times, and the
maximum error rate was 4.847% from the actual elevator width.

The low-cost 2D LiDAR-sensing-system-based elevator recognition technique proposed in
this paper can be developed as an add-on module for electric wheelchairs, which is expected to
solve the difficulties of inexperienced manipulation by wheelchair users at low cost.

However, the technique proposed in this paper may not be suitable for all elevator
structures because it cannot be detected with a LiDAR sensor for glass that is permeable.
However, it was verified that it can be utilized as a suitable method for the high-reflective
surface targeted in this paper. Therefore, in future research, it is necessary to conduct
research on glass detection based on a sensor system that fuses LiDAR and ultrasonic sen-
sors to recognize elevators with glass finishes. It is expected that various types of elevator
recognition will be possible through research on the technology, thereby contributing to the
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elevator boarding and unloading technology that may be employed by wheelchair users
with upper limb disabilities.
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