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Abstract: Flatness is an important parameter for the quality assessment of concrete floors. Traditional
flatness inspection methods have problems with sparse sampling and low efficiency for large concrete
floors. In this paper, a rapid flatness inspection method for large concrete floors based on a wheeled
robot with an aided inertial navigation system (INS) is proposed. The robot realizes high precision
relative to the three-dimensional profile measurement of concrete floors through fusion of INS,
odometers and total station. The overall measurement of concrete floor flatness is realized through a
certain density of profiles. The measurement performance of the proposed method has been tested in
laboratory, and the effectivity is tested in the flatness inspection of the concrete base of an ice floor in
the National Speed Skating Oval of 2022 Beijing Winter Olympic Games. The results demonstrate
that the floor flatness inspection accuracy can meet the requirement of ±0.5 mm over 5 m and the
efficiency is several times that of the traditional method. This technology is promising for high
precision and rapid flatness inspection of large floors.

Keywords: floor flatness inspection; inertial measurement; multiple sensors fusion; wheeled robot

1. Introduction

The floor is the basis of goods storage, transportation and people’s activities [1]. Floor
flatness is of great significance in ensuring the stability of moving objects and to avoid
damage caused by uneven or excessively inclined floors. It also affects the visual effect of
the ground. Flatness is one important parameter for evaluating the quality of concrete floors.
With the development of the economy, the number of floor constructions and holdings
has become larger and larger, and the area of a single floor has also shown an increasing
trend. For example, large sports stadiums and large logistics warehouses have a floor area
of several ten thousand square meters, and the flatness requirements become higher and
higher. Fast floor flatness inspection technology is urgently needed by the industry for the
construction and operation of large floors.

There are several methods for floor flatness inspection. These methods can be divided
into two categories, i.e., the contact type and the non-contact type [2], according to the
relative relationship between the measuring device and the floor. The contact type means
that the instrument directly contacts the floor to collect relevant data and includes the
straightedge method [3], the leveling method [4] and the profiler method [5–7]. The
straightedge method uses a feeler gauge to measure the gap width between the straightedge
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and the floor. It is widely used because it is easy to understand and inexpensive. The
efficiency is low so that it is only suitable for sparse point sampling inspection. In addition,
there is no specification on how to locate the straightedge on the surface, resulting in
low repeatability in practice. The leveling method uses a leveling gauge to measure the
relative height of the floor. It is easy to conduct, but the degree of automation is low
so that it is not suitable for a large floor. In order to improve the repeatability of the
flatness measurement method, the American Society for Testing and Materials (ASTM)
introduced the industry standard ASTM E1155 for floor shape measurement and proposed
a quantitative measurement method based on the profiler. The profiler is a measuring
instrument with two feet at the bottom. It walks along the planned route. The horizontal
angle of the instrument is measured by inclinometer. Since the distance between the feet
is known, the height between the feet can be calculated. Then, the F-number standard
algorithm [5] is used to calculate the corresponding index according to the average and
standard deviation of the height difference. It has the advantages of high repeatability
high automation. However, only the overall flatness of the floor can be evaluated, and
the local flatness of any position on the floor cannot be known. Kangs et al. [8] combined
a concrete vibrating trowel with various sensors such as displacement, speed and angle
sensors, to analyze and evaluate the flatness of uncured concrete surfaces. However, this
method uses mechanical boom support and drives a vibrating trowel and multiple sensors.
The measurement area is limited by the length of the boom; hence, it is not suitable for
measuring the flatness of a large floor. Therefore, the current contact type methods generally
have the problems of sparse measurement points and low efficiency. In addition, the contact
type methods cannot obtain the location of the inspection data. It is not beneficial for the
subsequent further repair of over-limit flatness, which is critical in the construction or
maintenance of large-scale floors.

The non-contact type flatness inspection method refers to measurement through
technology such as photogrammetry [9,10], three-dimensional laser scanning [11–16], etc.
Photogrammetry uses a camera to capture the target from different perspectives and cal-
culates the three-dimensional coordinates of the target with a high accuracy. The vertical
and horizontal accuracy can reach up to one tenth of a millimeter [10]. However, this
method requires cooperating markers set on the ground. This step is very time-consuming
for super-large floors and will have certain impact on the construction. LiDAR is a com-
mon instrument for intensive and accurate three-dimensional shape scanning. There are
existing flatness quality evaluation methods for cast-in-place ground and prefabricated
components [11]. It can be integrated with BIM (building information model) with high
accuracy and large data volume [14]. However, the farther the distance, the sparser the
point cloud. The density and accuracy of the point cloud at a long distance cannot meet
the requirements for flatness quality inspection, which limits the measurement range. The
effective measurement distance of LiDAR is only about 20 m from the scanner because
of the low scan density and high incident angle of laser beams [16]. It is more suitable
for small areas and rooms. In addition, the non-contact type method has the problem of
being easily blocked. Therefore, it is necessary to change the position of the instrument
many times, which will introduce registration errors into the flatness measurement. On the
whole, the existing methods have various problems and cannot satisfy the requirements of
rapid inspection for the flatness of large floors.

Aiming at rapid and high-precision flatness inspection of large indoor floors, we
propose a large-scale floor flatness inspection method based on wheeled robot with aided
INS (Inertial Navigation System). Specifically, the wheeled robot integrates high-precision
INS, odometers, and prism, and an automatic tracking total station is used to track the
prism on the robot to obtain its planar position at the same time. Through a certain
travel routine, we can achieve the measurement of the relief of large floor surface. In
order to comprehensively utilize the complementary advantages of INS, odometers, and
total station, we closely integrate data from them to achieve rapid, high-precision flatness
measurement. The abnormal flatness locations are finally detected. This method can
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provide support for the quality inspection of larger floors and guide the adjustment of
flatness. The main contributions of this paper are as follows:

(1) A rapid measurement method of floor flatness based on the fusion of INS, odometers
and total station is proposed, which is suitable for high-precision and rapid inspection
of large floors.

(2) We designed a high-precision wheeled robot for rapid floor flatness inspection. We
also introduced the multiple sensors integrated method and estimated the measure-
ment accuracy of the robot.

(3) Laboratory tests and engineering applications for the National Speed Skating Oval of the
2022 Beijing Winter Olympics have verified the effectiveness of the proposed method.

The rest of this paper is arranged as follows. Section 2 introduces the wheeled flatness
measurement robot and the data processing methods. We then verified our method and
equipment through experiments in Section 3. We also introduced our application of this
method in the acceptance inspection of the floor of the National Speed Skating Oval. The
advantages, limitations, and other details of this method are discussed in Section 4. Finally,
we summarize the content of this paper in Section 5.

2. Methods
2.1. Overview

The essence of floor flatness inspection is to measure the height deviation within a
local area. Inspired by the principle of measuring flatness with the straightedge and the
feeler gauge, we proposed an idea of first measuring the relief of the floor within a certain
length range, then constructing a virtual baseline, and finally calculating the flatness. The
measurement principle is shown in Figure 1.

Figure 1. Flatness and its measurement principle.

Inertial measurement [17] is an emerging technology for structural shape measurement
which has a high accuracy of acceleration and rotation measurement over a short time. It
utilizes a platform with inertial sensors which move on the surface of a target object to
realize the measurement. However, the position error of INS will drift and diverge quickly.
Therefore, other information is needed to correct it. An odometer is a commonly used
speed sensor which can accurately measure the speed of the platform by recording the
rolling angle of the measuring wheel. The speed measurement error of the odometer does
not diverge over time. Therefore, it can be used to correct the speed of INS to suppress
its divergence rate. When the odometer is in an abnormal status such as slipping, the
displacement estimated by the inertial navigation system can be used to compare with
the odometer, and the abnormal status can be identified. However, the INS and odometer
integrated navigation system is still a dead reckoning position system [18]. Its position
error will continue to increase as time increases. Therefore, it needs to be corrected by
global control points. These can be achieved by measurements from the automatic tracking
total station, which has the function of continuous tracking measurement. The point
measurement accuracy can reach the millimeter level [19]. The global positioning from
total station can effectively correct the drift error of INS.
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The workflow of proposed rapid flatness inspection method is shown in Figure 2,
which can be divided into three phrases: data collection, trajectory estimation and flatness
calculation. Before data collection, we planned a suitable measurement route, and then
moved the wheeled robot with aided INS along the route to measure the relief of the
super-large floor. The moving speed is measured by odometer, and the global position
is tracked by the total station. The trajectory of the measuring trolley is estimated by the
optimal fusion of multi-source data through Kalman filter and Rauch-Tung-Striebel (RTS)
smoother [20]. The floor flatness index is estimated based on the trajectory. The results are
finally rendered into a map and provided to the user.

Figure 2. Framework of large-floor flatness inspection by wheeled robot with aided INS.

2.2. Wheeled Robot for Flatness Inspection
2.2.1. System Design

The wheeled robot designed in this paper is shown in Figure 3. It is mainly composed
of two parts: the moving platform and the measuring module. The moving platform
includes 1 type I roller, 2 type II rollers fixed with odometers, a frame and a T-type hand
push rod. The I-type roller rotates around a vertical support shaft to adjust the moving
direction of the wheeled robot. The two type II rollers are symmetrically distributed. Their
height is the same as that of the I type roller. The data measurement device includes a main
control module, an INS, two odometers fixed on the type II rollers and a total station prism
on the robot body. The INS is used to record the acceleration and angular velocity. The
odometers are used to measure the speed of the robot. The prism cooperates with the total
station to record the three-dimensional coordinates of the wheeled robot. The main control
module ensures the INS and odometers collect the raw data synchronously. The specific
parameters of INS, odometers and total stations are listed in Table 1.

Figure 3. Wheeled robot. (a) Design of the measurement robot. (b) experimental system.
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Table 1. Parameters of sensors on the wheeled robot.

INS Gyroscope Accelerometer Odometer Total Station

Sampling Rate 500 hz 500 hz Sampling Rate 500 hz Sampling Rate <10 hz
Range ±220◦/s ±5 g Angular resolution 17 bits, 131,072 Measurement range 1000 m
Noise ≤0.002◦/

√
h 30 µg/

√
hz Static error <0.025◦ Distance Accuracy 1 ppm + 0.6 mm

Bias 0.01◦/h (1σ) ≤15 µg (1σ) Maximum
operational speed 4000 rpm Angel accuracy 0.5′′

According to the configuration of sensors on the robot, its measurement performance
can be preliminarily evaluated according to the measurement principle. A high-precision
INS with gyroscope bias of 0.01 ◦/h and accelerometer bias of 50 ug is applied. According
to the measurement principle, the accuracy of the height difference measurement is mainly
affected by the accuracy of the pitch angle. Therefore, the measurement accuracy of the
system is estimated as follows:

(1) Assuming that the acceleration bias is ba and the gravity is g, the initial error of the
pitch angle is calculated as follows:

δθ1 = ba/g = 50 ug/1 g ≈ 0.0029◦· (1)

(2) Assuming that the robot’s movement speed is 1 m/s and the inspection baseline is
5 m long, the integral error of horizontal angle caused by gyroscope is calculated
as follows:

δθ2 = bgδt = 0.01◦/h × 5s ≈ 1.4 × 10−5◦ (2)

(3) Therefore, the horizontal angle error on each survey line section is calculated as follows:

δθ = δθ1 + δθ2 ≈ 0.0029◦ (3)

(4) Assuming that the inspection baseline is 5 m, the relative height difference accuracy is
calculated as follows:

δh = D ∗ tan (δθ) ≈ 0.25 mm (4)

Therefore, based on the above estimation, the accuracy of the proposed measuring
robot in this paper can reach 0.25 mm/5 m at least in theory. It can meet the accuracy
requirement for large floor inspection, which is 0.5 mm over 5 m.

2.2.2. Robot Implementation and Multiple Sensors Integration

The sensors used in the robot have their own temporal and spatial referencing systems.
Their measurements should be converted to one uniform temporal to produce consistent
measurements. To this end, we designed a multiple-sensor integrated data acquisition
system, which is composed of a field programmable gate array (FPGA) control core, a high-
precision time reference source, INS, odometers, upper computer and other modules. The
framework of the multi-sensors integrated system is shown in Figure 4. The system uses a
high-voltage, temperature-controlled and compensated quartz crystal as the system time
reference source. We use time as the trigger source to control the sensor’s synchronous data
collection and upload. The upper computer sends the acquisition control instruction to the
FPGA through the universal asynchronous receiver/transmitter (UART). After the FPGA
receives the instruction, it uploads the measurement data to the upper computer according
to the protocol in real time through the USB to serial port module for analysis and storage.
The trans-flash (TF) card and WiFi are used as data storage and transmission module.
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Figure 4. Framework of the multi-sensor integrated system.

For the spatial reference, we defined two coordinate frames, i.e., the body frame and
the navigation frame (Figure 3a). The body frame is a right-hand frame with its origin
fixed on the robot frame center O(b), the x-axis pointing to the right and the yaxis pointing
to forward. This frame is short for the b-frame. The navigation frame is a local-level
right-hand frame with the x-axis pointing to the east direction and the y-axis pointing to
the north direction. This frame is short for the n-frame. The raw data collected from sensors
on the robot are expressed in the body frame. The measurement data from total station is
expressed in the navigation frame. The frame of a variable is denoted as a superscript; for
example, velocity of the body frame is denoted as vb, offset and rotation from the a frame
to the b frame are denoted as variable with subscript and superscript, such as Cb

a.
Due to the long distance between the robot and the total station, it is difficult to perform

an accurate time synchronization between these two systems by hardware. We applied a
post-data synchronization to data obtained from the total station and the wheeled robot.
The moving speed of the robot can be calculated by the distance and time difference between
the track points measured by the total station. It can also be measured by the odometer.
Therefore, we could accurately estimate the time offset between the two speeds through
mobile correlation registration [21] and realize the synchronization of the measurement
data from the total station and the wheeled robot (Figure 5).

Figure 5. Time synchronization between the total station and INS. (a) Time-velocity plot before time
registration; (b) time-velocity plot after time registration.
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2.3. Data Processing
2.3.1. Motion Trajectory Estimation

Estimating the trajectory of wheeled robots is the key to flatness inspection. The
core algorithm for estimating the trajectory is shown in Figure 6. It ingests three types of
measurements, i.e., the inertial measurement from INS, three-dimensional coordinates data
observed by the total station and speed obtained by the odometers. These measurements
are input in a Kalman filter which recursively returns corrections for INS and output the
position/velocity and attitude. Then the output and intermediate information is input into
RTS smoother to optimize the estimated trajectory.

Figure 6. Trajectory estimation framework by fusion of INS, odometer and total station data.

The state vector refers to a vector in a Kalman filter describing the system state.
For an aided INS measurement system, it is essential to estimate the navigation states
(including the attitude, position, and velocity), inertial sensor errors, and aiding sensor
errors, which are the odometer-scale coefficient errors in this paper. Therefore, we adopted
a 17-dimension state vector to represent the instantaneous state of the robot. The state
vector is shown in the following equation:

x =
[

Φ δvn δrn bg ba kd
]T (5)

where Φ denotes the attitude error vector, δvn is the velocity error vector, δrn is the position
error vector, bg is the residual gyroscope bias, ba is the residual accelerometer bias, and kd
is the scale coefficient errors of the two odometers.

We used a dynamic model to describe the changing of the system state. In this paper,
the navigation state and biases of inertial sensors and the time-varying rule for odometer
scale factors are modeled. The classic phi angle error model [22] is used for navigation
error modeling. The navigation error equation can be expressed as follows:

.
Φ = −Cn

bδω
b
ib − ω

n
in × Φ + δωn

in· (6)

δ
.
vn

= Cn
bδfb + Cn

bfb × Φ + δgn − (ωn
ie + ωn

in) × δvn − (δωn
ie + δωn

in) × vn (7)

δ
.
rn

= −ωn
en × δrn + δθ × vn + δvn (8)

where Cn
b indicates the attitude matrix from the body frame to the navigation frame;

δωb
ib is the error of the angular rate; ωn

in is the angular velocity of the navigation frame
with respect to the inertial frame expressed in navigation frame; fb is the measured specific
force; δfb is the error of a specific force; δgn is the local gravity error;ωn

ie is the angular rate
of the earth-fixed frame with respect to the inertial frame; ωn

en is the angular rate of the
navigation frame with respect to the earth-fixed frame; δθ is the rotation error of calculated
navigation frame with respect to the true navigation frame.

Since the robot adopts a high-precision INS with a low sensor nonlinearity and the
robot moves at a low speed (<2 m/s), we only considered the bias errors. The first-order
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random Markov model is used to describe the inertial sensor bias error dynamics as
presented in the following equations:

.
bg = − 1

tbg
bg + εbg (9)

.
ba = − 1

tba
ba + εba (10)

where tbg and tba is the correlation time parameters of gyroscope and accelerometer, respec-
tively, and εbg and εba are the process noise.

Due to the uniform force exerted on the odometer wheels, the scale factor of odometer
remains unchanged. Therefore, the dynamics of odometer scale coefficient error kd is
modeled as the random constant via Equation (11).

.
kd = 0 (11)

The velocity of the INS is obtained through the integral of acceleration. Due to the
bias and random error of the accelerometer, the velocity error increases with time until
it diverges, so the relative accuracy of the curve measurement cannot be guaranteed.
Tow odometers are used to obtain reliable and precise velocities to assist INS, which can
effectively improve the relative accuracy of curve measurements. The measurement model
of the odometers is shown in the following equation:

zodo = v̂b
wheel − ṽb

wheel (12)

where v̂b
wheel represents the predicted vehicle frame velocity and ṽb

wheel refers to the vehicle
frame velocity measured by the odometer.

In addition, as the robot moves on the floor, the wheel only has the forward speed
in the vehicle body frame, so nonholonomic constraints (NHC) [23] can be used. The
constraint measurement model can be expressed as Equation (13).

znhc = v̂b
wheel − ṽb

nhc (13)

where ṽb
nhc =

[
0, vb

y, 0
]T

+ εnhc and vb
y is the forward component of vehicle body

frame velocity.
To improve the absolute accuracy of the curve measurements, the global position

tracked by total station is also fused. The control point measurement model can be ex-
pressed as:

zts = r̂n
prism − r̃n

ts = r̂n + Ĉn
b lb

lb −
(

rn
cpt + εcpt

)
· (14)

where r̂n
prism denotes the predicted control point coordinates, r̃n

prism represents the measured

coordinates of the prism on the robot, r̂n is the predicted position of robot, Ĉn
b is the

estimated attitude matrix, lb
lb is the position vector of the prism on the robot with respect to

the INS, and εcpt denotes the measurement noise of the total station. The errors of INS can
be corrected effectively through Equations (12)–(14).

The Kalman filtering result is the optimal estimation of the system state by using the
measurements collected up to current time. To estimate the optimal trajectory with all the
measurements, RTS smoothing is applied for the Kalman filtering results, and an optimal
postprocessing solution can be obtained with significantly better precision than that of the
filtering solution. The smoothed solution includes navigation states (i.e., position, velocity
and attitude) of the robot at each sampling time, which formed the trajectory of robot.
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2.3.2. Flatness Calculation and Analysis

After the trajectory of the wheeled robot is estimated, the flatness of the floor is further
calculated. According to the definition of flatness in this paper (Figure 2), it only needs
to analyze the relative height in a local area. In order to facilitate the calculation, we first
convert the three-dimensional discrete trajectory points into a one-dimensional distance-
height curve. Therefore, we first calculate the distance-height curve of the measurement
route, supposing the distance and height of the starting point is zero. The mileage dn and
the height hn of each point along the measurement route are recursively deduced according
to the body frame speed vb

n and pitch angle θn at time tn, and the sampling time interval ∆t
of the INS. The calculation is shown in Equation (15),[

d
h

]
n + 1

=

[
d
h

]
n
+ vb

n · ∆t
[

1
sin θn

]
(15)

where dn is the distance traveled by the n-th trajectory point at time tn, hn is the height
relative to the starting point, and vb

n is the body frame velocity, which can be calculated
from the navigation speed and attitude. The data sampling frequency of the IMU is as high
as hundreds of hertz, and the amount of data is large. Therefore, it is necessary to resample
the waypoints. The equidistant resampling method is used to resample the distance–height
curve, and the sampling interval is set to 0.1 m, which can greatly reduce redundant points
and speed up data calculation.

After obtaining the distance–height curve, the flatness index can be calculated accord-
ing to the flatness definition. The specific steps are as follows: (1) For any point Pi on the
resampled measurement route, it is used as the midpoint to intercept a local window of
length L on the distance–height curve. The two points before and after the middle point of
L/2 are truncated. (2) We calculate the difference between the maximum height Hmax, min-
imum height Hmin and average height Hmean of all points in the local window to obtain the
maximum peaks Hup and the maximum depression Hdown. Its meaning is the maximum
fluctuation of the waypoint height in the local window relative to the average height of the
window. (3) The largest absolute value of Hup and Hdown is taken as the flatness index Fi at
the center point Pi. The calculation formula of Fi is shown in Equations (16):

Fi =

{
Hmax − Hmean,

∣∣Hup
∣∣ ≥ |Hdown|

Hmin − Hmean,
∣∣Hup

∣∣ < |Hdown|
(16)

The flatness of a floor is measured in a gridded way. A two-dimensional flatness raster
can then be produced by bilinearly interpolating the gridded samples into a refined flatness.
To evaluate the overall quality of the floor, statistical analysis is performed on flatness of
different grades. Generally, the flatness can be divided into several grades according to
the difference between the measured flatness and the qualified flatness threshold, and the
percentage of different grade inspection points are calculated. Taking the qualified points
and the over-limit points as the scoring basis, the overall evaluation of the floor quality can
be realized.

3. Results

In order to validate the proposed method, we constructed an experimental system
(Figure 3) and tested its repeatability and accuracy. After the test, we applied this system to
the completion acceptance project of the National Speed Skating Oval of the 2022 Beijing
Winter Olympics.

3.1. Wheeled Robot Performance Testing

The performance of the flatness measuring robot is primarily evaluated by the height
repeatability and the relative height accuracy of the surveying route. The layout is a grid of
3 rows and 5 columns. Five points in each row are separated by 3 m, and three points in
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each column are 2 m apart. There are 15 path points in total on the test site, as shown in
Figure 7.

Figure 7. Repeatability of relative height measurement. (a) path of wheeled robot. (b) results of
six runs.

3.1.1. Repeatability of Relative Height Measurement

First, we used a total station to measure the horizontal position of each path point.
Then, we designed a leveling route and used a leveling instrument and a leveling ruler to
measure the relative height between the path points as the true value. Finally, the flatness
measuring robot was used to perform multiple repetitive measurements along the same
route in the same field, as shown in Figure 7a. During the test, the robot passes through all
edge path points in a clockwise direction and a counterclockwise direction, respectively. A
total of two sets of data are measured, and each dataset is implemented in a clockwise or
counterclockwise direction for three rounds, a total of six rounds. We made repeatability
statistics on the deviation of each set of measurement curves in the vertical direction. Finally,
the repeatability statistics were performed on the distance–height curve of the six sets of
measurement data, and the height measurement repeatability of the flatness measurement
robot was obtained, as shown in Figure 7b. The results show that the total length of the
measurement route is about 193 m, and the average height repeatability is about 1.9 mm.

3.1.2. Accuracy of Relative Height Measurement

We used the wheeled robot to perform multiple measurements in the same site, as
shown in Figure 8. The route of the robot should pass through all path points, and each
measurement route includes two mutually perpendicular S-shaped routes, thus forming
a grid. A total of two sets of data were obtained, and each dataset contained a grid
of measurement routes, with a total of two rounds. First, we used the Trimble Dini
0.3 electronic leveling instrument [24] to measure the closed route. The closing error of
the leveling route is 0.67 mm. Then, the elevation data obtained by the wheeled robot
was compared and analyzed with that of the leveling measurement, as shown in Table 2.
According to the check results of the relative elevation of the 15 path points, the calculated
median errors of the difference between the two sets of data are 1.2 mm and 0.8 mm,
respectively. The lengths of the two sets of leveling routes are 101 m and 74 m, respectively.
The relative median errors are calculated to be 1/84,167 and 1/92,500, respectively, which
is about 1/85,000 on average. Therefore, the flatness measuring robot proposed in this
paper has a high accuracy.
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Figure 8. Testing routine for relative height accuracy. (a) travel routine 1. (b) travel routine 2.

Table 2. Relative height comparation of all check points on the routine.

Check Points Relative Height by Leveling/m
Relative Height by Wheeled Robot/m Difference/mm

Test 1 Test 2 Test1 Test2

CTL01 0.0000 0.0000 0.0000 0.0 0.0
CTL02 −0.0162 −0.0169 −0.0165 −0.7 −0.3
CTL03 −0.0204 −0.0216 −0.0198 −1.2 0.6
CTL04 −0.0182 −0.0174 −0.0179 0.8 0.3
CTL05 −0.0049 −0.0058 −0.0067 −0.9 −1.8
CTL06 −0.0240 −0.0231 −0.0234 0.9 0.6
CTL07 −0.0346 −0.0330 −0.0329 1.6 1.7
CTL08 −0.0363 −0.0380 −0.0357 −1.7 0.6
CTL09 −0.0360 −0.0379 −0.0358 −1.9 0.2
CTL10 −0.0266 −0.0281 −0.0259 −1.5 0.7
CTL11 −0.0388 −0.0400 −0.0379 −1.2 0.9
CTL12 −0.0444 −0.0464 −0.0428 −2.0 1.6
CTL13 −0.0485 −0.0499 −0.0477 −1.4 0.8
CTL14 −0.0417 −0.0439 −0.0409 −2.2 0.8
CTL15 −0.0325 −0.0334 −0.0318 −0.9 0.7

3.2. Flatness Inspection for National Speed Skating Oval

The National Speed Skating Oval, or the Ice Ribbon, is in the Olympic Park in
Chaoyang District, Beijing. It is the new ice competition venue for the Beijing 2022 Winter
Olympics. It has the largest all-ice design in Asia with an ice area of 12,000 square meters
(Figure 9).

Figure 9. The National Speed Skating Oval of Beijing 2022 Winter Olympics. (a) overview;
(b) indoor scene.
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The top layer of ice board is lying on a concrete base, which is the upper layer on the
refrigeration tubes. A flat concrete base is crucial for guaranteeing the even temperature
of ice surface. According to the requirements of the International Skating Union, the ice
surface temperature difference of speed skating venues shall not exceed 1.5 degrees Celsius.
The smaller the temperature difference, the more uniform and smoother the ice surface
hardness, which is also conducive to athletes’ good results. Therefore, the flatness of the
concrete foundation needs to be inspected at the last stage of the construction to assist final
stage adjustment before its completion.

According to the official standard documents and the project requirement of the
National Speed Skating Oval [25], height difference of the concrete base should be less than
±3 mm over 5 m. The inspection result lays the foundation for the follow-up project. We
conducted the acceptance flatness inspection of the large concrete floor in December 2021.

3.2.1. Measurement Route Planning

The inspection robot measures the relative height of profile along its path, so it can
only reflect the flatness of each point on its route. For a wide rectangle floor, the route of
the robot is planned in a grid way as shown in Figure 10a. For a long and narrow sports
runway, the route is planned along the direction of the runway (Figure 10b).

Figure 10. Measurement routes for different floors. (a) inspection route for wide rectangle floor block.
(b) inspection route for runway area.

3.2.2. Measurement Results

For good visibility conditions, the total station is set on the auditorium when taking
measurement. The area to be tested is divided into four areas: the racetrack, the practice
track, the north inner rink, and the south inner rink. The distribution of inspection route of
the National Speed Skating Oval is shown in Figure 11, and the measurement results of the
four areas are shown in Figure 12. For most of the areas, we use grid lines of 2–3 m width
for data acquisition. The total length of the measurement route is about 10,261 m. The total
measurement time is about 4.88 h. The measurement speed reached about 2 km/h and the
number of final flatness inspection points is about 102,000. Traditionally, surveying such a
large floor by using leveling methods needs 2–3 days. It can be seen that the efficiency of
our method is increased by about four times.

The measurement results show that the measured flatness of 99.4% sampling points
over the standard speed skating track is within ±3 mm over 5 m. This number is 99.3%,
99.7% and 99.3% over the practice track, the north inner rink and south inner rink, re-
spectively. It should be noted that there are some sampling points which measured to be
over-limit in an extremely small area on the southwest of the standard speed track and
the practice track. Overall, the floor flatness of the National Speed Skating Oval meets the
design requirements. The final temperature difference is less than 0.5 degrees Celsius [26],
which proves the good quality of the ice making system. It fully meets the requirements of
the International Skating Union.
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Figure 11. Overview of the measurement route of the National Speed Skating Oval.

Figure 12. Map and statistics analysis of flatness measurement results of different blocks. (a) the
racetrack. (b) the practice track. (c) the north inner rink. (d) the south inner rink.

4. Discussion

The flatness inspection of super-large floors, such as the National Speed Skating
Oval, requires very accurate and efficient measurement and poses challenges to traditional
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measurement methods. The aided INS measurement technology has the advantage of
high relatively measurement accuracy and continues measurement. The INS aided by
precise odometers can ensure high-precision measurement of local relief of the ground,
and the total station can achieve effective position control of the large-scale measurement
accuracy. The combination of the INS, odometer and total station can ensure large-scale,
high-precision measurement results. For measurement targets of different shapes, different
survey routine can be used, and multiple survey lines form a network, like a mesh grid to
describe the flatness of any shape of ground.

Compared with the traditional contact measurement method, the proposed method
can measure the floor continuously and result in a very dense sampling points on the survey
line. The measurement process is completely automated, free from operator’s intervention.
Therefore, it has high measurement repeatability. In addition, the measurement results
also have global coordinates, which can give a unified location to each flatness inspection
datapoint. The measurement efficiency mainly depends on the speed of the mobile platform.
It has several times the efficiency improvement compared with the traditional method.
Over-limit locations found in the inspection can be accurately adjusted in time at the final
stage to ensure a high-standard construction.

Accuracy is the most important issue of the inspection method. Due to the laser
scanning polar coordinate measurement principle, the farther the measurement target is,
the worse its accuracy will be. The laser scanning method requires multiple measurement
stations for large floor inspection. In addition, the accuracy of measurement points in
one station is inconsistent. Although the measurement sampling points of our proposed
method are sparse in one direction, it has the advantage that it can measure the whole
field at once compared with the laser scanning method. The measurement scope mainly
depends on the tracking range of the total station. Therefore, our method is more flexible.
The local accuracy of the method in this paper mainly depends on the accuracy of the
gyroscope of INS, so it also has the advantage of uniform accuracy.

In addition, the total station in our method is mainly used for the correction of the
horizontal position of the INS and the restriction of the drift of INS in vertical direction in
large scale. Therefore, the total station does not need to have high measurement accuracy.
The centimeter-level measurement accuracy and a measurement frequency of 1 Hz are
sufficient to meet the flatness measurement requirements. At the same time, due to the
unpredictable obstruction on the construction site, the total station will sometimes be
lost on the site. The short-term loss will not affect the flatness measurement because
odometer-aided INS can keep the accuracy for a short time.

5. Conclusions

In response to the quality requirements for the rapid inspection of super-large concrete
floors, the traditional methods are inefficient and cannot fully reflect the state of the ground
flatness. We invented a wheeled inertial flatness measurement method and system, which
integrates high-precision odometers, INS and tracking total stations to realize the relative
three-dimensional curve measurement of the floor. It can realize floor flatness inspection
through a certain density of line grid measurement. After testing in campuses and the
application of the National Speed Skating Oval, the results show that the measurement
accuracy of the floor flatness can reach up to ±0.5 mm over 5 m distance, which fully meets
the completion acceptance requirements of the super-large floor flatness. The efficiency
is several times that of the traditional leveling method. With the proposed method and
system, not only can the overall flatness quality of the floor be evaluated, but also the
over-limit locations can be detected, and the floor can be adjusted or repaired before the
construction of the ice board. It has the potential to be one standard method for large-scale
floor flatness inspection.

Limitations of our proposed method and system should be mentioned at last. The cost
of the INS currently used is relatively high. The feasibility of substituting it with a low-cost
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INS will be explored later. In addition, an autopilot system can be developed in the future
for the automatic driving of the robot, enabling a more automatic flatness inspection.
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