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ABSTRACT

Structural vibration-based human sensing provides an alternative
approach for device-free human monitoring, which is used for
healthcare, space and energy usage management, etc. Prior work
on this approach mainly focused on one person walking scenarios,
which limits their widespread application. The challenge with mul-
tiple walkers is that the observed vibration response is a mixture
of each walker’s footstep-induced response, and it is difficult to
identify 1) how many concurrent walkers are present, and 2) the
timing of their footstep impacts on the floor. As a result, the extrac-
tion of detailed location information for each walker is erroneous.
To address this challenge, we propose a structure-informed vibra-
tion signal characterization method to enable the detection and
localization of overlapping vibration signals induced by multiple
concurrent walkers. The intuition is that, due to the randomness in
people’s behavior, their footsteps do not impact the floor exactly at
the same time and overlap partially. We decompose the signal to a
non-fundamental frequency band which contains the heel strike on-
set information. With this decomposed signal, we can identify the
number of walkers and use the initial peak information to localize
each person independently. We conducted real-world experiments
with up to three concurrent walkers and our system achieved a
detection rate of up to 90% and an average localization error of
0.65m (2.9X baseline improvement).

CCS CONCEPTS

· Human-centered computing → Ubiquitous and mobile com-
puting.
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1 INTRODUCTION

Indoor occupants localization enables various smart building appli-
cations such as building energy management and elderly/child mon-
itoring. Various approaches have been explored for device-free local-
ization, including vision [1, 3, 10], pressure [22], infrared [8, 14], and
radio [2, 21]. These methods often rely on dense deployment or par-
ticular sensing requirements (e.g., line-of-sight). Researchers have
been explored an alternative sensing modality through footstep-
induced floor vibrations [5, 12, 13, 16, 18, 19]. They demonstrate
sub-meter level localization when a single person walks through
the sensing area, or when at most two people walks in a small scope
without considering the situation vibration signals overlap severely
[16]. However, these works do not handle the situation when mul-
tiple people walk simultaneously and their footstep-induced floor
vibration signals overlap and are difficult to detect and distinguish.
Furthermore, the physical characteristics (e.g., structural natural
frequency) of the propagation medium (i.e., the floor) make the
structural vibration signal structure-dependent [7], thus making
separating overlapping signals by traditional methods such as blind
source separation (BSS) inapplicable [11]. Since we are focusing
on the detection and localization with overlapping signals instead
of localization refinement through sequential information, we will
not discuss this aspect owing to space limitation.

In this paper, we present a system to enable multiple people
localization using the following intuition: 1) the randomness of peo-
ple’s behavior will make their footstep-induced vibrations partially
overlap even when they walk simultaneously, and 2) the footstep-
induced signal onset shows high SNR and high damping rates in
non-fundamental frequency bands (target scale band), which mini-
mizes interference between multiple people’s signals. Within this
target scale band, our system conducts multiple footstep-induced
signal onset detection and applies multi-dimensional scaling (MDS)
on the extracted onsets to estimate footstep locations byminimizing
a loss function. The major contributions of this work include:
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Figure 4: Example signals detected by two sensors when

overlap conditions vary.

5.1 Overlapping Status Analysis

We evaluate the system in three categories of signal overlap. Figure
4 demonstrates examples of these possible signal overlaps: 1) clear
separation, where the offset between signals is no less than 1/4
of the interval of two consecutive footsteps from the same person
(e.g., Figure 4 (b.1)); 2) visually separable, where we can visually
separate the signal onsets, but the offset is less than 1/4 interval
of two consecutive footsteps from the same person (e.g., Figure 4
(c.1)); 3) visually non-separable (e.g., Figure 4 (d.1)).

In figure 4 we observe that the filtered signal is clearer and con-
tains less noise than the unfiltered signal, making footstep detection
in overlapping signals easier. Figure 4(x.1) shows the raw footstep-
induced vibration signals when people walk by the sensing area,
captured by two sensors. The corresponding filtered signals are
shown in Figure 4(x.2).

5.2 System Characterization

Figure 5 shows the distribution1 of the localization error when
two people walk through the sensing area with varying levels of
footstep overlap. When multiple pedestrians are walking in the
target sensing area, we calculate the localization rate and localiza-
tion error to evaluate our system. For all the investigated walking
scenarios with different numbers of pedestrians, Figure 6 shows
the localization rate (6(a)) and localization error (6(b)). Our system
achieved 100% localization rate for all the cases, which demon-
strates the localization robustness. Our system achieves an average
localization error of just 0.65m, which represents 2.9× and 2.4×

1Note that in this paper, the boxplot presents the mean as the circle marker and the
median as the center line, the box upper and lower edges indicate the 75 percentile
and 25 percentile respectively.
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Figure 5: Footstep localization error when two people walk

in the sensing area in different scenarios.
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Figure 6: Footstep localization error when different num-

bers of people walk in the sensing area at the same time.

improvement over baseline approaches NoFilter (1.91m) and NoAd-
aptive (1.56m). From these results, we conclude that our approach
accurately localizes multiple concurrent walkers with submeter
accuracy, which enables robust indoor occupant monitoring in a
variety of real-world walking scenarios.

6 CONCLUSION

In this paper, we present a device-free system that localizes multi-
ple occupants through footstep-induced structural vibrations. Our
system utilizes physical knowledge on structural frequency excita-
tion response to select non-fundamental frequency bands that have
high SNR and high damping rate for heel strikes induced vibration
signal. The signal filtering on these selected frequency band enables
separation of footstep onsets from the partially overlapping signals
for detection and localization. We evaluate our system and achieve
sub-meter level localization accuracy through a series of real-world
experiments, which enables various indoor application scenarios.
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