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Abstract: The lack of indoor floor plans is one of the major obstacles to ubiquitous indoor location-
based services. Dedicated mobile robots with high-precision sensors can measure and produce
accurate indoor maps, but the deployment remains low for the public. Computer vision techniques
are adopted by some existing smartphone-based methods to build the 3D point cloud, which have
the cost of a quantity of the efforts of image collection and the risk of privacy issues. In this
paper, we propose BatMapper-Plus which adopt acoustic ranging and inertial tracking to construct
precise and complete indoor floor plans on smartphones. It emits acoustic signals to measure the
distance from the smartphone to a neighbouring wall segment, and produces accessible areas by
surrounding the building during walking. It also refines the constructed indoor floor plan to eliminate
scattered segments, and identifies connection areas, including stairs and elevators among different
floors. In addition, we propose an LSTM-based dead-reckoning model which is trained by outdoor
IMU readings and GPS records, and use it to infer the step length during indoor walking, thereby
improving the floor plan quality. We also elaborate how to use the constructed map for indoor
navigation, i.e., a Dynamic Time Warping algorithm which automatically matches current inertial
readings and historical sensory data during map construction to produce fine-grained walking
guidance. To show our effectiveness compared with the state-of-the-art, we carry out extensive
experiments in a teaching building and a residential building. It proves that our method is efficient
without any privacy concerns and texture/illumination limitations.

Keywords: floor plan construction; acoustic ranging; inertial tracking; indoor navigation

1. Introduction

Indoor location-based services (LBS) enable great convenience to our modern lives,
especially in multi-level shopping malls, large-scale hospitals, and underground parking
lots. However, its deployment is still ubiquitous, and one of its main obstacles is the lack of
floor plans for indoor localization [1] and navigation [2] systems.

Existing dedicated mapping systems [3] currently rely on mobile robots with cameras
and other high-precision sensors to construct precise indoor maps. Such systems, however,
are always expansive in cost and not widely distributed at large scales. Along with
smartphones, some virtual reality applications are adopting computer vision techniques [4]
to construct 3D point clouds for indoor objects, but the images are affected by the ambient
light condition and pose a risk of privacy disclosure. Therefore, indoor floor plans should
be constructed with few environmental limitations and privacy concerns.

In a recent work [5], we have proposed BatMapper [6] which uses acoustic signals to
measure the distance for floor plan construction in doors. In particular, it employs a bilateral
acoustic ranging mechanism that is effective in constructing narrow corridors. SAMS [7]
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adopts FMCW-based distance measurement for higher accuracy. However, BatMapper
is unable to generate a satisfactory complete floor plan in a wide area, such as rooms
and lobbies.

In this paper, we propose BatMapper-Plus which is a smartphone-only indoor floor
plan construction system through acoustic ranging and inertial tracking. It adopts a
unilateral ranging mechanism that measures the accurate distance to a neighbouring wall
segment, and produces the reachable area during walking. It also refines scattered wall
segments, identify areas of connection to produce a multilevel floor plan. Note that our
system does not require images/videos, thus it is not affected by lighting conditions, and
does not cause privacy issues. Finally, we demonstrate how to use the constructed map for
indoor navigation.

In particular, our main contributions in this work are as follows:

*  We explore a novel unilateral acoustic ranging method on a commodity smartphone. It
transmits acoustic signals to the side walls for distance measurements, so users can sim-
ply surround the building, constructing its wall structure with lightweight manpower.

*  We propose a map refinement algorithm to produce precise and complete multi-level
floor plans by smartphones. It automatically adjusts and merges the scattered wall
segments, and identifies connection areas (e.g., stairs and elevators) on the map.

¢  We propose an indoor navigation method based on Dynamic Time Warping (DTW).
It automatically matches the reference sequence collected when constructing the
map with the user’s real-time walking sequence, thus provides the user with
fine-grained navigation.

*  We develop a prototype and conduct extensive experiments in a teaching building
and a residential building. Results have shown our improvements with around 2.8%
on F-score compared to BatMapper, and the distance error of indoor navigation is less
than 1.5 m.

2. Overview

In this section, we introduce the operating principle of BatMapper, analyze its limita-
tions in the actual deployment process, and describe the overview of BatMapper-Plus.

2.1. Background on BatMapper

BatMapper [5] designs a two-pulse signals with linear frequency increasing sine waves
and Hanning window reshaping for bilateral ranging on smartphones.

Limitations in BatMapper. (1) BatMapper applies bilateral acoustic ranging, which
requires wall on both sides, so it is only suitable for narrow corridors, not for spacious
spaces. (2) The coarse floor plan of BatMapper is produced up of scattered points that do
not match the actual floor plan of line segments. (3) BatMapper can only represent single
level indoor structure, and can not represent multi-level indoor structure with various
connection areas.

2.2. BatMapper-Plus Overview

As shown in Figure 1, BatMapper-Plus adopts acoustic signals and inertial readings
as inputs. We use the Frequency Modulated Continuous Wave (FMCW) as the speaker’s
output signal, adopt two microphones (top/bottom) to receive the echo signal reflected
from the side walls, and calculate the distance between the wall and the smartphone. Addi-
tionally, we collect smartphone’s inertial data to track the user and identify connection areas
(e.g., stairs and elevators). Finally, we fuse distance measurements, walking trajectories
and connection areas to construct and refine the multi-level indoor floor plan. When used
for indoor navigation, the IMU records collected during mapping are further used as the
reference sequence to generate fine-grained walking guidance.
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Figure 1. Overview of BatMapper-Plus. Distance measurement: we use smartphone’s speaker to

emit FMCW sound signals, and use microphones to receive the signals returned by the side wall, then

we calculate the distance between the smartphone and the wall according to the sound propagation

time. Inertial tracking: we use IMU readings to estimate the user’s walking trajectory and detect

connection areas among different levels. Sequence matching: the IMU record stored in the mapping

process is used as the reference sequence, and we devise a DTW algorithm to match the reference

sequence with new user’s walking sequence to provide fine-grained navigation guidance.

3. Indoor Floor Plan Construction

In this section, we describe the detailed design of BatMapper-Plus, which consists
of three modules: unilateral acoustic ranging, inertial tracking, and map construction

and refinement.

3.1. Unilateral Acoustic Ranging
3.1.1. Acoustic Signal Design

We adopt the Frequency Modulated Continuous Wave (FMCW) to generate signals
(blue line in Figure 2). The frequency of acoustic signal should balance the physical
capabilities of smartphones with background noises. The sound frequency of smartphone
is usually between 110 Hz~20 KHz, while the frequency of human voice is always less
than 1 KHz. Experimental proof that the wider frequency range, the more pronounced the
echo peak. In addition, low-frequency sounds travel further than high-frequency sounds
under the same emission energy. Therefore, we generate the duration of acoustic signal as

3 ms and its frequency range is 8§ KHz~16 KHz.

3.1.2. Delay of Echo Signal

When the emitted acoustic signal meets the wall, its echo signal is reflected back and
received via the smartphone’s microphone. At this time, the waveform of the received
signal and the emitted signal are consistent, with a time delay of At, as shown in Figure 2.

In particular, the time delay At is calculated as:

Af-T

max — fmin

At =

)

where f,,;,, represents the minimum frequency of the emitted signal, f;;;zx represents the maxi-
mum frequency of the emitted signal, and T represents the duration of the emitted signal.
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Figure 2. Emitted and received FMCW signals for distance calculation.

3.1.3. Distance to Wall

Figure 3a shows that when a user holds the smartphone horizontally while walking,
Path 1 represents the transmission path of the signal received by the top microphone, and
Path 2 represents the transmission path of the signal received by the bottom microphone.
The difference in transmission distance of received signals between the two microphones is
the length [ of the smartphone. Thus, when the distance difference between the side-wall
measured by two microphones is near %l, the signal received is probably the echo reflected
from the wall.
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(a) Parallel to the wall (b) Not parallel to the wall

Figure 3. The position of the speaker and microphones, and the sound signal propagation path
received by the microphone. (a) Sound signal propagation path when smartphone is parallel to the
wall. (b) Sound signal propagation path when smartphone is not parallel to the wall.

The distance d from the wall to the smartphone (by its top microphone in Figure 3a) is
expressed as:

1
d= EAt " Usound ()

where vy,,,,4 is the sound propagation speed.

When the smartphone is not parallel to the wall, the distance detected is the vertical
distance between the top microphone and the wall (Path 4 in Figure 3b), instead of the
distance to the top of the smartphone (Path 3 in Figure 3b). Therefore, the exact distance
can also be measured when the smartphone is not parallel to the wall.

When the acoustic wave encounters an obstacle, it will return and be received by the
smartphone. When the volume of the obstacle is relatively small, it will be eliminated as an
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outlier during map refinement; When the obstacle is extremely large, it will be regarded as
an indoor inaccessible area. Thus, the impact of nlos issues in acoustic ranging is reduced
by our map refinement algorithm.

3.2. Inertial Tracking

In order to generate the trajectory, we devise an LSTM-based dead-reckoning method
to track walking users in real time.

3.2.1. Step Counting

Step count is computed by detecting the peak and valley values of vertical accelera-
tions. On the basis of our experiments, we set the peak-valley difference threshold to be
3 m/s?, and set the interval time between two steps to be 400 ms to avoid errors caused by
hand-shaking.

3.2.2. Step Length Inference

We gather outdoor walking trajectories to train the step length for each user, with
GPS records as the ground truth. First, we gather outdoor walking trajectories to train
the step length for each user, with GPS records as the ground truth. We calculate the
eigenvalues of each step along the 3-axis accelerometer and gyroscope including time and
frequency domain features. Time domain features are composed of maximum, minimum,
mean, and standard deviation. The frequency features are obtained by the fast Fourier
transform, including the mean, standard deviation, information entropy, energy, skewness,
and kurtosis.

Second, we propose an LSTM model for dead-reckoning (Figure 4). (1) The embedding
layer aims to extract and fuse motion features of accelerometer and gyroscope. In partic-
ular, it adopts a two-layer fully connected network, with the dimensions of hidden layer
and output layer as 64 and 128, respectively. We also stack a symmetric two-layer fully
connected network, with the dimensions of hidden layer and output layer as 64 and 32,
to further fuse accelerometer and gyroscope features, respectively. (2) The representation
layer uses the cyclic neural network LSTM, with hidden layer of 128 dimensions. (3) The
regression layer takes the output of the representation layer and the starting speed of each
step as inputs, and adopts a full connected network with three layers to produce the length
of this step. The dimension of each hidden layer is 64, 32, and 16, respectively.

Accelerometer

—
l,é
Gyroscope

FC

Q
3
09
QO
-

J§9 FC _ FC
12 64nodes 32 nodes Start Speed

S18. | LSTM 8 F FC FC
> FC —= ]%--9 S Ig c Step Length
64 nodes 128 nodes o 128 nodes 9 64 nodes 32nodes 16 nodes

g, Fe e )

1 8. 64 nodes 32 nodes

Embedding Layer Representation Layer Regression Layer

Figure 4. LSTM-based dead-reckoning model structure. Its inputs include acceleration readings,
gyroscope readings, and start speed at this step. Our model consists of three modules: the embedding
layer, the representation layer, and the regression layer.
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In addition, each user trains a customized model to predict his/her individual step
length when walking indoors.

3.2.3. Heading Orientation Estimation

To remove gyroscope drift and magnetometer noise, we compute the smartphone’s
orientation by gamerv API for robustness purposes.

3.3. Map Construction and Refinement
3.3.1. Floor Plan Refinement

The wall segment are represented by scattered points on the map, and distances are
measured based on user’s trajectory. Such floor plan is inconsistent with the actual map
and contains extreme outliers.

Intuitively, most of the walls consist of line segments, and their intersections could be
identified by turning events of the walking user. Once the detected windows and doors are
removed, we fit the rest points as line segments, i.e.,

f(x)=kx+0b (3)

where k represents the gradient and b is the offset. To minimize the errors between a wall
segment and the scattered points, we construct the objective function as:

n

e=Y (kxi+b—y;) 4)

1

where e is the sum of errors, 1 is the number of points on the wall, (x;,y;) represents the
ordinate of the iy, point by distance measurement. To minimize ¢, we compute the partial
derivatives of k and b, respectively:

%8 — 2y (ki +b— y)x) = 0 (5)
g 2() (ki + b — ) = 0 (6)
thus l T —
_ W )
b=7—kx ®)

where X represents the mean value. We, therefore, refine the reconstructed floor plan with
wall segments, doors/windows, and corners.

3.3.2. Door and Window Detection

We measure the presence of windows and doors by detecting the distance variation
between the smartphone and the side walls. When the change exceeds the threshold of
20 cm, we consider the point as a door/window. When the length of door/window is
shorter than 5 cm, we regard them as outliers and eliminate them.

3.3.3. Connection Area Detection

In order to show the stereoscopic structure of the multi-level modern buildings, we
test the connection areas between different floors, including stairs and elevators.

Stair Detection. Instinctively, when we climb stairs, our acceleration always varies
a lot. To eliminate the effect of smartphone’s attitude, we calculate the amplitude value
of the smartphone by triaxial acceleration (Figure 5a). Then, we use a sliding window to
dynamically detect the peaks and valleys along the acceleration sequence. In order to avoid
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errors caused by handshakes, we set the minimum time interval between peak and valleys
to 400 ms. Because, when holding a smartphone, it can take a step in a second. At the
same time, the acceleration change of descending stairs is greater than that of descending
stairs. Therefore, users can be determined to enter a higher or lower floor by distinguishing
ascending and descending stairs.

20
18 0.75 P ‘\ N 1.0 h
= 16 0.50| Elevator speed up \W“L U' [
2 \\U \H/\ L] Hr | r ‘\ \ Elevator speed down
E14 0.25 ‘ L \ 05 \‘ \Mu LIl ‘
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(a) Stair (b) An elevator raises (c) An elevator sinks

Figure 5. Variations of acceleration. (a) represents the change of acceleration data at the stair.
(b) represents the change of acceleration data when an elevator rises. (c) represents the change of
acceleration data when an elevator sinks.

Elevator Detection. When taking the elevator, the acceleration in the direction of
gravity of the smartphone will change significantly. Figure 5b,c shows that When the
elevator descends, the vertical acceleration decreases, and when the elevator rises, the
vertical acceleration increases. Therefore, it can be determined that the user has entered
a higher or lower floor by distinguishing the up and down of the elevator. We adopt a
sliding window of 3 s to detect its rising/sinking interval, and verify that the two periods
are within a reasonable time interval of 30 s.

4. Indoor Navigation

Based the constructed indoor floor plan by Batmapper-Plus, we present our dynamic
time warping (DTW) mechanism which produces real-time navigation guidance for new
mobile users. Intuitively, the DTW is a dynamic programming algorithm which has been
widely used for voice recognition [8,9].

4.1. Reference Sequence Construction

As shown in Figure 6, we suppose there are two time series, R and Q, with length
m and n respectively. In order to match two sequences, a matrix is maintained in the
algorithm, i.e., element (i, j) in the matrix is used to store the distance between point r; and
point q;- Here, we compute the Euclidean distance, i.e.,

d(i,j) =/ (ri —q7)? ©

The purpose of our DTW algorithm is to find a path from (1,1) to (m, n) with the least
cost. We define 7; ; as the minimum cumulative distance from point (1, 1) to point (i, j), thus

Yij = d(ri,q;) +min{yi_1j,7vij-1,%i-1j-1} (10)

During the mapping process, the system automatically records the inertial readings
during walking. We divide them by step counts, and construct the reference sequence R of
DTW based on the mean value of three-axis gyroscope data in each step. In the navigation
process, our system collects the user’s real-time IMU data as the query sequence Q, and
matches it with the reference sequence R to find the corresponding forward direction at
this moment. Note that the new user may walk into an incorrect fork from the navigation
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route, thus our system also records the wrong route as a reference sequence Ry, to lead
users back to the correct one.

(m, n)

R (1,1) [
Q \/

Figure 6. Using the DTW algorithm to find the least-cost path in the cost matrix. R represents the

reference sequence with a length of m, and Q represents the query sequence with a length of n.

4.2. DTW with Step Count Constraints

In order to navigate a newcome user, we aim to match his/her query sequence with
the reference one. As shown in Figure 7, the upper and lower solid lines represent two step
series, and the dotted lines between them show the associated points between two series.
Both sequences are filtered by mean values to eliminate the influence of noise. DTW
algorithm computes the sum of the normalized path distance between all these similar
points to measure the similarity between two step series. To improve the matching accuracy,
we use step counting to constrain the searching range in reference sequence. Since the step
difference is generally no more than 5 steps along the same distance, we set the length of
reference sequence Lg as Lo + 5, where L is the length of the query sequence. The user
walks to update the query sequence in real time, and constantly matches similar points in
the reference sequence. In addition, we use the forward orientation in reference sequence
as the navigation guidance to users in real time. Our detailed DTW algorithm with step
count constraints is shown in Algorithm 1.

4.3. Leading Back Incorrect Route

During navigation, the user may walk into a wrong fork from the navigation route.
As shown in Figure 8, the user turns a corner at point B, resulting in a deviation from
the correct route. In this case, the user’s walking sequence cannot match the reference
sequence with accumulated errors. When the user deviates from the correct route for a
certain distance, we judge it as a trajectory deviation and start leading back mechanism.
Through experiments, we found that most of the deviations from the navigation route are
greater than 10 m, so we set the threshold to 10 m in the system. The return guidance is
still realized by a DTW algorithm, in which the incorrect route (from point B to point C) is
used as the reference sequence for leading back. Thus, the user goes back to point B and
continues to follow the navigation to reach the destination point D.
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4.4. Trajectory Correction

As time goes by, the data of smartphone sensors will have large errors due to drift. To
improve navigation trajectory accuracy, we propose a trajectory correction method based
on linear fitting.

$30 1.0
S E
L 25 L 05 8
o ()
8 Qo
S 2.0 L 0.0 8
= S
315 | L .05 3
>
() -l
9 1.0 | L 10 S
[} @4
x =
05 ‘\,J\,/v\/\,_/\\ 15

T T T T T T

0 10 20 30 40 50 60
Step count
Figure 7. Gyroscope data sequence matching. The blue line represents the reference sequence, the

black line represents the query sequence, and the dotted line represents the similar points between
two time series.

Algorithm 1 DTW algorithm with step count constraints

Input: Reference gyroscope data gyrg[0...n-1], reference orientation data orig[0...n-1], query
gyroscope data gyrp[0..m-1]
Output: Navigation direction 074y
1: step <0
2: index < 0
3: while step % 2 =0do
4. Update gyrg[0..m-1]
Lo = Len(gyrg[0...m-1])
gyrg[0..n-1] = Reverse(gyrg[0...n-1])
orig[0...n-1] = Reverse(orig[0...n-1])
gyrr + gyrr[0...Lg + 4] // Constrain reference sequence range
Calculate DTW cost matrix D by Equation 10 and record warping path
10:  Calculate the first matching index index of orig[Lo — 1] in warping path
11:  OFiygy = orig[index]
12 Output oripgy
13:  step = Pedometer() // Update step
14: end while

RN A

Usually the corner in the indoor navigation route is 90 degrees. The heading orien-
tation changes gradually during turning, so we regard the position where the heading
orientation changes more than 45 degrees in 2 s (to avoid noise impact) as a corner. We
segment the trajectory according to the corner, then use the linear regression to fit the
segmented trajectory. Calculate the heading orientation difference between the divided
trajectory according to the slope of the fitting line. Finally, we rotate the trajectory around
the starting point of the trajectory to obtain a more accurate trajectory. Figure 9 shows that
the corrected trajectory is closer to the ground truth.
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Figure 8. Incorrect route leading back. Path 1 and path 4 represent the correct navigation route, path
2 represents the incorrect route, and path 3 represents the leading back route.
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Figure 9. Comparison with the ground truth and corrected trajectory.
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5. Results

The prototype of BatMapper-Plus was developed on Android and deployed on the
MI 10S smartphone for the purpose of collecting data. We conducted experiments in
a residential building and a teaching building, both of which are multi-level. A laser
rangefinder was used to measure the true distance and floor plan. Our evaluation includes
four aspects, i.e., unilateral acoustic ranging, floor plan construction, connection area
detection, and indoor navigation.

5.1. Unilateral Acoustic Ranging

We evaluated acoustic ranging indoors for different user states and different distances
to the wall.

User states. In this paper, we test accuracy with static states, walking states, and a
cluttered environment with many obstacles, and compare to BatMapper. Figure 10a shows
that our distance measurement error in the static state is near that in walking state, with the
median value around 0.7 cm and the maximum value less than 1.5 cm, both of which are
obviously lower than the BatMapper. Accuracy drops slightly in a cluttered environment.
These results demonstrate our effectiveness of unilateral ranging.

Distance to wall. Distances are tested at 60 cm, 70 cm, and 80 cm to the same wall.
Figure 10b shows that all errors are less than 2 cm. Furthermore, the farther the distance,
the greater the errors.

1.0 1
0.8 A
0.6 A
L
o
@)
0.4 A
—+BatMapper-Plus static —--60cm
+BatMapper-Plus walking 0.2 A —70cm
—BatMapper-Plus clutter
—+BatMapper I —+-80cm
‘ ‘ ‘ 0.0 ‘ ‘ ‘ ‘
2 3 4 5 0 1 2 3 4 5
Distance Error(cm) Distance Error(cm)
(a) Different user states (b) Different distances to wall

Figure 10. Errors of unilateral acoustic ranging. (a) represents the ranging errors of the user in
different states. (b) represents the ranging errors of the user in different environments.

5.2. Floor Plan Construction

Construction effect. We illustrate the effects of floor plan construction in a classroom
of 8.7 m x 6.3 m in teaching building, a living room of 7 m x 4.5 m, and a corridor
of 6 m x 11 m in residential building, respectively. These three experimental scenarios
contain multiple doors, windows, and blackboards/closets. The user holds the smartphone
horizontally and walks along the boundary of the experimental scene to determines the
location of the wall segments through acoustic ranging. Such scattered points are drawn
on the map based on the walking trajectory (Figures 11b, 12b and 13b). Our refinement
algorithm then improves the constructed floor plan (Figures 11c, 12c and 13c).

Quantitative results. To accurately assess the reconstructed floor plan, we overlay it
on the ground truth in order to obtain the maximum overlap (Figure 14), and observe that
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the location errors of wall segments are all within 0.3 m. Then, we define the precision,

recall, and F-score a

s follows:
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where Sy, represents the shape of reconstructed map, S¢t represents the shape of the ground

truth, and Sy, (N S¢t represents their overlap area.
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Figure 14. Comparison between reconstructed indoor floor plans and the ground truth. The red
dotted line represents the real indoor plan, and the black solid line represents the indoor floor plan
we built.

Table 1 shows the quantitative results for the construction of the floor plan in the
classroom, living room, and corridor. In comparison to BatMapper and CrowdInside [10],
the recall and F-score of our BatMapper-Plus are significantly higher than that of the other
methods, indicating that we are producing more accurate indoor maps. Since the floor plan
of other methods is much smaller than the ground truth, their precision are higher.

Table 1. Evaluation of floor plans.

Scenario

Classroom Living Room Corridor

Criterion R (%)

P (%) F (%) R (%) P (%) F (%) R (%) P (%) F (%)

CrowlInside 77.28
BatMapper 96.36
BatMapper-Plus 97.89

100 87.18 74.80 100 85.58 58.82 100 74.07
99.61 97.96 97 .46 96.21 96.58 84.71 94.12 89.17
99.48 98.68 99.05 98.46 98.75 97.65 91.76 94.61

Step length inference. To evaluate the effectiveness of the dynamic step length
mechanism, our evaluations include two items. (1) Map construction comparison between
fix/dynamic step lengths. We have conducted experiments in three large-scale scenarios in
a teaching building (Figure 15). In addition, Table 2 further shows that the dynamic step
length has increased the average F-score values by 7.2%. (2) Step length inference accuracy.
We have tested 10 trajectories, each around 40 m long, and the length errors of estimated
trajectories are constantly less than 5 m (shown in Figure 16a).

Table 2. Effect evaluation of dynamic step length.

Criterion R (%)

Fixed 83.93

Scenario Scenariol Scenario2 Scenario3
(%) F (%) R (%) P (%) F (%) R (%) P (%) F (%)
96.79 89.90 83.23 89.32 86.17 80.66 97.99 88.48
95.61 94.32 97.00 79.09 87.13 94.65 96.05 95.35

Dynamic 93.07

5.3. Connection Area Detection

Stairs. To assess the accuracy of stair detection, we conduct several walkings which
contain the ground and stairs with a length of 2 min, and we predict the location type for
each walking step. Figure 17 shows that there are at most 6 incorrect steps in each walk,
with a precision of 98% and a recall of 99%.
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Figure 15. Comparison of indoor floor plan construction effect between dynamic step length and
fixed step length of three scenarios in teaching buildings. (a,c,e) adopt fixed step length; and
(b,d,f) adopt dynamic step length. The red dotted line represents the real floor plan, and the black
solid line represents the indoor floor plan we constructed.

Elevator. Figure 17 shows that for a user standing statically, all states are correctly
detected, so both the precision and the recall of the elevators detection are as high as 100%.
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Figure 16. (a) is the errors of trajectory length with dynamic step length. (b) is the errors of leading
back. (c) is the errors of destination.
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Figure 17. Recall and precision of stair and elevator detection.

5.4. Consumption

We monitored the power consumption of BatMapper-Plus during many experiments
in the teaching building. Many experiments have shown that the power consumption of
BatMapper-Plus is less than 100 mAh/min, which is very small for smartphones. Therefore,
this method has a low calculation cost.

5.5. Indoor Navigation

Based on the constructed floor plan by our BatMapper-Plus, we aim to demonstrate
how to use the “new” map for indoor navigation. In particular, we have conducted
navigation experiments in 15 indoor scenarios, and each scenario includes multiple straight
lines and corners. In the navigation process, users walk into a deviated fork, then they
are guided back to the correct route and finally reach the destination. Figure 16b shows
location errors when users return the correct route, and Figure 16c shows location errors
when users reach the terminal. All location errors are less than 1.5 m, and some example
navigation paths with leading back routes are shown in Figure 18.
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Figure 18. Route map of indoor navigation with leading back. The black solid line represents the
reference route, the red dotted line represents the navigation route, the blue solid line represents the
incorrect route, and the dotted green line represents the leading back route.

6. Discussion

The high-cost of high-precision instruments and the visual method is affected by the
lighting conditions and has the risk of privacy leakage, making sound wave a better choice
to restore the indoor structure.
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6.1. Indoor Floor Plan Construction

We use the FMCW to replace the original acoustic wave of BatMapper. In various
environments, the ranging accuracy has been significantly improved, as shown in Figure 10.
We also propose a floor plan refinement algorithm to convert the scattered indoor floor
plan into a complete one, which not only eliminates abnormal points and fills in missing
information, but also makes the plan structure more consistent with the real plan structure.
In order to represent the multi-level structure in the building, we propose a detection
method for stairs and elevators, which increases the three-dimensional structure of the
indoor floor plan.

6.2. Indoor Navigation

The indoor navigation method based on BatMapper-Plus plan proposed by us uses
DTW algorithm to provide navigation for users. This method not only has low cost and
high precision, but also provides the function of incorrect route leading back. To reduce the
impact of sensor errors, we propose a trajectory correction method to make the trajectory
more accurate.

7. Related Work
7.1. Indoor Floor Plan Construction

Currently, indoor floor plan construction is primarily achieved through the combina-
tion of image and inertial sensors. Jigsaw [4] uses image, inertial sensor data, user’s trajec-
tory and the position of the captured image to construct the floor plan. Plansketcher [11]
constructs the indoor floor plan by deep learning technology. Ref. [12] combines the mag-
netic fingerprint map and the trajectory of the user to construct the interior floor plan.
IndoorCrowd2D [13] restores the building’s structure by using the image information and
sensory data in crowdsourcing data. RTSDM [14] uses the UAV system to distinguish its
location and environment, and then build a three-dimensional map.

7.2. Acoustic Ranging

Acoustic ranging is gradually applied to indoor positioning and navigation. Deep-
Range [15] employs a deep neural network for distance estimation. Ref. [16] maintains
high ranging accuracy by an improved TOA estimation method.

7.3. Inertial Tracking

There is multitudinous related research about indoor tracking, primarily use image
and inertial sensors. Walkie-Markie [17] uses Wi-Fi tags and inertial sensor data to construct
the user’s trajectories. Zee [18] makes use of inertial sensors and Wi-Fi cues for tracking.
VeTrack [19] makes use of the mobile phone’s inertial sensor to track the vehicle’s position
in real-time. Ref. [20] uses inertial sensors and magnetometers to measure the step length
and determine the heading direction to achieve pedestrian tracking. Ref. [21] proposes
a model for signal interference identification and positioning error compensation, which
solves the problem of UWB indoor positioning with signal interference.

7.4. Indoor Navigation

Nowadays, the mainstream indoor navigation methods mainly use image, inertial
navigation system(INS), Wi-Fi, and Bluetooth for positioning and navigation. Ref. [22] uses
the magnetic field fluctuations in the building to create a magnetic map for indoor posi-
tioning. Ref. [23] fuses PDR and Wi-Fi signal to correct the drift in navigation and achieve
effective positioning and navigation. Ref. [24] proposes multiple neural networks which
are customized to the user’s location, and achieves cost-effective indoor navigation with
Bluetooth architecture. DLoc [25] is a wireless location algorithm based on deep learning,
which overcomes the traditional limitations of RF-based location methods. Ref. [26] designs
an asynchronous position measurement system which uses transmitter and receiver to
calculate TOA for indoor positioning. Ref. [27] realizes indoor navigation through intel-
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ligent integration of inertial odometer, crowdsourcing Wi-Fi fingerprint and indoor map
information. Ref. [28] uses smartphone cameras to detect signs on the ceiling of buildings
to provide user navigation.

8. Conclusions

In this paper, we propose BatMapper-Plus which use unilateral acoustic ranging to
construct multi-level indoor floor plans without the need for heavy human efforts and
privacy/copyright concerns. Our unilateral ranging technique eliminates the limitation of
bilateral ranging and realizes precise distance measurements with errors of less than 2 cm.
To replace scattered points, we further refine the reconstructed map with line segments,
and identify connection areas among different floors. In addition, we propose an indoor
navigation mechanism which uses the constructed map to provide fine-grained navigation
for indoor users. We build a prototype and conduct experiments in multiple buildings, and
the results have shown our effectiveness.
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