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Abstract: In the past few years, it has become increasingly important to automatically detect falls
and provide feedback in emergency situations. To meet these demands, fall detection studies have
been undertaken using various methods ranging from wearable devices to vision-based methods.
However, each method has its own limitations and one common limitation that is prevalent in
almost all fall detection studies is that they are restricted to indoor environments. Therefore,
we focused on a more dynamic and complex outdoor environment. We used two-dimensional
features and Rao-Blackwellized Particle Filtering for human detection and tracking, and extracted
three-dimensional features from depth images estimated by the supervised learning method from
single input images. As we used the methods in combination, we could distinguish a series of states
in which a person falls more precisely and then successfully perform fall detection under dynamic
and complex scenes. In this study, we solved the initialization problem, the main constraint of existing
tracking studies, by applying the particle swarm optimization method to the human detection system.
In addition, we avoided using the background reference image feature for image segmentation due
to its vulnerability towards dynamic outdoor changes. The experimental results show a reliable and
robust performance for the proposed method and suggest the possibility of effective application to
the pre-existing surveillance systems.

Keywords: fall detection; 3D human tracking; on-street surveillance; depth with single camera;
surveillance system

1. Introduction

With the continuous aging of the global population, there has been an alarming increase in
the number of incidents of the elderly falling that cause severe injuries and sometimes even death.
According to the World Health Organization in [1], 28–35% of people aged 65 or more encounter
falls and the incident rate is even higher for people aged 70 or above. Falls can be potentially fatal
in cases when an elder is alone. This is resulting in a steady increase in the social costs involving
pre-incident preventive measures and post-incident treatments. Hence, multiple recent studies that
have been undertaken aim to develop an intelligent solution that automatically detects falls and raises
an emergency alert targeted to an elderly person who lives alone. However, no perfect solution has been
developed to date due to challenges, such as non-deterministic fall patterns and the illumination factor.

The most recent fall detection studies are based on wearable, ambience, or vision sensors [2].
The wearable device-based fall detection system uses accelerometers, gyroscopes, or other body sensors
embedded in garments [3–7]. The wearable sensor-based fall detection methods uncover changes in a
human body through wearable sensors attached to the body. This method is simple, computationally
efficient, and easy to install. However, as several kinds of sensors need to be physically attached to the
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body, such a wearable sensor-based fall detection system proves to be slightly inconvenient to the users.
In addition, it needs periodic replacement of batteries that power it and may have side effects due to a
lasting exposure to electromagnetic waves. Although the accuracy of alarms can be improved by fusing
different sensors [8,9], such a conjugated method often leads to inconvenience. An ambience-based fall
detection system typically uses vibration sensors, infrared (IR) sensors, pressure sensors, and several
other devices that can be used individually or in combination to detect the position and abnormality
of a person to trigger a fall alarm [10–14]. Unlike a wearable sensor-based fall detection method,
the ambience-based fall detection system is a non-invasive method, however there are many false
alarms. Moreover, it is difficult to use this system comprehensively in indoor or outdoor environments
because a fall can only be detected in an area that is equipped with sensors.

With new advancements in computer vision research, diverse vision-based fall detection systems
are being studied. Such vision-based fall detection systems can be classified into three main categories:
single camera-based fall detection systems, multi-camera-based fall detection systems, and depth
camera-based fall detection systems. In general, numerous single camera-based fall detection systems
extract an individual’s silhouette by adopting a background model (e.g., a background reference image).
From the individual silhouette, various features such as the width and the length of a bounding box,
the ellipse aspect ratio of the orientation, and edges are used to detect a fall [15–17]. However,
the constantly and dynamically changing background of recorded scenes due to illumination and the
presence of shadows in outdoor environments causes a lot of errors. Moreover, the aspect ratio of a
bounding box or an ellipse, commonly used for human tracking with 2D images, is not sufficient to
detect a fall accurately.

More specifically, some studies [18,19] related to single camera cases tried to detect falls based on
the motion contour by analyzing the motion energy or using the integrated spatiotemporal energy map.
However, the fact that the analysis of motion energy varies from person to person makes it difficult
to be used for general cases. In addition, a single camera is not capable of providing 3D information
required for a robust fall detection. To overcome this limitation, another fall detection study brings
forth the possibility of using estimated 3D head motions with a single camera [20], but the system
works only with a pre-calibrated camera and an initialized head position. These facts indicate that fall
detection systems based on a single camera have their own drawbacks.

The fall detection systems based on multiple cameras can track 3D motions using 3D reconstruction
of foreground objects [21,22], but the calibration of multiple cameras is problematic and causes
computational complexity. Moreover, the need for additional cameras increases the cost and gives
rise to various hassles in an outdoor environment. Recently, multiple studies have been conducted
using kinetic cameras or depth sensors [23–26]. These sensors generate accurate depth images in
real-time that improve the performance of human detection and tracking in the 3D space. However,
this approach increases the additional cost for existing surveillance systems. Moreover, a depth camera
does not work accurately in an outdoor environment and there are restrictions in terms of distance [27].
In most vision-based fall detection studies conducted to a date, the focus has been to automatically
detect falls of the elderly in the indoor environment. Fall detection in an outdoor environment is
more difficult since human motion and surrounding scenarios are more dynamic and complex in
general, as compared to the indoor environment. Nonetheless, there has been very little research on
noninvasive methods, which is our research direction. It is different from the few studies conducted
on the effectiveness of using wearable sensors [28–30].

In this study, we propose a single camera-based fall detection method to be used in an outdoor
environment. In spite of using a single camera, this approach employs 3D movement by analyzing
depth images estimated by a machine learning algorithm. Furthermore, our study presents the
possibility of outdoor fall detection which is not a well-studied topic yet. To summarize the process,
first, a depth image is generated from an input image captured by a RGB camera and then a global
optimization method is applied to detect a human form in the depth image. Our method does not
employ the initialization process generally required for human tracking in other methods. After a
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human form is detected, prediction and update steps are performed continuously to track the detected
human form using a particle filter. The measurement information used in the update process is
computed by applying the graph-cut method. This rules out the need of the background subtraction
method (i.e., no use of background reference image), which is frequently used in other detection
methods. Therefore, we can say that this approach facilitates the use of existing surveillance systems
and provides a novel and universal fall detection method that enables fall detection in various
outdoor environments.

In the subsequent sections, we introduce the methods used and present the proposed method in
Section 2, show our experimental results in Section 3, and present the conclusions in Section 4.

2. Materials and Methods

Figure 1 shows the overall algorithm proposed in our study. When an image is received, the
algorithm converts the RGB color space into a HSV color space and applies histogram equalization to
the input image. This preprocessing alleviates the sensitivity to illumination changes [31]. A depth
image is then generated from the input image using a supervised learning technique. In the depth
image, a human form is represented as a cluster area having the same or similar depth, which
makes it easy to detect shapes and locations of the human. To automatically detect a human form
and initialize tracking, we use a global optimization method called particle swarm optimization
(PSO) that calculates the optimum size of a bounding box (window) enclosing the human and the
box location simultaneously. This information serves as the input for the foreground (inside) and
background (outside) information of the graph-cuts method, which helps detect a person and initialize
the parameters of an ellipse model, thus enclosing the human to be tracked. In the next step, the ellipse
(human) is tracked through iterative predictions and update steps of the Rao-Blackwellized Particle
Filter (RBPF). While tracking, our fall detection algorithm determines whether a fall occurs or not
by analyzing both 2D and 3D features of the ellipse model (human). Once the algorithm detects a
fall, our system raises an emergency alarm in case the duration of the subsequent no-motion phase is
prolonged. In the following flowchart, each step of the algorithm is explained.
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2.1. Supervised Learning Based Depth Extraction

Assuming that a general depth image is obtained through multiple cameras, a learning method
needs to be developed to obtain depth images using a single camera. In this study, we use the depth
estimation method introduced by [32]. The depth image of the input image is built by training various
monocular images taken in indoor and outdoor environments along with ground truth depth images
measured by the laser scanner. A depth image is derived from a discriminatively trained Markov
Random Field (MRF) for local and global features in combination with the individual and relative
depths that denote the depths between different points. Here we derive a depth image for a new
input image based on a training set that is composed of 425 individual images and depth image pairs.
The trained image resolution is 1704× 2272 and depth image resolution is 86× 107. The trained images
are of objects that we often encounter, such as forest, trees, buildings, roads, sidewalks, and so on.

Depth Estimation from Both Absolute Depth and Relative Depth Features

Two types of features, absolute and relative depth features, are required for each patch (e.g., T0–T4
in Figure 2) to estimate the scene global depth from a single image as seen in Figure 2. The entire
process can be summarized as follows. First, a feature vector (Ei(n)) for a patch is obtained through
the Equation (1) with a predefined filter F for the input image. Second, based on the feature vector,
the absolute depth features are computed with multiple spatial scales of the patch and its surrounding
patches as seen in the right-side of Figure 2. For instance, F0–F4, S0–S4, T0–T4 in Figure 2 are absolute
feature vectors obtained with different scales from a patch F0. Third, the relative depth features are
computed by the difference of the histograms (|yi − yj|) from each patch (yi and yj in Figure 2) on the
left-hand side in Figure 2 (see [32–34] for details).

Fn(x, y), n = {1, 2, . . . , 17},
Ei(n) = ∑(x,y)∈patch(i)|I(x, y) ∗ Fn(x, y)| (1)
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The scene global depth is finally obtained by a probability model (Equation (2)) integrating the
absolute depth and relative depth features.

P(d|X; θ, η) =
1
Z

exp

− N

∑
k=1

∣∣dk(1)− xT
k θr
∣∣

η1r
−

3

∑
m=1

N

∑
k=1

∑
l∈Nem(k)

|dk(m)− dl(m)|∣∣yijm
∣∣

 (2)
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where dk(m) represents the depth of patch k at three scales m = 1, 2, 3. Nem(k) denotes the four
neighbors of the patch k at scale m, N is the total number of the patches, xk is the absolute depth feature
vector, and yij is the relative depth feature vector for the patch k, θ, η are the learning parameters of the
model, and Z is the normalization constant. In Figure 3a, we see that a person is quite far from the
camera and (b) is close to the camera. Even though every depth image is obtained from a different
location and (b) is based in a more complex environment, these depth maps are obtained based on the
same training set. Both (a) and (b) represent the human part with almost the same depth value.
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2.2. Particle Swarm Optimization-Based Human Detection and Initialization for Tracking

2.2.1. Particle Swarm Optimization

The particle swarm optimization (PSO) method was designed for observing and simulating
collective behaviors, such as those of a flock of birds or school of fish [35]. For every iteration, PSO
allows the particles to progressively seek the optimal value. In other words, for each iteration we
calculate the fitness value for a group of variables in each of the particles and move towards the nearest
optimal value and continue this tightening pattern to progressively bring the particles closer to the
optimal value.

Vi(t + 1) = ωVi(t) + c1r1(PIB(t)− pi(t)) + c2r2(PGB(t)− Pi(t))
Pi(t + 1) = Pi(t) + Vi(t + 1)

(3)

where c1 > 0 and c2 > 0 represent the learning rate and are often set to the same value. r1 ∈ [0, 1] and
r2 ∈ [0, 1] are random values related to learning rate components andω is the inertia value. Vi(t + 1)
is the velocity of particle i, which indicates the difference between the optimal value and the fitness
value of each particle, hence the greater the difference from the optimal value, the higher the velocity
is and Pi(t + 1) is the position of particle i at time t + 1. PGB is the global best and represents the value
that is closest to the optimal value among all the particles. PIB is the individual best of each particle
and represents, historically, the closest position of the ith particle. Thus, PGB is updated when the PIB
of a particle is closer to the optimal value than PGB is. Consequently, PGB gets closer to the optimal
value with every iteration.
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2.2.2. PSO-Based Human Detection and Initialization

In a typical tracking study, the state vector is mostly initialized to a random value. However,
the closer the initial value is to the actual target, the faster the particle converges accurately to the
target. If there is a human in the depth image extracted from the Section 2.1, the depth values of the
human are almost the same. Therefore, in this study, we use the PSO method to discover the optimal
window size and position at which the variance of depth values of the window region is the minimum.
Since the window position and size can sufficiently enclose the human by the PSO method, the inside
and the outside of the window serve as the seed of foreground and background, respectively, to the
graph-cuts method [36]. This gives the initial value of the ellipse parameter for tracking the human.

argmin
w,h,x,y

f (Pi)

0 < x < Iw − Lw

0 < y < Ih − Lh

(4)

where f (Pi) = ∑w
i=0 ∑h

j=0 (I(x + i, y + j)− I) and Pi = {w, h, x, y}. The function f (Pi) is the objective
function to be minimized to find the optimum size (w, h) and location of the local window (x, y)
enclosing a human body shape. The symbols, w, h, x, y, indicate the window width, window height,
and the x and y coordinates of the center of the window, respectively. Iw, Ih and Lw, Lh denote the
image width and height and the window width and height, respectively. I(x, y) is the intensity value at
(x, y) and I is the mean of all pixels in the local window. Figure 4 shows the human detection process
using the PSO method. In the depth image, the region having the smallest variance is found and the
depth information in the region is used to expand the region. In this way, the final (red) rectangular
box is detected and the inside (foreground) and the outside (background) information are separated
from each other and used for the graph-cuts method.
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2.3. Rao-Blackwellized Particle Filter-Based Human Tracking

2.3.1. Rao-Blackwellized Particle Filter (RBPF)

Kalman filter and Extended Kalman filter are two representative estimation methods used for
object tracking using the Bayesian filtering method. They work on linear state space models and
non-linear state space models, respectively, and many estimation problems are solved using these two
filtering methods. However, these methods assume the Gaussian approximation, which may not work
in certain real-world scenarios. A sequential importance resampling algorithm is proposed to solve the
non-linearity and non-Gaussian problems. This algorithm first represents the posterior distribution of
the state vector using particles with weight factors. The resampling step then removes the low-weight
particles and duplicates the high-weight particles to reduce the variance [37]. The set of particles is



Appl. Sci. 2018, 8, 984 7 of 22

then reweighted and updated recursively. The Sequential Importance Resampling (SIR) algorithm [38]
produces the following filtering distribution. Equation (5) represents the filtering for a weighted set of
particles

{(
w(i)

k , x(i)k

)
: i = 1 · · ·N

}
.

p(xk|y1:k) ≈
N

∑
i=1

ω
(i)
k δ(xk − x(i)k ) (5)

Rao-Blackwellization refers to a kind of marginalization in which the parts that can be evaluated
analytically in the filtering equation are separately calculated and the remaining parts are calculated
using the Monte Carlo sampling method [39]. Thus, Equation (5) is divided into two parts, as shown
in Equation (6).

p(u0:k, x0:k|y1:k) = p(x0:k|u0:k, y1:k)p(u0:k|y1:k) (6)

where xk is the state, yk is the measurement, and uk is an arbitrary latent variable. Here, the first term
is analytically solved using a Kalman filter or an extended Kalman filter and the second term is solved
using the Monte Carlo sampling method.

p(u0:k|y1:k) ∝ p(yk|u0:k, y1:k−1)p(u0:k|y1:k−1)

= p(yk|u0:k, y1:k−1)p(uk|uk−1)p(u0:k−1|y1:k−1)
(7)

where we have used the Markovian property uk. Importance distribution can be used to obtain the
following weight recursion:

ω
(i)
k ∝

p(yk|u
(i)
0:k−1, y1:k−1)p(u(i)

k |u
(i)
k−1)

π(u(i)
k |u

(i)
0:k−1, y1:k)

ω
(i)
k−1 (8)

This is a mathematical formulation of RBPF [40].

2.3.2. RBPF-Based Human Tracking

Our aim is to model the shape of a person as an ellipse and to estimate the state recursively using
a state vector and an observation vector. The state vector and observation vector are defined as follows:

xt = (xc, yc, a, b, vx, vy, θ)T (9)

where (xc, yc) is the human position, (a, b) are half lengths of the major and minor axis of the ellipse,(
vx, vy

)
is the velocity in 2D Cartesian coordinates, and θ is the angle of measure of the ellipse’s

rotation with respect to the image x-axis. The points on the human contour from the binary image
obtained from the detection step are defined as an observation vector: yk = {xi, yi}, i = 1 · · · p where,
k is the time step, p is the number of points on the contour, and xi, yi are the x and y coordinates of
each point. In this study, an observation vector is defined as follows using 10 points:

yk =
{

yT
1 , yT

2 , yT
3 , yT

4 , yT
5 , yT

6 , yT
7 , yT

8 , yT
9 , yT

10

}T
(10)

The non-linear function h defines the general parametric ellipse equation given by:

h(xt) =

[
X(θ) = xc + a cos(θ) cos(ϕ)− b sin(θ) sin(ϕ)

Y(θ) = yc + a cos(θ) sin(ϕ) + b sin(θ) cos(ϕ)

]
(11)

where θ ∈ [0, 2π] and φ are angles with respect to the x-axis. The Jacobian of h is given by:
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H(xt) =

[
∂X(θ)

∂xt
∂Y(θ)

∂xt

]

=

[
1 0 cos(θ) cos(φ) − sin(θ) sin(φ) −a cos(θ) sin(φ) −b sin(θ) cos(φ)
0 1 cos(θ) sin(φ) sin(θ) cos(φ) a cos(θ) cos(φ) −b sin(θ) sin(φ)

] (12)

The likelihood function of the observations approximate to Gaussian density as follows [41]:

p(yt|xt) ∝ N(Dt; 0, σ2) =
1√

2πσ2
exp
{
− D2

t
2σ2

}
(13)

Dt is the Euclidean distance between the predicted observations of the target and true observations
yt obtained from the detection step, specified by the state vector xt. The standard deviation σ of the
Gaussian density [42] depends on the designer. Figure 5 represents the human tracking result based on
the RBPF algorithm at different locations. The upper images show the normal case during which the
subject does not fall throughout the duration of the scene and the lower images indicate the scenario
in which the subject falls during the scene.
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2.4. 3D Fall Detection

2.4.1. Feature Extraction

As described in the introduction, different features such as the ratio of minor axis to major axis,
area, head position, shape orientation, and 3D movement have been used in many fall detection
studies. Among the features, the vertical velocity is the most conspicuous feature when a fall is
detected, and also after the fall occurs, the motionless time is monitored to detect an emergency
situation [43]. In this study, we divide a fall event into five states and use adaptive features to
distinguish falling postures, such as front falling, back falling, and side falling from confounding
normal motions (squatting, sitting, and bending). We use three main features to classify the falling
event into five states.

• Silhouette features: for the ellipse model estimated by human tracking, features (orientation,
positions of major and minor axes) are extracted from the silhouette of a human.

• Depth features: depth values at the two distinct end points of the major axis of the ellipse model.
The depth values are generated by a supervised learning method [32–34].

• Velocity features: vertical velocity shows how the height difference changed during a certain
period. The velocity is calculated by measuring the height difference (Euclidean distance) between
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the top and bottom positions in a predefined time period (e.g., 5 frames in our study providing
a clear cue of the potential fall). In addition to this, we also use the gradient of the top and the
center positions to make a judgment of the no-motion phase.

2.4.2. Features-Based Fall State Classification

According to [2], a fall event is divided into four states: potential fall state, fall state, no-motion
phase, and normal state. In this study, we define an additional recovery state that comes before
returning to normal state after the emergency or fall state, so that the ending time of the emergency
state can be informed more quickly. We use adaptive features to accurately classify the current state as
seen in Figure 6. In the following, each state is described with necessary conditions to state transition
illustrated in Figure 15.

• Normal state: If the ratio of the height difference in the current frame hd(ck) to the height difference
in the normal state hd(nk) is larger than the value defined in Equation (14), it is judged to be the
normal state again. {

h̃d = hd(ck)
hd(nk)

> m ∗ θ + n, 0 ≤ h̃d ≤ 1

(m, n) = arg min‖L̂(θ)− L f all(θ)‖
(14)

• Potential fall state: The most important characteristic of this state is that a human loses balance
and the associated vertical velocity increases sharply. In our study, the potential fall state is the
state satisfying Equation (15) while tracking.

vv ≥ δ1 (15)

where vv is the vertical velocity and δ1 is a predefined threshold. If it does not enter the fall state
for a certain period, it returns to the normal state.

• Fall state: The fall state begins when the upper body of a person touches the ground and the
height difference between the top and bottom positions of the major axis are significantly different
from the normal state. From a technical point of view, 2D information is not enough to determine
a fall. Hence, we define three conditions, (16), (17), (18), that use both 2D and 3D features to
improve fall detection. To be considered as the fall state, all of the following conditions should
be met: {

h̃d = hd(ck)−hd(nk)
hd(nk)

> m ∗ θ + n, 0 ≤ h̃d ≤ 1

(m, n) = arg min‖L̂(θ)− L f all(θ)‖
(16)

b
a
> δ2, 0 ≤ δ2 ≤ 1 (17)[

dt

db

]
= 1 (18)

where hd(ck) and hd(nk) are the height difference between current frame ck and last frame nk
of the normal state. θ is the slope of the major axis of the ellipse model and m, n are the line
parameters of L̂(θ) (line at θ), estimated by the method of least squares with L f all(θ) (precomputed
line to a fall at θ) that was pre-calculated by pilot experiments. a and b are the major and minor
axes, respectively. The notations dt, db are the depth values at the top and the bottom positions,
respectively and δ2 is the predefined threshold. If any of the conditions are not satisfied, either
temporarily or permanently, it returns to the normal state.

• No-motion phase: This phase is a condition that indicates the motionless period of the human after
the fall state. To detect motion change in this phase, we use two gradient features, namely∇pt(ck)

and ∇pc(ck), they are the gradients at the top and center position. If these two gradient values
satisfy Equation (19), it is initially classified as no-motion and if this condition is continuously
satisfied over a period of τ frames, the fall state is judged as an emergency state.
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{
∇pt(ck) < δ3

∇pc(ck) < δ4
(19)

tnomotion > τ (20)

where τ is the threshold value that can be set arbitrarily according to the desired time. If the two
gradient values are greater than threshold values δ3 and δ4, the fall state changes to the next state
which is the recovery state.

• Recovery state: This is in complete contrast to the fall state and represents the state when the
upper body of a person rises from the ground and thus, the difference between the top or bottom
from the current frame ck to the frame nmk in no-motion phase or fk in fall state is the most
significant feature. If the previous state is the emergency phase, then, the state converts to a
recovery state if Equation (21) is satisfied. If the previous state is the fall state and the interval
between the current frame and the fall state start frame is greater than or equal to t, then the state
changes from the fall state to the recovery state under Equation (21).{

|pt(ck)− pt(nmk)|> δ5

|pb(ck)− pb(nmk)|> δ5
(21)

ck − fk > τ (22)

Here, δ5 is our predefined threshold. With either condition satisfied, the body enters the recovery
state from the previous state. All the states explained in the preceding sections are illustrated in
Figure 7.
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3. Experimental Results and Discussion

This section evaluates the performance of the proposed algorithm. For indoor fall research, testing
datasets are publicly available; however, it is difficult to find testing datasets for outdoor falls because
very little research has been done until now. We therefore recorded 38 testing video clips, consisting
of 4271 frames in total, at three different locations including both indoor and outdoor environments
with six people to evaluate our fall detection method. With the datasets, the performance in terms of
sensitivity, specificity, accuracy, and error was measured for a quantitative evaluation. The frame rate
of our testing dataset is 12 fps and the resolution of the images is 720 × 404 pixels. Video recording
was performed using a simple smart phone camera (iPhone 5s) and multiple camera angles were used.
A total of 27 fall scenes depict the falling postures, such as falling front, back, side (right and left),
and other motions based on the orientation of the fall. Eleven confounding scenes include sitting,
squatting, and bending, which are the motions that make it difficult to distinguish between a fall and
normal motion. Prior to the main experiments, we conducted pilot experiments to find the optimum
values of thresholds used for our algorithm with 24 separate datasets. We used the Matlab 2017 version
to simulate the fall detection algorithm.

3.1. State Analysis

First, we use the threshold value as the vertical velocity to detect the start point of the potential
fall period. The threshold value is the same for all scenes. This means that the pixel difference between
the top and bottom positions must be more than the predefined value, within the period spanning
12 frames, to begin the potential fall state. Figure 8 shows the vertical velocity feature used to detect a
potential fall state. When the vertical velocity meets a predefined threshold, the normal state becomes
a potential fall state. The end frame of the normal state is identified by detecting the start frame of
the potential fall state. The start frame of the fall state can be detected by measuring the change in the
height difference of the ellipse model.
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Figure 8. Vertical velocity and the corresponding threshold used to detect the start of the potential
fall state.

The plots of Figure 9 are an example of successful detection of the fall state near the 45th frame.
Note that the vertical axes of the two plots in Figure 9 are the height difference of the major axis of the
ellipse model and the ratio of minor axis to major axis, respectively. The ratio of minor axis to major
axis feature is also used to account for the changes in the length of the major axis due to the motions,
such as bending, squatting, and sitting. In the case of bending, the length of the upper body reduces
and, in the case of squatting, the length of the lower body reduces, consequently changing the length of
the major axis when confounding motion occurs. However, in case of a general fall, the ratio of major
axis to minor axis is almost always maintained. Therefore, we use these two features to detect the fall
start point accurately. The no-motion phase is defined as no movement after the fall state. Therefore,
in this state, the gradient values at the top and the bottom positions must be below the predefined
threshold. Figure 10 shows an example where the gradient is lower than the threshold (see the red
arrow between the 30th and the 50th frames). At the end of the no-motion phase, the most noticeable
feature is the movement of a human’s head or leg.
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Figure 10. Fall detection feature that is applied to detect no-motion phase.

In this study, the recovery state begins when the upper body is completely off the floor, which is
the case of the change in the top position above the predefined threshold. However, in the case of a
back fall, the position of the head is opposite to that in case of a front fall, so the change rate of the top
position and bottom position is observed differently depending on the slope of the fall. As shown in
Figure 11, the recovery state begins when the difference exceeds the threshold of the red arrow. If the
height difference in the current frame is closer to the height difference in the normal state, the recovery
state is changed to the normal state. The criterion used here is adaptively determined using the same
value that was used to determine the fall. Every state and feature is described in Figure 12. For the
evaluation experiments, we use optimized values for all of the thresholds (δ1 = 7, δ2 = 0.25, δ3 = 6,
δ4 = 4.5, δ5 = 26) gathered by pilot experiments. Velocity threshold δ1 refers to the commonly reported
fall velocity. Moreover, δ2 is the ratio of the minor axis to the major axis, which indicates how much the
shape of a person changes. Symbols δ3 and δ4 represent the threshold for the top and bottom position
gradient of the ellipse. These are the values that physically represent the movement of a person’s head
or leg in a gradient. δ5 refers to the transition threshold from the no-motion phase to the recovery state,
which indicates that there is a difference in head or leg height during the recovery.
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Figure 13 shows the depth values (top line) and the ratio (middle line) of the top and bottom
positions of the individual along with the 3D trajectory (bottom line) for the three cases. Figure 13a
represents the normal walking scenario, in which the subject is gradually moving away and coming
back again. Figure 13b demonstrates the scenario involving the side fall and Figure 13c represents the
scenario in which the subject falls in the camera view direction. Here, we use a depth image of the
background. This method differs from background modeling that is vulnerable to background changes.
However, this method does not need to update the background scene constantly because it only needs
just one depth map of a single background image including a CCTV wide angle. Moreover, it does not
need to use different background images over time. The human’s top and bottom positions, obtained
through human tracking, are assigned to the depth map of the background to extract the depth value
for those positions, which are then depicted by the graphs on the upper line in Figure 13. In a walking
scene, where a person moves away from the camera and close to the camera, the corresponding
depth values become smaller and larger, respectively. Moreover, in case of front/back and side falling,
the bottom position is almost the same. The difference between the bottom and top position becomes
larger in front or back falling cases. The depth values are depicted by the upper line of the graph
represented in Figure 13. The middle line of the graph is calculated by rounding off the ratio of the
depth values of the top to bottom positions. The state recorded as 1 is almost the same as that of the
actual fall and no-motion phase, which shows that reliable information can be obtained from the 3D
feature. The bottom line graphs represent 3D trajectories for human tracking. In the walking scene the
depth value changes naturally, and in the scenes containing the fall there are unique sections in the
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depth value. Therefore, fall detection can be improved by additionally using the depth information.
Table 1 lists the 3D mean error of scenes that include walking, side fall, front fall, and back fall.
The error is the difference between a 3D value estimated by our tracking algorithm and a real 3D value
measured with a ruler. This was possible since we found that there is a linear relationship between
the physical and estimated distance with a depth map generated from a single RGB image. More
specifically, the human’s bottom position is estimated through human tracking and the corresponding
depth value is obtained using the depth map, which is derived through the background image as
described in the preceding section. The real distance value is calculated through the depth versus real
distance graph. Calculating the error between algorithm output and the real value yields the error rate
shown in Table 1, which shows that our algorithm can provide reliable real distance values from a
single camera. The error interval is approximately 12 frames because we acquire 12 frames per second.
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Table 1. 3D mean error obtained from walking (Case 1), side fall (Case 2), front/back fall (Case 3).

Case 1 Error Rate (%) Case 2 Error Rate (%) Case 3 Error Rate (%)

Frame 1 12.6 Frame 1 5.6 Frame 1 8.9
Frame 13 6.9 Frame 13 16.5 Frame 13 0.1
Frame 25 12.1 Frame 25 12.5 Frame 25 18.2
Frame 37 3.8 Frame 37 3.1 Frame 37 11.6
Frame 49 2.1 Frame 49 3.9 Frame 49 5.3
Frame 61 10.5 Frame 61 3.1 Frame 61 6
Frame 73 7.6 Frame 73 4.4 Frame 73 6
Frame 85 5.4 Frame 85 4.4 Frame 85 5.8
Frame 97 10.3 Frame 97 4.4 Frame 97 5.8

Frame 109 18.4 Frame 109 6.3 Frame 109 5
Average 8.97 Average 6.42 Average 7.27
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Figure 14a shows the result of state classification based on the features obtained earlier, which is
similar to [44] in terms of fall severity levels from the normal to the emergency. The overall fall process
is divided into five states and, as mentioned previously, the prior state requirements have to be met
for moving onto the next state. When a person’s vertical velocity changes suddenly, the indicator of
the potential fall is turned on and the normal indicator is turned off. From this moment, the algorithm
observes whether the condition for going to the fall state is satisfied or not. If a fall does not occur for a
certain period, the normal indicator is turned on. If the fall indicator is turned on, we need to observe if
the fall is temporary or permanent. If there is no human motion for a prolonged period, the no-motion
indicator is turned on. The duration of the no-motion phase is monitored to raise the emergency signal
and the criteria for this duration may vary. When no incident of fall is detected, the state from fall to
recovery must remain zero. Figure 14b,c show the normal and fall indicators when confounding motion
occurs, such as sitting and squatting motion respectively. If the potential fall indicator is not turned on,
both the no-motion indicator and the recovery indicator are not turned on. The proposed algorithm
accurately judges these confounding motions as normal motion. Figure 15 shows the state transition
diagram for the fall detection process proposed in this paper. It shows how the change among normal
state, potential fall state, fall state, emergency state, and recovery state occurs under certain conditions.Appl. Sci. 2018, 8, x FOR PEER REVIEW  16 of 23 
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3.2. Evaluation of Fall Detection

The criteria for evaluation of our method utilizes well-known metrics in the fall detection
study [45].
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Sensitivity = TP
TP+FN

Speci f icity = TN
TN+FP

Accuracy = TN+TP
TN+TP+FN+FP

Error = FP+FN
TP+TN+FP+FN

(23)

True Positive (TP): A fall occurs, the device detects it.
False Positive (FP): The device announces a fall, but it did not occur.
True Negative (TN): A normal movement is performed, the device does not declare a fall.
False Negative (FN): A fall occurs but the device does not detect it.
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3.2.1. Fall Detection on Representative Scenes

Figure 16 shows some representative scenes of datasets used in the evaluation experiment. The first
three images in Figure 16 show a normal walking, side fall, and front fall scene from the left. The next
three images are a squatting, bending, and sitting scene from the left. Experimental results evaluated
with the metric (23) are summarized in Table 2 with respect to the sensitivity, specificity, accuracy, and
the error rate of the representative scenes in Figure 16. Ground Truth in Table 2 indicates the manually
recorded frames to test whether it detects falls accurately or not. The term ‘No alarm’ means that the fall
indicator is not turned on. The sensitivity and specificity rate obtained from the experiment are similar
or higher than those obtained in other studies for indoor fall detection. We cannot directly compare our
results with others since our study focuses on an outdoor environment. However, these results (overall
99.1% success and 0.9% error) demonstrate that our algorithm is a promising approach for fall detection
in an outdoor environment. Moreover, Figure 17 shows the tracking results for each case presented in
Figure 16. Our algorithm can successively track all the cases from top to bottom.

Table 2. Classification result of our system for representative scenes.

Person Case Our System Ground Truth Sensitivity (%) Specificity (%) Accuracy (%) Error (%)

A Bending No alarm No alarm

97.3% (Avg.) 99.5% (Avg.) 99.1% (Avg.) 0.9% (Avg.)

B
Side fall 52–96 52–95

Front/back fall 54–100 55–98

C

Side fall 52–110 49–109
Sitting No alarm No alarm

Bending No alarm No alarm
Squatting No alarm No alarm

D

Sitting No alarm No alarm
Side fall 38–71 36–70
Walking No alarm No alarm
Bending No alarm No alarm

Squatting No alarm No alarm
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3.2.2. Fall Detection in Various Fall Scenes

To verify our method more quantitatively, we tested all the datasets (38 videos consisting of
4271 frames in total) including confounding scenes and several normal walking, sitting, and standing
scenes that might increase errors. Table 3 represents the numerical results of the experiments. It is
observed that the accuracy is slightly lower than the results presented in Table 2, which is sufficiently
outstanding to detect various fall postures on the street. Additionally, we performed an experiment
with the appearance of several people in one scene to measure the robustness of the fall detection
algorithm, and the results showed successful fall detection of a single target person in the presence of
multiple other people (two to four) without losing tracking as shown in Figure 18.

Table 3. Classification result of our system for all experiments.

TP TN FP FN Sensitivity (%) Specificity (%) Accuracy (%) Error (%)

977 2106 27 44 95.7% 98.7% 97.7% 2.3%
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3.3. Robustness to Illumination Variations

This study focuses on fall detection in an outdoor environment using equipment such as CCTV
cameras. Therefore, the tracking algorithm needs to be robust against illumination changes in
an outdoor environment to ensure optimum performance of the algorithm. Therefore, we tested
our method by artificially controlling the intensity values of images of testing datasets to simulate
illumination changes and then evaluated the accuracy of the tracking. Figure 19 shows a set of testing
images simulating illumination changes from −30 pixel (slightly darker) to −150 pixel (darkest).
In Figure 20, each line shows the tracking results with the testing images for each scene, respectively.
As seen in the images, our tracking algorithm can accurately track a human’s state in the darkest image.
Table 4 presents the tracking success rate and fall detection success rate when experimenting with four
illumination changes. As changes in artificial illumination cannot adequately represent illumination
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changes in real environments, we also conducted tracking experiments with illumination changes in
real environments. Figure 21 shows the tracking results at 12 pm and 6 pm. Sunset time is 6 pm in
Korea and it is darker than when artificially subtracting 150. However, in this case, the ellipses more
accurately represent the human, which means that artificially subtracting intensity value causes more
information loss in the image than the actual illumination change. Therefore, in real environments, this
algorithm can track people more accurately. Hence, we can confirm that this algorithm works robustly
with changes in illumination, which is an important variable for an outdoor environment. Moreover,
it is expected that the proposed method will be able to utilize the fall detection algorithm successfully
in outdoor environments, considering it is more difficult to track black clothes in a dark environment.
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Table 4. The success rate with respect to synthetic illumination change.

Case/Pixel 30 60 90 120 150 Success Rate

Tracking Success Success Success Success Success 100%
Fall detection Success Success Success Success Success 100%

4. Conclusions and Future Work

In this study, we propose a new approach for fall detection in an outdoor environment. There are
two main contributions that our study makes. First, we developed a new fall detection algorithm that
works accurately, even with a single camera, in an outdoor environment. Second, our method shows a
new approach that combines 2D and 3D features of a depth image generated by a supervised learning
method from a single RGB image to significantly improve fall detection in an outdoor environment.
Our approach is a promising development, because we can use 3D information without using a
special camera, such as the Kinect sensor, a depth sensor, or a multiple camera system. In addition,
our method performs human detection using the particle swarm optimization method to locate the
area of minimum variance on the aforementioned depth image. Consequently, this method solves the
initialization problem mainly encountered in previous tracking studies.

Furthermore, it can be said that the rapid changes in the background and considerable variation
in illumination of an outdoor environment makes it is difficult to use the depth camera to perform
segmentation smoothly. However, in this study, we successfully performed fall detection studies in
various outdoor environments due to the fact that we do not use the background reference image
for segmentation; one of the only requirements of this study is a depth image taken with a normal
RGB camera. Moreover, in this study we experimented with several illumination changes to establish
the accuracy of the algorithm. Through various experiments, we showed that the proposed method
robustly detects falls in complex environments and that the tracking algorithm used in this study works
accurately even when the illumination changes, suggesting the possibility of using it in surveillance
systems of outdoor environments. For future work, we plan to carry out fall detection research in
an outdoor environment comprising of more than one person, multiple cars, and many other objects
that are intricately intertwined. The final research goal is to construct a social safety net based on
surveillance systems to detect multiple people and multiple falls that simultaneously occur within a
single scene.
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