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A fall detection method based on depth image analysis is proposed in this paper. As differ-
ent from the conventional methods, if the pedestrians are partially overlapped or partially
occluded, the proposed method is still able to detect fall events and has the following advan-
tages: (1) single or multiple pedestrian detection; (2) recognition of human and non-human
objects; (3) compensation for illumination, which is applicable in scenarios using indoor
light sources of different colors; (4) using the central line of a human silhouette to obtain
the pedestrian tilt angle; and (5) avoiding misrecognition of a squat or stoop as a fall. Accord-
ing to the experimental results, the precision of the proposed fall detection method is 94.31%
and therecallis 85.57%. The proposed method is verified to be robust and specifically suitable
for applying in family homes, corridors and other public places.

© 2014 Elsevier Ireland Ltd. All rights reserved.

1. Introduction

The accidental fall is a common high-risk injury, especially
with regard to the elderly and the physically disabled. There-
fore, communities for the elderly, hospitals and other public
places are becoming required to install fall detection systems.
The most common fall detection techniques can be divided
into two types. The first type is such that the pedestrian wears
at least one sensor which gathers the information related
to changes in the posture of the user. Then, the fall event
is judged according to the acquired information of wearable
sensors [1-6]. Abbate et al. [7] designed a fall detection sys-
tem embedded in a smart phone, and thus the smart phone
could detect walking, falling and lying down events. However,
the wearable sensors may inconvenience the movement of
the elderly and the physically disabled. Moreover, if the user
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forgets to wear the sensors, these methods are completely
ineffective.

The second type is the visual surveillance. The two-
dimensional (2D) images are captured by a monocular camera,
and are used for detecting whether the pedestrian has fallen
through the image processing technique [8-13]. Liao et al.
[14] combined the features of pedestrians with a Bayesian
Belief Network model to detect slip-only events and fall
events. However, when more than two pedestrians are par-
tially overlapped, the above 2D methods are likely to cause
misjudgments or even completely inapplicable. The depth
camera systems [15-19] can be used for solving the occlu-
sion problem. The stereo vision techniques of multi-cameras
[16,17] have been proposed for fall detection, but the resulted
computation is often huge. The fall detection system based on
a Time-of-Flight sensor [18] provides the precise depth infor-
mation and the guaranty of people privacy, while the system
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setup is very expensive. Rougier et al. [19] obtain the pedes-
trian centroid height relative to the ground by a structured
light sensor (Microsoft Kinect [20]) for detecting falls, but the
proposed algorithm is only suitable for detecting a single per-
son and cannot recognize a fall from brutally sitting down or
squatting.

Therefore, this study proposes a fall detection technique
using the Kinect sensor, which is low cost, so as to improve
the above drawbacks. By analyzing the captured depth images,
the proposed method identifies a single pedestrian or mutu-
ally overlapped pedestrians, and determines whether each
pedestrian has fallen. As different from the ellipse fitting
technique [14,21], a simplified algorithm of human shape anal-
ysis for calculating the pedestrian tilt angle is proposed. In
addition, some suitable solutions which can be integrated
with the proposed method to enhance the people privacy
are also discussed in Section 2. According to the experimen-
tal results, the proposed method can distinguish falls, squats
and other highly similar motions, thus, avoiding the misjudg-
ments effectively.

2, Methods of fall detection for multiple
pedestrians

2.1. Foreground extraction and overlapped object
segmentation

As the position of the depth camera is fixed, a depth image of
the background is built first, so that each of subsequent depth
images can be subtracted from this background image. This
allows the system to segment the foreground and background,
and the segmentation results can be expressed as a binary
image (Fig. 1):

255, - >T
Gay = |2 ~ 2w =Th (1)
0, ’ZXy — ZXy(b)‘ < Tb

where gyy is the gray value of pixel (x,y) in the binary image;
Zyy(v) is the depth value of pixel (x,y) in the background image;
Zyy is the depth value of pixel (x,y) in the ith frame; Ty, is the
binary threshold of depth value.

The segmentation results of Eq. (1) are more accurate than
using the color image; the error resulting from the foreground
and background colors being too similar can be avoided.

There may be overlapped objects in any isolated area of the
foreground, as shownin Fig. 1 (point cloud data). Therefore, the
concept of clustering is used to segment overlapped objects:

Step 1 The depth value of every pixel in the isolated area is
sorted in ascending order to obtain a depth sequence.
The differences Djq, Dso,. .., Dji—1)- - -» Dnin-1) between
two consecutive depths in the sequence are calculated,
where n denotes the total number of pixels in this iso-
lated area.

Step 2 Ignore the zero differences, and let the average value
1 of the minimal non-zero difference and the maxi-
mal non-zero difference be the initial threshold. All the
non-zero differences are divided by u into two groups.

Those smaller than p are the first group and the aver-
age value u1 is calculated; those greater than or equal
to u are the second group and the average u, is cal-
culated. Last, the new threshold ppew = (1 + n2)/2 is
calculated. If i is equal to ppew, ¢ is the depth thresh-
old for segmenting overlapped objects; otherwise, let
1= unew and repeat this step until © converges.

Since there may be a slight depth gap in the pixels of a sin-
gle object, a threshold T is set, and T. =30 (mm) in this paper.
T. denotes the minimum distance between two overlapped
objects that need to be segmented. If u < T, it is not necessary
to segment this isolated area. However, if 4 > Tc and Dy;_1) > i,
as shown in Fig. 2(a), this isolated area contains two over-
lapped objects. The pixels with a depth value less than or equal
to the (i — 1)th depth value in the sequence are regarded as one
object, while the pixels with depth value greater than or equal
to the ith depth value in the sequence are regarded as another
object. The segmentation of overlapped objects is shown in
Fig. 2 (b). This method is also applicable to the segmentation
of more than three overlapped objects.

2.2. Human object detection

After segmentation, if any object has enough skin colored pix-
els, the objectis recognized as a pedestrian. To avoid the result
of skin color detection being influenced by a non-white light
source, the illumination compensation should be taken before
skin color detection. According to the Gray World Assumption
[22,23], the average values of R, G and B components of an
image without color deviation should be very close to each
other. Therefore, if the image fails to meet the above condi-
tion, the R, G and B components of every pixel are corrected
to:

255, Ryy>Rss,
Ry = 2)
y 255
Rxy % Rxy < Rsy,
Y " Rew Xy
255, Gxy>Gss,
Gy = 255 3
xy X @ ny < G_r,%
255, Byy>Bsy,
By = 255 (@)
xy X @ Bxy < Bsy
where R, G}y and B}, are the R, G and B components of pixel

(x,y) after compensation; Ryy, Gxy and Byy are the R, G and B
components of pixel (x,y) before compensation; Rse, Gs, and
Bsg, are the lower bounds of the top 5% R, G and B components
of the image.

The silhouette of each object is corresponded to the color
image after illumination compensation, and the nonlinear
skin color detection method from Ref. [23] is used to calcu-
late the number of skin colored pixels of each object (see [23]
for details). As long as an object has a skin colored area of
10% or over, it is recognized as a pedestrian and labeled with
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Fig. 1 - Foreground extraction using depth images.
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Fig. 2 - (a) Process of depth value clustering and (b) result of overlapped objects segmentation.
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Fig. 3 — Process of human object detection.

a specific color for tracking; otherwise, it is ignored, as shown
in Fig. 3.

2.3.  Human object tracking

The three-dimensional (3D) centroid of each pedestrian in the
real world coordinate system is calculated for object tracking.
Since the definition of a real world coordinate system is dif-
ferent from the definition of the projective coordinate system

be FOV}, (degree). Take the XZ plane as an example, following
the concept that the depth value zyy, of any pointin a real world
coordinate is equal to that in projective coordinates, as shown
in Fig. 4(b). The 3D centroid of a pedestrian in the real world
coordinate system can be derived as:

X = (% —O.5) X Zyy X 2 tan (FOVh)

of the captured image, and the units of X- and Y-axis are also y FOV, )
. . . . . y =(05—%) xzxy x2 tan
different, as shown in Fig. 4(a), the 3D centroid of pedestri- h y 2
ans must be converted before tracking. Let the vertical field of ,
view of camera be FOVy, (degree), and horizontal field of view Z=%y
z=0 0,0, z,
4 | ( ‘z\y) Z+ (mm) b
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Fig. 4 - (a) Difference of the real world coordinate system and the projective coordinate system and (b) correlation of two

coordinate systems in XZ plane.
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Fig. 5 - Flowchart of the proposed fall and squat detection
method.

where (X', ¥/, z') is the pedestrian centroid of real world coordi-
nate system; (X, y, Zxy) is the pedestrian centroid of projective
coordinate system; w x h is the image resolution.

Every pedestrian centroid of previous frame will be mapped
to the current frame according to the shortest distance
between two centroids. The owner of a specific pair of cen-
troids is regarded as the same pedestrian in the consecutive
images.

2.4. Fall and squat detection

To avoid misjudging stoop and squat motions as falls, the
flowchart of proposed fall and squat detection method is illus-
trated in Fig. 5. The required features are calculated and saved
continuously after tracking.

2.4.1. Large vertical motion event
During the course of a fall, the y coordinate y. (the projective
coordinate is directly used) of a pedestrian centroid forms an
increasing sequence. The starting point (y.() of this sequence
is the moment when the fall begins and the end point (y.()) of
this sequence is the moment when the fall ends, as shown in
Fig. 6. The images at these two moments are used to judge the
occurrence of every event in Fig. 5.

When the following two equations are satisfied at the same
time, this means a large vertical motion event occurs:

H
Yee) — yc(S)Z% (6)

H
Hi) - H(e)i% )

where y. denotes the centroid y coordinate when the
pedestrian starts falling; y.) denotes the centroid y coor-
dinate when the pedestrian ends falling; Hy) denotes the
silhouette height when the pedestrian starts falling; Hy,
denotes the silhouette height when the pedestrian ends
falling.

Egs. (6) and (7) show that only if the pedestrian centroid has
obvious vertical displacement and the pedestrian silhouette
height has clearly changed, the occurrence of a large vertical
motion event is identified. This event implies that someone
probably has fallen. Then, it is required to be recognized as a
fall event or squat event; otherwise, the proposed system does
not execute fall detection. Note that Eq. (6) will not be satisfied
when a pedestrian stoops, and Eq. (7) will not be satisfied if a
pedestrian only walks vertically in front of the camera, hence
avoiding other misjudgments.

2.4.2. Fall event

An initiated ray starts from the pedestrian centroid C(xc, yc)
towards the edge of a human silhouette and is rotated by fixed
angle 0 each time for 360° scanning, as shown in Fig. 7(a). The
equation of any initiated ray is:

Xe =Xc+7T1 COS 0
(8)

Ye=Yc+T sino

where E(X, Ve)E is the sampled edge point that initiated ray
passes through; r>0; 0<6 < 2x.

The two initiated rays at angles 6 and (6 +180°) are com-
bined into a straight line, the equation of this straight line can
be expressed as ye =X.tand + (y. — xctané). The minimum dis-
tance d between a sampled edge point and this straight line is
calculated as:

Xe tan 6 — ye + (yc — Xc tan 6) 9
s 7 ©)

d 1
(tan? 0 41

where the range of  becomes (0,].

The distances between all the sampled edge points and
the straight lines corresponding to different ¢ are summed
up, and the straight line of a minimum sum is defined as
a central line. The angle between the central line and Y-
axis is defined as the pedestrian tilt angle ;. It is worth
pointing that the precision of the derived pedestrian tilt
angle depends on the value of selected 9, and 6=5° in this
paper.

The tilt angle 6,5 when the pedestrian begins to fall
and the tilt angle 6;, when the fall ends are determined,
as shown in Fig. 7(b). When 6y, —6y5 =Ty, a fall event is
identified. Where T; is a preset threshold, and T;=45° in
this paper. Otherwise, the squat event detection will be
executed.

2.4.3. Squat event

Sometimes a pedestrian may fall backward directly onto the
ground, this kind of fall motion is very similar to a squat.
However, a squat is an autonomous motion. In general, a
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Fig. 6 - Y-axis position of pedestrian centroid during falling.

pedestrian squats more slowly than they fall. For this rea-
son, when a large vertical motion event occurs whereas
and a fall event does not occur, the pedestrian may squat
or fall backward onto the ground. The vertical velocity of
pedestrian centroid v. in the period from the beginning of
the pedestrian fall to the end of the fall in Fig. 6 is calcu-
lated. When v.>Ty, a fall event is identified. Where Ty is
a preset threshold, and T, = 12 pixels/frame in this paper.
Otherwise, the pedestrian just squats and a squat event is
identified.

Start falling

3. Experimental results and discussion

3.1.  Experimental setup of the proposed fall detection
method

TheKinect sensor is adopted for acquiring the depth images in
this study, and the depth information is estimated through the
projected infrared structure light (see [20] for details). The res-
olution of the captured images is 640 x 480, and the average

End falling

Fig. 7 - (a) Sampled edge points of human silhouette and (b) the obtained tilt angles for fall event detection.
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Fig. 8 — The results of proposed segmentation and tracking steps in a complex background.

processing rate of proposed system is 10-15 fps. After over-
lapped object segmentation, if a same object meets the rules
of Section 2.2 in 10 consecutive frames, this object is identified
as a pedestrian. Each pedestrian is tracked with the 3D cen-
troid in the real world coordinate system, and the features xc,
Y¢, H and 6; are continuously recorded. An example of how the
proposed segmentation and tracking steps react in a complex
background is shown in Fig. 8. Once a large vertical motion
event is identified, the features of a pedestrian begins to fall
and ends falling are used to detect fall events and squat events.

For surveillance purpose, a wall-mounted setup is usually
adopted for its good effect of limiting the occlusions. While
in some scenarios of the following experiments, the Kinect
sensor is also mounted closer to the ground plane, in order to
verify the ability of proposed method for detecting the falls of
the occluded or overlapped pedestrians. In each experiment,
two important factors are used to evaluate the accuracy of the
proposed fall detection method:

.. tp
P = —— x 100% 10
recision ot x (10)
tp
Recall = 100% 11
eca o X % (12)

where tp (true positive) denotes the number of fall events
or squat events detected in the experiment and which actually
occurred,; fp (false positive) denotes the number of fall events
or squat events detected in the experiment but did not occur,
i.e. false alarms; fn (false negative) denotes the number of fall
events or squat events not detected in the experiment but did
occur.

Note that a higher precision represents a lower probability
of misjudgments, and a higher recall implies that the detected
omission will occur less likely.

3.2.  Experimental results and details of the automatic
fall detection

Five cases were simulated in different scenarios including
the home-like environments and the corridors to validate the
accuracy of the proposed method, and various motions such
as forward falls, backward falls, sideward falls, squats, stoops
and sitting down actions were tested. In every case, multiple
pedestrians are detected according to the algorithm of Fig. 5,
and the conditions of the overlapped pedestrians with and
without occlusion are specifically analyzed in Case #3 and #4.
The status of each pedestrian in the scenario is highlighted
with different colored bounding rectangles (fall detection for
multiple pedestrians), i.e. the fall event is labeled with red,
the squat event is labeled with green, and the normal state is
labeled with white. The experimental results of five simulated
cases are illustrated as follows:

Case #1: Two non-overlapped pedestrians fall forward, fall
backward, squat, stoop and sit down.

This case is used to illustrate that the proposed fall detec-
tion method is applicable to non-overlapped pedestrians,
as shown in Fig. 9(a). By the proposed method, a fall event
can still be detected successfully in a complex background
according to Fig. 9(b). Note that Egs. (6) and (7) are not sat-
isfied at the same time when the pedestrian stoops, squats
or sits down, hence these motions will not be misjudged as
a fall event, as shown in Fig. 9(c) and (d). The experimental
results of Case #1 are shown in Table 1.

Case #2: A yellow light is used as the source of indoor illumi-
nation.

In the case of non-white lighting, the illumination com-
pensation is applied to the color image so as to guarantee
the accuracy of skin color detection results. Fig. 9(e) shows
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Fig. 9 - (a) A fall event of a non-overlapped pedestrian in the corridor is detected, (b) a fall event of a non-overlapped
pedestrian in the complex background is detected, (c) the stoop motions are not misjudged as the fall events, (d) the sitting
down actions and the squat event are not misjudged as the fall events, and (e) the color images before and after
illumination compensation.

Table 1 - Experimental results of Case #1. Table 2 - Experimental results of Case #2.

Number of Number of Number of Number of
fall events squat events fall events squat events
Ground truth 14 6 Ground truth 25 9
tp 14 6 tp 23 9
fp 0 0 fp 0 2
fn 0 0 fn 2 0
Precision 100% 100% Precision 100% 81.82%

Recall 100% 100% Recall 92% 100%
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Table 3 - Experimental results of Case #3.

Number of
squat events

Number of
fall events

Table 5 — Experimental results of Case #5.

Number of
fall events

Ground truth 9 8
tp 9 8
fp 0 0
fn 0 0
Precision 100% 100%
Recall 100% 100%

Ground truth 36
tp 26
fp 4
fn 10
Precision 86.67%
Recall 72.22%

the image before illumination compensation and the results
after illumination compensation. According to Fig. 9(e), this
method can avoid misjudging the non-human object as a
pedestrian under the yellow light. The experimental results
of Case #2 are shown in Table 2.

Case #3: One of the overlapped pedestrians who is not
occluded falls and squats.

When two pedestrians are partially overlapped, the pedes-
trian closer to the camera is not occluded; this case is used
to evaluate the fall detection effect under the above con-
dition. As long as the distance between the pedestrians is
larger than the depth resolution of the camera, the over-
lapped pedestrians can be successfully segmented through
the method in Section 2.1, and the status of each pedes-
trian in the scenario is individually recognized, as shown
in Fig. 10(a). Another example containing multiple detected
events in a home-like environment is given in Fig. 10(b), and
the experimental results of Case #3 are shown in Table 3.
Case #4: A partially occluded pedestrian falls and squats.
When the pedestrians are overlapped and the occluded area
is not large, the proposed method is still accurate, as shown
in Fig. 10(c). However, if the occluded area is too large, the
pedestrian cannot be recognized as a human object, this
may lead a detection failure. Sometimes the Kinect sensor
feeds back abnormal background depth values, resulting in
an incorrect object segmentation result which will cause a
false alarm, as shown in Fig. 10(d). The experimental results
of Case #4 are shown in Table 4.

Case #5: One of the overlapped pedestrians falls sideways.
As the field of view of camera is parallel to the falling direc-
tion of pedestrians, i.e. when the camera is mounted closer
to the ground, and a pedestrian falls sideways, the variance
in 6; may be very small. In such a case, the determination of
a fall event and squat event depends on the vertical velocity
Uc of the pedestrian centroid. A successfully detected side-
ward fall is shown as Fig. 10(e). While using a wall-mounted
camera, the sideward fall can still be detected through the
variance of the pedestrian tilt angle, as shown in Fig. 10(f).
Note that if a pedestrian falls sideways overlapping another

pedestrian and the distance between the two persons and
the camera is too close to the maximal detection distance,
the two pedestrians are possibly misjudged as the same per-
son due to the poor depth resolution at the region too far from
the sensor, and the fall event cannot be detected correctly.
The experimental results of Case #5 are shown in Table 5,
and the experimental results of five cases are summarized
in Table 6.

3.3.  Discussion of the experimental results

The proposed system is much simpler for installation and cali-
bration than the multi-cameras system [16,17], and can obtain
the depth images of higher resolution than a Time-of-Flight
sensor [18] with a lower cost. When comparing with Ref. [19],
the proposed method is able to segment the overlapped pede-
strians and then detect whether each pedestrian has fallen
separately; while the method in Ref. [19] simply segments the
foreground object from the background image without further
checking the overlapping situation, and is only applicable to
the scenario with a single pedestrian. Moreover, the proposed
technique of calculating the pedestrian tilt angle is simpli-
fied and straightforward. In comparison with the ellipse fitting
method [14,21], the processing time can be reduced by adjus-
ting the value of 6.

According to the experimental results, the proposed fall
detection method has good accuracy, not only overcoming
the problem of pedestrian overlapping and occlusion, but
also having applicability in scenarios involving indoor light
sources of different colors. The result of squat event detec-
tion verifies that the proposed method can recognize the falls
from the similar motions robustly and thus avoiding misjudg-
ments. In addition, the proposed method can be modified
simply to preserve the pedestrian privacy by only displaying
the colored mask (e.g. Fig. 8) as the detected results. Other
image processing techniques [24] such as blur, silhouette,
or bounding-box can also be integrated with the proposed
method to fulfill the goal of privacy enhancements.

Table 4 - Experimental results of Case #4.

Number of Number of
fall events squat events

Table 6 - Experimental results of Case #1-5.

Number of Number of
fall events squat events

Ground truth 13 5
tp 11 4
fo 1 0
fn 2 1
Precision 91.67% 100%

Recall 84.62% 80%

Ground truth 97 28

tp 83 27

fo 5 2

fn 14 1
Precision 94.31% 93.1%
Recall 85.57% 96.43%
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Fig. 10 - (a) A fall event in the scenario of multiple pedestrians is detected, (b) a fall event and a squat event are detected
simultaneously, (c) a fall event of a partially occluded pedestrian is detected, (d) a false alarm due to the returned depth error
of background, (e) a sideward fall is detected through the vertical velocity of the pedestrian centroid, and (f) a sideward fall

is detected through the variance of the pedestrian tilt angle.

It should be noted that one of the main limitations of Kinect
sensor is the depth resolution declines as the detection dis-
tance increases, in other words, the depth information is not
always accurate for regions far from the sensor. The maximal
detection distance of accurate depth information is suggested
to be 5 meters after several tests. Another intrinsic limitation
is the view of the depth image is adjusted to be consistent
with the color image through view correction, thus the depth
of boundary pixels in the depth image cannot be correctly
retrieved. While in general, the precision and recall of pro-
posed method are not affected severely by these boundary
pixels. Only when the pedestrian falls exactly at the boundary
region of the captured image, the abnormal depth values may
possibly lead to a misjudgment.

4, Conclusions

In this paper, the depth image and color image were ana-
lyzed to detect fall events and squat events, especially in cases
where pedestrians are partially overlapped and occluded. The
pedestrian tilt angle was obtained by searching the central line
of a human silhouette and was used as a main feature for
fall detection. The vertical velocity of a pedestrian was also
used to determine fall events and squat events. According to
the experimental results, the proposed method demonstrated
the ability to effectively avoid misjudging squat and stoop
motions as falls, and the fall detection precision and recall
are good when the pedestrians were overlapped and occluded.
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The proposed algorithm can be easily implemented for other
applications using a different camera with proper depth reso-
lution and depth detection distance.
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