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Figure 1: Overall system architecture block diagram. (Red) Skeleton fall detection mechanism. Firstly, the body speed and the
ideal falling speed are computed from the skeleton positions acquired by the skeleton tracking camera. The two velocities
are compared in order to obtain candidate falls. (Blue) Simultaneous independent fall detection using acceleration data from
wearable devices. (Orange) Given the two outputs (Y=Fall, N=No Fall), the final decision is taken and reidentification is done,

if possible. Four different outputs are possible (Green).

ABSTRACT

Fall detection and reidentification are active areas of research with
a wide variety of applications in many fields. Nowadays, wearable
devices capable of recording multisensors measurements are being
increasingly introduced in people’s daily lives, such as smartphones
and smartwatches. Often, these devices are used in healthcare re-
habilitation scenarios to monitor patients activities and, eventu-
ally, detect important events like falls. In some cases, the equipped
Inertial Measurements Unit (IMU) lacks of gyroscope and magne-
tometer, allowing to acquire only accelerations measures. In this
conditions, the detection tasks become more complex and many
false detections can arise. Additionally, other methods, such as mon-
itoring cameras, are usually used in the environment to overcome
this problem and further track the patients. But, due to the lack of
personal identifiers in the camera tracking system, it is not straight-
forward to associate falls, when detected, to a particular person. In
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this paper, we propose a complete real-time system to detect falls
reducing false positives and simultaneously reidentify the patients
using 3D skeleton points, given by a tracking camera, and 3-axis
accelerometer data. Firstly, the system performs fall detection by
means of a mathematical analysis of the skeleton points evolution
along different frames. At the same time, fall detection is computed
on the acceleration data using a Finite State Machine approach. If a
fall is detected with both mechanisms, reidentification is carried
out to associate the skeleton with the wearable device. A dataset of
fall sequences has been recorded and is available for testing pur-
poses. The final accuracy of our fall detection and reidentification
algorithm is 100% on our dataset.
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1 INTRODUCTION

Falls are a major source of morbidity and mortality in older patients
[44]. Following the study of [38, 46], nearly 28-35% of people aged
65 years and above fall each year and this percentage increases
to 32-42% for those over 70 years of age. According to the World
Health Organization (WHO), an estimated 684,000 fatal falls and
approximately 37.3 million falls severe enough to require medical at-
tention occur each year [39]. For example, estimates for fall-related
hip fractures are 250,000 annually, a number that is expected to
double by the year 2040 [34]. According to these numbers, it is clear
that an effective system to detect falls, and consequently send alarm
reports, is needed in order to dispatch fast rescue. This need ex-
ponentially increases in monitored environments, such as nursing
and patients/caregiver’s homes, where elderly residents are looked
after. With the advancement of information technology, the con-
cept of smart rehabilitation clinics has gradually become a reality
[11]. Information technologies, such as automation, Artificial Intel-
ligence (AI) and telemedicine are being employed in future-ready
smart clinics. Human motion monitoring and tracking can improve
the patients rehabilitation process allowing them to restore their
functional capability to normal [8, 60]. Home healthcare operations
have been introduced recently to consider elderlies’ preferences
willing to receive their cares at their homes instead of hospitals and
to reduce the time and cost for patients going often to clinics [4, 15].
Home healthcare makes also possible to remotely monitor the life
activities of the elderly [22] and detect risky events in real-time,
such as falls [52, 57] or wandering behaviours [26].

During the past decades, much effort has been put into these
fields to improve the accuracy of fall detection and prediction sys-
tems as well as to decrease the false alarms [53, 58]. This task mainly
consists in analysing patterns provided by smart wearable body
sensors [2] or environmental sensors, such as surveillance and
depth cameras. The RGB images and Depth information recorded
by the cameras are often used to extract features and can provide a
wide variety of information regarding the detected subjects. Due
to security and privacy issues, the images cannot be stored and
must be processed in real-time, reducing the available features and
increasing the solution complexity [18, 35]. To overcome these is-
sues, various techniques have been proposed to extract anonymized
skeletons from the images [31, 41]. Such procedure is used in this
work to obtain skeleton points from RGB/depth camera frames
through a tracking system.

On the other side, wearable devices, e.g. smartwatches, can col-
lect health status and movement information of the patients, such
as heart rate and acceleration measurements. This data has the
advantage of being provided directly with a unique anonymized
identifier, e.g. MAC address or device name. Therefore, in contrast
to the camera, the identification of the patients can be done straight-
forward. In this multisensor’s scenario, reidentification to match
measurements provided by different sensors is needed to relate
detected events to a same person. The most used approach is to
find similar patterns between measurements of different nature
transforming them into a common space in order to make a direct
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comparison possible [5, 48]. Nevertheless, limited budgets affect the
quality of the employed devices. It is not uncommon that wearable
devices lack of important IMU components, such as magnetometer
and gyroscopes, providing only accelerations measurements [25].
In a fall detection perspective, using less information, the risk of
false positives is very high and the association with a skeleton is
more difficult.

The main goal of our system is to achieve real time identification
when a fall event is triggered using both cameras and wearable sen-
sors to reduce the number of false alarms. A software that directly
recognize subjects in the images [37, 51, 56] is not always imple-
mentable due to its computational needs, legal issues [36] or lack of
ground-truth information. To respect privacy policies and reduce
the computational needs, we implemented our architecture using
only a subset of points from the skeletons and the acceleration data
from the wearable device. The entire computational core relies on
fast mathematical computations and comparisons which allow to
speed up the analysis in a real-time environments.

2 RELATED WORKS

In the literature, several systems have been proposed to tackle
the problem of fall detection and reidentification between differ-
ent devices. However, the joint problem, as treated in this work,
has barely been covered in the past years. The fall detection task
based on wearable devices typically combines accelerometers, gyro-
scopes and even barometers [54]. Early approaches proposed simple
threshold-based algorithms to detect human falls using only a tri-
axial accelerometer [1, 3, 7, 13, 27]. After that, the methods have
been improved adding Hidden Markov Model (HMM) applications
[30, 49]. More recently, machine learning and deep learning tech-
niques have been employed to further improve the performances.
Palmerini et al. [40] used several classifiers to combine features
based on the acceleration: Naive Bayes, logistic regression, KNN,
random forests, and SVM. Santos et al. [45] also proposed a simple
Convolutional Neural Network to solve the fall detection task.

To reduce the number of false positives in the detection, the
combined information from various sensors of the same wearable
device can be used. In particular, accelerometer and gyroscope
[19, 23, 29, 42] or barometer [9, 47] are often coupled in the algo-
rithms. In this work, due to important limitations in the hardware
budget, only raw accelerometer measurements are available in the
employed wearable devices.

More deep learning approaches have been considered for the
image-based, and especially skeleton-based, fall detection task. Of-
ten, the algorithms are based on motion recognition [14, 59] even
if, in some cases, it is difficult to distinguish between a fall and
basic Activities of Daily Living (ADL), e.g. sleeping. Convolutional
Neural Networks [55], LSTM [24] and other models [43] have been
exploited to perform fall detection, extracting features from skele-
ton points. Alternatively, mathematical solutions using physical
quantities, e.g. fall direction, angle and height, have been proposed
to better distinguish a fall from other normal daily activities [10, 28].
This work follows the latter approach in order to reduce the compu-
tational time of the algorithm and allow fast real-time applications.
The falling velocity of the human body is computed and compared
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with a threshold derived from an ideal physically-calculated fall
velocity.

3 SYSTEM ARCHITECTURE

The overall proposed system architecture for simultaneous real-
time human fall detection and reidentification is shown in Fig. 1.
The system is composed of two main parts. In the first one, depicted
in green, skeleton data acquired by a tracking camera is used to
estimate the body velocity and an ideal falling velocity by means of
simple mathematical calculus. The velocities are compared to detect
potential falls only from the skeletons data. Simultaneously, fall
detection is performed on the acceleration data from the on-wrist
wearable device through a Finite State Machine (FSM) mechanism
(block in Blue). Finally, the outputs of the two algorithms are com-
pared in the last block (Red) to confirm the fall and, subsequently,
perform reidentification in order to associate the event with a par-
ticular person in the environment. In the following, after formally
stating the problem, we describe the two main phases of our system
in detail.

3.1 Problem Statement

In a typical indoor scenario, the skeleton tracking camera is placed
parallel to the ground at an height between 1.2 and 1.5 meters. Its
coordinate system is denoted with X, Y and Z. By construction, Y is
pointing to the ground while X and Z are parallel to the floor [20].
A patient wears the smartwatch on the left wrist to measure the
acceleration and its axis are indicated with x, y and z. According to
[16], the x and y axis are parallel to the device screen. The first one
is aligned with the top and bottom edges in the left-right direction
while the y axis is aligned with the left and right edges in the top-
bottom direction. The z axis is perpendicular to the device’s screen,
pointing up.

Given the raw data collected in real-time, when a fall is detected,
it is not straightforward to create an association between the skele-
tons and the accelerations measured by the wearable devices. The
aim of this work is to develop an entire system to perform fall
detection using the aforementioned devices and, once the fall is
confirmed, associate the event to a particular person identifier.

3.2 Skeleton Fall Detection

Our ideal 2D model of free-space human fall is shown in Fig. 2a.
We consider only the time interval between the start and the end
of the fall, namely [¢;, t.]. We define two skeleton key-points for
our algorithm: (1) the body center point, ¢, defined as the centroid
between the left, right hip and chest (2) the ankles point, a, defined
as the geometrical center between the two ankles points. The two
key-points are represented, respectively, in red and blue on Fig. 2a.
To compute the body center, we decided to use the points more likely
associated with a rigid body movement during a human fall in order
to avoid estimation errors. Let h be the vertical distance between
the two key-points and 0 the angle described from the beginning
to the end of the fall, namely from ¢ to t.. The angular velocity of
the body center point can be easily computed as w = 0/(te — ts).
The linear velocity associated with an ideal fall in the 2D plane is
then v = hw. The human falling speed computed in this way can
be considered as a lower bound approximation of a real fall speed,
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Figure 2: Skeleton model of human real fall. In 2a the ideal
fall in 2D, starting from the initial position at t; the body
reaches the floor at t.. Considering the central body point (in
red), the trajectory is circular with radius h, total angle 6 and
angular speed w. The blue point, representing the average
between ankles positions, is used to compute the radius. In
2b, the vertical position (Y-axis of camera) of the body center
point during a fall, on the bottom, and its velocity module
computed thought derivative on the top. The ideal fall speed
is also depicted, as well as, the starting and ending time of
the fall.

since we considered a null initial velocity at time ts. Eventually, a
compensation, €, can also be taken into account to consider frictions
of the environment, e.g. air friction. Therefore, we define the ideal
falling speed lower bound as vy = v — €.

In a real 3D fall, the body center point spans the three dimen-
sions during the event. It is always possible to rotate the system
coordinates so that the fall trajectory is parallel to a plane which can
be approximated to our ideal 2D model. Let C = {¢;|tg < t < t1}
be the set of 3D positions of the center body key-point during an
analysed time interval (fo, t1), its speed at each time instant can be
computed by differential calculus. Such velocity has a component
in each coordinate of the 3D space and we use its magnitude as
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measure of comparison with the ideal falling speed vy. Given the
body center speed at time t, v; = (vx, s, vy, s, Uz, ), we detect a fall
if and only if

o] = vg(t+v§,t+022t>vL:h ; —€. (1)
, , , o — 1

The starting and ending fall times, ts and ¢, can be computed by
seeking the beginning and end of a significant jump in the vertical

position of the central point along the time window, as shown in Fig.

2b (bottom). Based on the trends in average adult human height in

[6], we define a minimum variation of 70cm in order to consider Eq.

1 for candidate falls. Finally, the fall angle, 0, is calculated from the
positions at the beginning and end of the candidate fall. A graphical
representation of the proposed method on a real fall is shown in
Fig. 2b (top).

Note that this computation makes the skeleton fall detection
independent from the distance between body and camera since
both sides of the equation are computed proportionally to it, i.e h
and v;.

3.3 On-wrist Wearable Device Fall Detection

Abate et al. [1] proposed a method based on a Finite State Machine
(FSM) to represent the acceleration dynamics within a fall using
a smartphone-based system. Following this work, Khojasteh et al.
[27] improved the previously proposed fall detection system using
an on-wrist wearable accelerometer. In this paper, as in [50], we

choose the latter extension to cover a wider variety of publications.

Let a; = (ax,,ay,t, az,¢) be the acceleration measured at time
t by a wearable device in its coordinates system, we define the
acceleration magnitude as

2

ay,;ta + a? 2)

ar = Zt

2
y,t
Let us assume that gravity is g = 9.8m/s2. To perform fall detection
using only acceleration measurements, we search for a peak in
the acceleration magnitude at time t,. This peek has to be higher
than thl = 3 X g and followed by no other peak in the period
(tp, tp + 2500ms), i.e. not higher than h1. For more details of the
used FSM please refer to [1, 27, 50].

3.4 Reidentification

Let the time interval (¢s, te) and the time instant ¢, be the outputs
of the two fall detection algorithms when a fall is detected, with
skeleton points and accelerations respectively. Both measurements
are automatically given by the two detection procedures, without

additional computation, reducing the load on the required time.

In particular, the first one is computed to detect candidate falls
before considering Eq. 1 and, therefore, it’s directly available in
case the equation holds. The second is the sought time in which the
acceleration magnitude overcomes the threshold th1. The original
FSM [1, 27] additionally seeks the starting and ending fall times
from the acceleration measurements, which are not considered in
this work. Finally, the reidentification is performed if the peak time
detected on the wearable device is included in the time interval
of the skeleton fall, i.e. if t; < t, < t.. The on-wrist wearable
device where the peak is detected is then directly associated to the
skeleton, assigning a specific human identifier to the fall event.

368

Bastico et al.

Acceleration [g multiple]

0 1000 2000 3000 4000 5000 6000

Time [ms]
(@)
7 -
6 4
Y
51 2500 ms

Acceleration magnitude (g multiple)

2000 3000
Time [ms]

(b)

0 1000 4000 5000 6000

Figure 3: Dynamics of a real fall from our dataset measured
through the acceleration with a wearable device located on
the left wrist. In 3a the three accelerations components in
x,y and z coordinates. In 3b the acceleration magnitude is
related with the parameters proposed by [1, 27]. A peak is
defined at time ¢, (Point 1) if the magnitude of the accel-
eration is higher than thl = 3 X g and there are no other
peak in the following 2500ms. The impact end (Point 2) is de-
fined as the last time in which the acceleration is higher than
th2 = 1.5Xg. Finally, the impact start (Point 3), is computed as
the time of the first sequence of an acceleration lower than
th3 = 0.8 X g followed by a value higher than th2. The impact
start and end must belong to the interval (t, —1200ms, t,) and
(tp, tp + 1000ms), respectively.

Note that our system works even when one of the two input
data is not available, since the simultaneous fall detections are
independent one from each other. In a real environment, sometimes,
measurements are missing because of devices unpredictable errors.
In this case, our algorithm can detect fall events using only single-
device data but the reidentification is not possible and the outcome
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reliability is lower. Moreover, a rescue activity may be initiated
even when it is not yet known which person had a fall.

4 RESULTS

The devices considered in this study are the Intel RealSense D435i
depth camera with Cubemos skeleton tracking SDK [12, 21], the
Azure Kinect [32, 33] and the Fitbit Versa 2 smartband [17] as the
wearable device.

To test the proposed system, we generated a dataset of falls in a
controlled environment. The falls were simulated by several test
subjects wearing a smartwatch while being recorded by a tracking
camera, either the Intel RealSense or the Azure Kinect. The two
cameras acquire different skeletons points, both in number and
position. Our algorithm is based just on a subset of these points
and, therefore, we decided to test both cameras in order to monitor
the response of the system to different inputs. In total, we acquired
17 falls, 8 with Intel RealSense and 9 with Azure Kinect. Among
them, only 10 sequences are coupled with accelerometer data in
order to simulate the loss of wearable device information and test
the independence of the detection modules.

We assigned empirically the value of the compensation factor € in
Eq. 1. Due to the fact that our ideal falling velocity does not consider
an initial condition, in the 94% of the cases, i.e., all but one, the
skeleton fall is correctly detected even without taking into account
€. Assigning € = 0.1 m/s, we obtain 100% of correctly detected
falls without generating any false positive in the whole recording
session (approximately 20 minutes). The performances of the on-
wrist wearable device fall detection implemented in our system have
already been provided by its authors [27]. In our dataset, the module
of the acceleration in Eq. 2 is always significantly higher than the
defined threshold th1 = 3 X g when a fall occurs, leading to 100%
of correct fall detection from the wearable device. Nevertheless,
false positives are also detected by the wearable device algorithm.
It’s precision, calculated as the fraction number of true positive
over all the detected positives, is 57,89%. When coupled with the
skeleton fall detection, all the false positives are discarded, leading
to a precision of 100%.

Finally, after the testing of the two separate fall detection mod-
ules, the reidentification has been evaluated. The personal identifier
corresponding to a skeleton is manually annotated in our dataset.
Again, in the 100% of case the reidentification is performed correctly
and the right identifier is assigned to the fall.

The real-time requirement of our system is satisfied since the
average computational time needed for the entire process is 0.556
ms. This slow processing time allows fast reporting and rescue
dispatching in the case in which a fall is detected.

5 CONCLUSIONS

This work has addressed the lack of personal information when us-
ing monitoring cameras in healthcare environments due to security
and privacy issues, and proposed a real-time system to overcome
it in the context of fall detection. In case a fall has been detected
with both a camera and a smartwatch that provides a unique identi-
fier, the system associates the skeleton with the accelerometer data
given by the wearable sensor. Therefore, the proposed system is
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composed of two main parts; the fall detection modules, one per
type of data, and the reidentification one.

The system has been tested in a controlled environment, where
test subjects wearing a smartwatch performed a series of falls while
being recorded by a camera, resulting in a high system accuracy.
Results from this work have led to a confirmation of the good
performance of both the complete solution and the improvement of
the separate modules. Using the complete system, false positives are
not detected and reidentification is always carried out correctly on
our datasets including falls. In future works, near fall events should
be taken into account in order to further discard false alarms. The
ideal fall used as comparison baseline in our approach is thought
for abrupt falls. Consequently, near fall events and balance loss
procedures classification should be included in the future.
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