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ABSTRACT

About one third of all people aged 65 and above will accidentally fall during one year. A fall can have severe consequences,
such as fractures, and a fallen person might need assistance at getting up again. A lot of research has been dedicated into
the development of automatic fall detection methods during the recent years. These automatic methods are created to
detect falls so an alarm can be raised and help can come.

In this thesis, a part of a fall detection system for a household robot aimed at helping the elderly is developed. The
system is able to classify human pose from a silhouette in an image. By associating the pose “lying down” with a fallen
person, the system can be used for fall detection. The algorithm is based on an image analysis feature called shape
contexts. These shape contexts describe distributions of edge points by binning them into polar histograms. Altough the
dataset used for training contains falls in many difficult angles, the algorithm classifies falls correctly for 97 % of a set of
unseen images.
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Chapter 1
Introduction

As humans become old, their bodies weaken and the risk of accidental falls increases. There are many kinds of falls that
can occur, e.g. an elderly person might fall while walking down a staircase or trying to sit down in a chair that turns out
not to be there [7]. Statistically, about one third of those aged 65 and above experience a fall during one year [17, 20]
and falls are also the reason for more than 90 % of hip fractures among elderly in the United States [17]. Moreover, an
elderly and possibly injured person might not be able to get back up again after a fall, due to either fractures or declining
muscular activity [14, 40]. The dangers of remaining on the floor for a long time after a fall include pressure sores and
dehydration, even death [14]. In addition, further consequences of falls can also be psychological, such that the fear of
another fall limits the activities a person chooses to perform [17, 40].

The dangers associated with not being able to get up are for obvious reasons greater for elderly people living alone,
than for those living with their spouse or if their home is frequently attended by elder care nurses. As the population
of elderly is increasing dramatically in almost all countries of the world [46], having very frequent nurse visits is not a
feasible option for monitoring of falls. A better solution that is used widely today is to provide wearable call alarms for
the elderly. Unfortunately, many elderly forget to wear the alarms or are hesitant to use them, even if they have fallen.
The reasons include a will to be independent and fear of being taken into hospital [14]. Hence, there is a need to develop
automatic fall detection systems that are able to either raise the alarm or help the fallen person to get back up safely.

This thesis describes methods for detecting if a person in a digital camera image has fallen. It also covers results of a
promising detection method. The result will contribute to the development of an automatic system that uses cameras for
providing safety and thereby increased well-being and independence for the elderly.

1.1 Motivation

During the recent years, a lot of work has been done on detecting falls using a wide range of sensor types, including
pressure [42], acceleration [7, 9, 31] and sound [24, 41] sensors as well as depth field cameras [23], infrared [42] and
visible spectrum cameras [3, 5, 8, 11, 16, 22, 28, 30, 32, 33, 36, 47, 50]. The vision-based systems that use cameras
have important benefits over the other ones. For instance, the wearable accelerometers that associate a high vertical
acceleration with a fall are good detectors, but occasionally elderly people forget to wear them [5, 11, 15, 36]. In contrast,
a camera can monitor the elderly at all times even if they forget about the existence of the security system.

Another advantage of a vision-based system is that it provides a lot of data for the detection algorithm to analyze. By
using a combination of the images from the actual fall and from the following events, it can be possible to determine not
just that a fall has occurred but also to classify how serious the fall was. As an example, camera images clearly show if
the person is able to get up again after the fall or not. Other sensors such as accelerometers cannot differentiate between
the severity of these two cases as easily. In addition, if an accelerometer based system fails at detecting a fall, it has no
second chance at detecting a fallen person.

Automatic systems that make use of cameras are also important from a privacy aspect [3]. The captured images can be
processed locally and then be removed immediately after analysis, unless some abnormal activity is detected [11, 32].
Abnormal activities include falls, and in case one is detected, that image can be sent to a human operator who will choose
whether to raise the alarm or not. Such a combination of human and machine knowledge leads to a system that yields a
good compromise between providing security for the elderly and still preserving their privacy.
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1.2 Objective
The goal of this thesis is to investigate methods that can differentiate between various types of human poses, to be used in
a future automatic system for fall detection. Specifically, the system should be able to decide whether a person in the
image has fallen and might need assistance or not. This system is constructed to be a part of a household robot that will
aid an elderly person in his or her home. An important feature of such a machine is to detect emergencies, such as falls in
the home environment, and raise the alarm if these unusual and possibly dangerous events happen.

1.3 Limitations
This project covers methods for detecting a fallen (i.e. lying) person in still images, where it should be possible to use the
resulting method on a future household service robot. Other features of such a robot are not investigated, such as the
design of the robot or how it will interact with humans.

The fact that the system will eventually be mounted on a moving robot complicates the problem in many ways. One
important consequence is that segmenting the taken images into human foreground and non-human background cannot be
done in the same way as with stationary surveillance cameras [12]. Therefore, the segmentation problem will be outside of
the scope of this project. Instead, the methods developed will assume that the input images have already been segmented
automatically using another algorithm.

A set of training images will be used to optimize the algorithm and set its parameters. Because the average probability
of fall for an elderly person is around 30% per year [17, 20], the generation of small datasets of real fall data require long
periods of time [7]. In this project, images used for training and validating the algorithm are taken in a lab with university
students as models. These are asked to assume a set of poses, among them to lie down as if they had fallen. The training
images are then segmented manually using photo editing software.

As the product of this project is designed to fit a robot that will interact with humans, a certain amount of false
positives can be allowed. A false positive means that the system detects an action, such as a fall, even if none has happen
in reality. When the robot detects a person lying on the floor, it can then use its interaction skills to determine if it needs to
help or call for assistance. Hence, a larger ratio of false positives can be accepted than the number of false negatives, i.e. a
fall has occurred but the algorithm does not detect it.

1.4 Related work
A wide range of methods have been proposed for detecting a fallen person in images. The existing work covers two areas:
pose recognition and fall detection. Pose recognition is about detecting human postures in images. These methods are
designed to differentiate between poses such as standing up and lying down (after a fall). Fall recognition methods use
temporal sequences of images to capture and detect the actual fall event. By combining the two techniques, a fall alarm
can be raised whenever a fall event is detected and followed by longer times of lying down on the floor.

A common pose detection method uses properties of the bounding box, i.e. the box that surrounds the human in the
image. Its width to height ratio is used by many for its simplicity [3, 28, 41]. Others also use the height and direction of
this box as features in their classification [22, 33, 50]. A more advanced version of the bounding box that gives more
information about the pose are the so called vertical projection histograms [24, 30, 42]. These histograms are created by
counting the number of pixels (or voxels in the 3-D case [5, 8]) on various levels above the floor.

There are also proposed methods for finding humans in images. Several of these use a histogram of gradient (HOG)
method [2, 37, 39], where the gradient vectors in images are calculated and binned into histogram. As large image
gradients are created from strong edges, these histograms can be used for finding key points such as a pair of shoulders or
elbows [2]. Some other methods use the fact that a human body has a particular shape. For instance, the human torso
can be found and an ellipsis that covers it yields information on where the person is and his or her pose [15, 47]. Other
methods detect the limbs of a person, either from a silhouette or by starting from the head or body trunk [13]. Such
methods have been proven well for detecting pedestrians walking across cluttered backgrounds [44].

The detection of fall events is typically performed by comparing a sequence of images [15, 23, 30, 48]. A fall is
typically detected if the vertical fall speed is higher than a certain threshold value [22]. The speed can be estimated from
the bounding box or body trunk ellipse. It has also been estimated by calculating optical flow [11], i.e. how pixels move
from image to image [38]. Several other features have been proposed for increasing the fall detection accuracy, such as
microphones capturing the fall sounds [24, 41]. Another proposed method is to divide the living area into zones, where
long times of inactivity will only raise an alarm if the person is not in a low activity zone, such as a bed, an armchair or a
sofa [23, 24, 36].
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In addition to using a wide range of features, a wide range of camera settings as well as classification methods have
been employed. These include standard image analysis tools such as linear regressors [1], support vector machines
(SVMs) [10, 33], hidden Markov models (HMMs) [3, 41, 49], and feed forward neural networks (FFNNs) [15, 35].

1.5 Reading guidance
This thesis report is organized as follows. Chapter 2 explains some basic theory in image processing and analysis. The
important image features called shape contexts are also introduced here. Chapter 3 describes the developed algorithm for
pose detection. Chapter 4 lists the results as well as explains the effect of the parameters of the model. Finally, the report
is concluded by chapter 5 where some suggestions for further research are also made.
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Chapter 2
Theory

In this chapter some fundamental concepts of digital imaging are presented. In addition, the shape descriptors called
shape contexts are introduced as well as some general information on classification methods.

2.1 Digital images and computer vision
Human beings use many senses for the perception of their surrounding world. It is possible for us to conclude many things
from what we observe, such as where we are, what weather it is or if another person looks happy or sad. The reproduction
of similar functions using electronic images is commonly referred to as computer vision or machine vision, and requires
that images are digitalized. Digital images are stored as numbers, and from these numeric values it is possible to calculate
many features and devise classification methods, out of which a subset are described in the following sections.

In general, computer vision tasks can be divided into three categories: image processing, image analysis and machine
learning. Image processing is usually the first step in an algorithm, as it involves methods for enhancing images, e.g.
increasing contrast, brightness and sharpness as well as deblurring and compressing images. The next step is image
analysis, where the images are analyzed by calculating features from their content. Finally, the computer learns from and
decides what to do with the features it just calculated, such as a robot deciding to change its direction of movement.

2.1.1 Image representations
A basic digital image describes the amount of light at different positions. It can be seen as a function f (x,y) of some
finite physical property in the 2-dimensional space that is defined by coordinates x and y [18]. Because digital images are
stored as numeric values, the function of intensity has to be discretized in space, which is referred to as sampling. This
corresponds to only using the intensity values at a limited set of points, called pixels. Obviously, the intensity values also
have to be described by a limited set of numbers, and this process is called quantization. As an example, a typical digital
camera today produces images sampled to more than 10 megapixels and quantizes the intensity of incoming light to an
integer from 0 (black) to 255 (white).

With digital images described as a matrix of sampled and quantized intensity, it is possible to describe the light
intensity in a grayscale image as in figure 2.1. To make color images, three matrices are typically used where the triplet at
a particular index describe the color of that pixel. What is actually stored in each layer depends on the color model. Some
common models in digital imaging include RGB where the three layers describe the amount of red, green and blue for the
pixel and HSI where the layers describe the hue (the pure color such as red, yellow or green), the saturation (if it is gray
or colorful) and intensity (brightness from dark to bright) [18]. In some applications, it is beneficial to use a specific color
model, and easily implemented transition functions exist between the most common ones.

2.1.2 Segmentation
One important task in image processing and analysis is to divide an image into different areas, where the pixels in each
area have some property in common [38]. This segmentation can for instance divide an image into a foreground (e.g. a
person) and background (e.g. grass, walls, trees). The output of the segmentation can then be used for calculating features
for each interesting part of the image or to apply other image processing methods to them.
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198 195 177 81 23 46 92 185 201 199

196 192 85 26 21 9 0 74 191 192

209 146 28 37 17 5 8 15 159 205

219 106 9 47 34 15 9 0 130 215

219 119 47 38 64 39 27 12 144 214

223 128 84 93 98 58 65 42 169 215

226 137 80 89 52 37 56 53 183 214

221 189 87 67 43 38 54 133 208 210

221 219 119 81 50 46 66 179 214 215

218 218 182 91 51 44 62 172 221 226

(a) Numeric values. (b) Visual display.

Figure 2.1: A 10-by-10 pixel image of a human head in two different representations.

2.2 Object recognition
A common computer vision task is to recognize objects in images. This process is performed in several steps. The first is
to segment the image into regions or to find the pixels that might correspond to an object. For each region of interest, a
certain set of features are calculated. Then, the actual recognition is performed by comparing these sample image features
to a database of features from known shapes. A classifier is eventually employed to make the decision based on the
comparison results.

The image region features used in this project are all shape descriptors. They describe only the border of the segmented
regions. Other features can be calculated from the actual pixels within the regions and be used for tasks such as texture
matching [38]. A simple feature is to count the number of pixels in a region, thereby calculating its area. As an example
application, it has been used in monitoring the sizes of plants during their early growth in laboratory experiments [25].

2.2.1 Shape descriptors
Shape descriptors are features that capture and describe the shape of a segmented area. A property shared among many of
them is their ability to recognize shapes even if the shapes are moved, resized or rotated in the image. This is usually
referred to as invariance to translation, scaling and rotation, respectively. In addition, some invariant features are also able
to handle perspective projections, illumination changes and various levels of occlusion in the image [26]. The following
sections describe the shape descriptors used in this project and their invariant properties.

Bounding rectangle

The bounding rectangle or bounding box is the rectangle of minimum area that bounds the shape. This rectangle can be
constrained to be aligned with the coordinate axes, which is typical in programming [29], or rotated into the direction that
minimizes its area [38]. The aspect ratio, that is the width of the rectangle divided by its length, is an example of a scale
invariant feature that tells whether the major direction of the object is horizontal or vertical. If the box has no restriction
on its direction, the information about major spread will instead be given by the tilting angle of the box.

Shape context

The shape context is a sophisticated shape descriptor that describes the relationships between border points of a shape.
For every border point described by position vector ~pi = {xi,yi}, the shape context describe the distribution of other
border points, relative to the first. Hence, for point k, the set of vectors {~pi−~pk, i 6= k} is used and the shape contexts are
translation invariant. These vectors are binned into a two-dimensional log-polar histogram, which defines the actual shape
context [6].

The polar histogram contains bins for vector length and direction. A log-polar histogram is similar, but using the
logarithmic vector length instead. Typical number of bins in these histograms are 12 for the number of angles and 5 for
logarithmic length [6]. In addition, the logarithmic radial scale requires a minimum and a maximum. This enables for
making the shape contexts invariant also to scaling by selecting the limits as ratios of the overall shape size. The sizes of
bins for a histogram that covers the height of a shape is shown in figure 2.2a.
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(a) Log-polar histogram with 4 radial and 8 angular
bins.
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(b) A human shape with two
marked points.

lo
g

 r

θ

lo
g
 r

θ

(c) Histogram values for point A
(top) and B (bottom).

Figure 2.2: Demonstration of how shape histograms are calculated for the border points of a human silhouette.

Since there can be many border points on the shape, corresponding to equally many shape histograms, a very large
number of data values are required for describing a shape. It is more feasible to first sample the border points by picking
only a limited subset of them, and to only use these for calculating the histogram. Figure 2.2b demonstrates a shape
border downsampled to 64 points and the values of two shape context histograms are displayed in figure 2.2c.

Another useful property of shape histograms is that they can be used for comparing shapes and finding correspondences.
This can be performed by associating the border points on one shape with those on another. By giving each association a
certain cost, the best correspondences can be found using minimization methods [6]. This might prove useful for finding
how a shape has been distorted, or identifying body parts in human silhouettes.

2.2.2 Set divisions

An important aspect of algorithms that classify data is their performance on unseen data. One method of evaluating this
is to divide the data set into subsets, typically a training set and a validation set. Obviously, the training set is used for
setting the parameters of the model or to “train” it. Thereafter, the general performance of the algorithm is evaluated by
applying the validation set to it, as this is unseen data for the algorithm.

Almost any data set will contain a certain degree of noise. Consequently, an algorithm may adapt to this noise if it
is optimized using training data only. This phenomenon is known as overfitting, and can be identified by monitoring
the validation set performance during training. Initially, validation set performance will increase and reach a maximum,
followed by a decrease. Therefore, one method of solving the overfitting problem is to use the parameters as they were
when validation set performance started to decrease, a method called holdout validation. If an algorithm is trained using
holdout validation, it has been optimized for both the training and validation sets. Hence, a third data set is typically
tested with the algorithm for evaluating its performance on unseen data. This is referred to as the test set [43].

2.2.3 Classification methods

A classifier is the part of an algorithm that is able to tell which class a specific set of feature values belong to. These
feature values can be regarded as an input vector~x, and the classification output as another vector~y. One interpretation of
~y is that each component yi provides a measure on how close the feature vector is to the class with index i. Hence, the
index of the largest value in~y can be selected as the class which the feature vector~x belongs to. Another method is to
associate the feature vector with all classes where the output values are larger than a certain threshold.

One method of generating a classifier is to find the matrix M such that the product M~x is as close to the desired
output vector~y as possible. This matrix can be found by assembling all feature vectors~xi into a matrix X = [~x1 . . .~xN ] and
classification vectors~yi into Y = [~y1 . . .~yN ], where N is the number of samples in the training data set. Then, the desired
matrix is obtained by solving MX = Y. This system is usually heavily overdetermined, so a least-squares regression
estimate M̃ can be found by solving the transposed problem XT M̃T = YT using QR decomposition through Householder
transformations [21], or by using the so-called normal equations [1].
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An alternative method is based on artificial neural networks. These networks rely on mathematical models of simplified
biological neural cells (neurons) for computation. The basic idea is that a neuron fires, meaning it turns itself on, if it
receives enough input from other firing neurons. A feed-forward neural network (FFNN) uses layers of neurons that
only send signals to the next layer, thus feeding the signal forward. Each layer is calculated from the previous layer by
multiplying a weight matrix to a vector of the neuron states. This raw input is then passed through an activation function
which limits the range of output values, and is typically the sigmoid 1

1+e−x or tanh(x). The weights of the feed-forward
neural networks can be optimized using several different algorithms. A straightforward method for iteratively updating the
network is the backtracking algorithm, which can be derived by applying the gradient descent method on the network [19].

2.2.4 Evaluators
The performance of a classification algorithm can be evaluated in many ways. A very common method is to only consider
two possible outcomes, such as “belongs to class A” and “does not belong to class A”. Since a training database contains
both images from which features are calculated as well as their classification, a “ground truth” exists. Depending on the
ground truth and the calculated output from the classifier, there are four different cases. These are known as true positive
(TP), false positive (FP), true negative (TN) and false negative (FN). Simply explained using the confusion matrix in
figure 2.3, a positive means that the object is classified as a certain object and a negative that it is not classified as a such.
The prefixes true and false refer to whether this classification was correct or not. For instance, a true positive means
that the object belongs to a certain class and was classified as a such. On the contrary, a false negative means that it
was wrongly classified not to belong to the class it ideally should. Hence, the diagonal elements correspond to correct
classifications, and all others to errors.

Classified as A Classified as not A

Is A TP FN

Is not A FP TN

Figure 2.3: Confusion matrix.

A confusion matrix can also be extended to show several categories. In this case, the diagonal elements will still show
the correctly classified ratios. The off-diagonal entries will not just show the ratio of mis-classifications, but also how
these are distributed among the other possible categories.

Two common performance measures are commonly calculated from the confusion matrix. The sensitivity contains the
fraction of correctly classified objects that are of a certain class. Similarly, the specificity contains the fraction of correctly
classified objects that do not belong to the certain class [7]. Both of these measures are equal to 1 for a perfect classifier,
and they are calculated as follows.

sensitivity =
TP

TP+FN
(2.1)

specificity =
TN

TN+FP
(2.2)
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Chapter 3
Method and implementation

This section describes the algorithm for fall detection and how it can be trained. Instead of capturing the actual fall
event, the method should be able to detect human poses, with focus on differentiating a person lying down from a person
standing, sitting or crouching. This section also describes the dataset of images used in training the algorithm.

3.1 Pose dataset

Since the project is about detecting a fallen person in an image, the algorithm has to be able to differentiate between a
fallen person and a non-fallen person. Hence, a data set consisting of various poses from everyday life has to be created.
These poses can be grouped together into four classes, since they describe the same pose but a different action. All poses
with their class are listed in table 3.1 together with the number of photos of each pose.

Table 3.1: The nine poses used in the dataset.

Pose ID Description Class Number of images

1 Standing, arms resting Standing 37
2 Standing, working with arms out Standing 37
3 Walking slowly Standing 36
4 Walking fast Standing 38
5 Crouching Crouching 39
6 Lying on front Lying 33
7 Lying on back Lying 33
8 Lying on side Lying 30
9 Sitting on chair Sitting 30

Photos are taken in a bright room using a Nikon D40 camera mounted on a tripod. A group of 7 university students
are used as models and were asked to assume all poses in various directions. To make segmentation into human and
non-human in the images easier, the images are first segmented automatically by comparing them to a background image
without a person. The difference is thresholded, meaning that all pixels where the difference is larger than a certain
threshold are marked as foreground. As this simple method of subtracting the background can give rise to a very noisy
segmentation, morphological opening and closing [18] are used, as well as manual refinement. The segmentation is
stored in the images by coloring all background pixels black. In addition, the images are cropped to remove unnecessary
background pixels.

All training samples are divided into a training and validation set. The division is based on grouping all combinations
of (model, pose) and picking two from each group. This yields a training set consisting of 197 images and a validation set
consisting of 116 images. For increasing the algorithm robustness, the training set is doubled by adding a mirrored copy
of each image in it. Similarly, the test set is constructed by mirroring all images in the validation set.
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Figure 3.1: Shapes from the dataset, ordered according to pose ID row by row.

3.2 Algorithm description

The algorithm that is devised in this thesis takes an image with corresponding segmentation information as input, inspired
by the method in [1]. After processing as depicted in figure 3.2, the algorithm is able to classify the image as one of the
nine poses presented in table 3.1. As the problem of segmenting images is very complex and depends on the conditions at
which the images are taken [12, 34], it is assumed that some segmentation method has already been employed.

Segmented

image

Edge tracer Reduce+binEdge

coordinates

Log-polar

histograms

Quantized

histograms

Quantize Classify

Pose

Figure 3.2: The workflow of the algorithm.

The steps included are to trace the edges, calculate histograms, quantize these histograms, and then to classify using
these quantized values. All steps can be performed in many different ways. Therefore, the following sections describe
these steps in detail and mention other possible methods than can be employed for the same task.
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3.2.1 Edge tracing
The segmentation that comes with the image can be represented as a matrix of the same size as the image. It is then
possible to use common image processing operations and methods for finding the edge points in this image. An edge
point is here considered to be a foreground pixel with at least one background pixel in its 4-neighborhood (the nearest
pixel above, below, to the right and left). A description of an edge corresponds to the coordinates of these edge points,
but ordered around the shape, as shown in figure 3.3a. All edges in the dataset images are traced using a common edge
tracing algorithm outlined in [38]. If the edge tracing algorithm finds several edges, due to noise in the segmentation,
only the one with most points is kept and the others are discarded.

(a) Full edge (b) Reduced to 32 points

Figure 3.3: A silhouette from the dataset with its traced edge in red. The image has been downsampled to make individual
pixels distinguishable.

The traced edges may contain several thousand edge points for high-resolution images, such as those in the training
database. To allow for comparison and classification of images of varying size, as well as reducing the computational
load, all edges are sampled to a limited number of points. Figure 3.3b shows what a downsampled edge may look like,
and it is from these edges that the shape context histograms are calculated. The number of points in the reduced edge
are taken from the powers of 2 (32, 64, 128, 256), since some other shape descriptors require the use of the Fast Fourier
Transform (FFT) which is optimized for these numbers of points.

3.2.2 Shape context calculation and quantization
Shape context histograms (see section 2.2.1) are calculated for each point in the reduced edge. Because these histograms
describe the relative position of points by angle and logarithmic distance, the histogram bins have to be set accordingly.
As the logarithmic scale requires a minimum value > 0, both the minimum and maximum radial bin size has to be
specified. In addition, these limits can be set to be a fraction of the overall shape size, defined as the maximum value of
the bounding box width and height, to make the shape contexts scale invariant. The minimum is selected depending on
the number of edge points, so that the smallest bins are slightly larger than the average spacing between points in the
reduced edge, typically 3–5 % of the shape size. The maximum distance in the histogram should be large enough to
include the major part of the shape, typically 50–80 % of shape size. The number of angular bins is chosen to be 12 as in
the original article [6], but the radial bins to 3–4 instead of 5.

With a shape context histogram containing 36 or 48 values for each edge point, the shape is described by many data
values. Similar to [1], the solution here is to quantize these histograms. The quantization process groups edge points
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together if their shape context histograms are similar, by finding a set of typical shape context histograms, called cluster
centers. Each real histogram from a shape is then associated with the nearest cluster center, where distance is calculated
as sum of squared differences (L2 norm).

By considering each histogram as a vector of values, any vector quantization (VQ) method can be utilized for finding a
set of cluster centers. Here, the k-means clustering algorithm [38] is used on all shape contexts from the training set. With
typical values, such as 200 images in the training set, edges reduced to 128 points and 64 cluster centers, each iteration
of the clustering algorithm requires the computation of 1.6 million distances, each in 36 or 48 dimensions. Hence, the
method is computationally expensive and requires a large part of the overall processing time of the algorithm, and is
limited to perform a maximum of 40 iterations.

After clustering, each point of the reduced edge has been associated with the nearest cluster center. The shape can
then be described by a vector of the same dimension as the number of cluster centers. In this vector, entry i is the number
of edge points in the current shape nearest to cluster center i. Hence, it can be regarded as second level of histogramming,
where this vector describes the distribution of shape contexts of that particular shape, and the cluster centers define the
bins. In addition, the number of cluster centers should be small enough to group several points on the same shape together.
Yet the number of cluster centers has to be large enough to cover the varieties of the dataset. Therefore, it is desirable to
keep the number of cluster centers to around 0.5–0.8 times the number of edge points.

As an illustrative example, a result of shape context clustering from images of humans can yield a cluster center that
is characteristic for a left foot. If an image of a standing person is supplied to the algorithm, several of the edge points
from the left foot should be associated with that particular cluster, giving it a high value in the vector of quantized values.
On the other hand, if the image is that of a crouching person, the same counter might be zero. Therefore, this type of
descriptor can be regarded as a descriptor that identifies body parts from silhouettes.

3.2.3 Classification
The purpose of the classifier is to transform any input vector consisting of quantized histograms into an output vector that
describes the detected pose. In this algorithm, the output vector contains 9 elements, each one corresponding to each
of the poses. For instance, entry 2 in this vector gives a measure on the similarity between the classified shape and the
database shapes of a standing person with arms working (pose ID = 2). For training, all entries in the desired output
vector are set to zero except for the correct pose, as this value is set to unity.

Two approaches that both use matrix multiplications are tested for their ability to classify the sample data set. The first
one involves a single multiplication by a regression matrix. This matrix is obtained by linear least squares regression
calculated through QR decomposition [4]. The second approach is a feed-forward neural network (FFNN) with a sigmoid
function as activation function. It is trained in epochs using backpropagation. An epoch is defined as a pass through all
training data [19], which here are taken in random order. Between each epoch, the validation set performance is evaluated
by calculating the squared sum of differences between network output and desired output vector. Training goes on for a
maximum of 100 epochs until the error has increased to more than 5 % of its lowest value. The final network weights are
then taken where the moving average error has its minimum, in accordance with the holdout validation method.

The final classification pose is taken as the index with highest value in the output vector from the regression matrix or
the neural network. In addition, this result is grouped into one of the four pose classes from table 3.1, where lying down
should raise a fall alert in the system.
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Chapter 4
Results and discussion

The shape contexts presented in this thesis are very good at classifying poses, even though the dataset contains many
difficult angles. For a wide range of parameters, the algorithm detects a fall properly in more than 30 out of 34 unseen
images of a lying person. A screenshot from the implementation in C# is available in Appendix A.

4.1 Bounding rectangle

A comparison of the aspect ratio of the bounding box between poses shows that there is no clear threshold at which a fall
can be distinguished from a non-fall. This is demonstrated in figure 4.1 where there is a large overlap between poses 5
(crouching) and 6–8 (lying down). On the other hand, these results give rise to two other limits: there are no falls with
very small (< 0.5) ratios, and large (> 3) ratios always correspond to a fall. Hence, if the computational power is limited
and shared with other tasks, large ratios can always be classified as “fallen” and low with “non-fallen” without further
calculations of more advanced features, such as shape contexts.

0

1

2

3

4

5

6

1 2 3 4 5 6 7 8 9

P o s e  ID

W
id

th
−

to
−

h
e

ig
h

t 
ra

ti
o

Figure 4.1: Box charts showing median, quartiles and spread of the width to height ratios for the nine poses in the dataset.
Poses 6–8 correspond to falls and have the highest ratios.

The large variation in aspect ratio may appear strange. It might seem obvious that a standing person has a higher
aspect ratio than one lying down. This is also true, but only if seen from a particular angle. A person lying down in a
direction perpendicular to the camera direction will have a much larger aspect ratio than a person lying in the direction
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(a) Classified as lying on side. (b) Classified as crouching.

Figure 4.2: Two images from validation set, showing a person lying on the side from two different angles.

of the camera. The silhouettes in figure 4.2 show two images of the same pose but from different angles. In addition,
persons with their arms stretched out can be wider than their total height [45]. Hence, a robust fall detection mechanism
that only uses width to height ratios for classification needs to use several images from different angles. On the contrary, a
non-stationary camera mounted on a moving household robot can move around a person to obtain better viewing angles if
a suspected fall is detected.

4.2 Shape contexts

The confusion matrices from one run of the algorithm is given for both training and validation set in table 4.1, correspond-
ing to a fall sensitivity of 94.1 % and specificity of 97.6 %. Parameters were set to 128 edge points per shape; 12 angular
bins and 3 radial bins with radial maximum 40 % of the silhouette size; and 100 cluster centers with a linear regressor as
classifier. These results show that the algorithm is very good at separating a standing silhouette from one lying down.
In addition, it is able to recognize the difference between lying and crouching in most cases, but still fails for a few. A
comparison of the confusion matrices for training and validation set show that no particular overfitting has occurred in
this case.

Table 4.1: Confusion matrices for a particular run of the algorithm.

True pose Classified pose

Standing Crouching Lying Sitting

Training set
Standing 92 - - -
Crouching - 24 1 -
Lying - 1 61 -
Sitting - - - 18

Validation set
Standing 56 - - -
Crouching - 13 1 -
Lying - 2 32 -
Sitting - - - 12

Just as for the case of using a bounding box, the reason for misclassifications are the difficulties induced by the
perspectives in the images. Figure 4.2 shows this effect for two images of the same person lying down on the back, where
one is correctly classified as lying but the other one as crouching. For a moving robot, this problem can be circumvented
by moving to robot to a position where it obtains a better viewing angle if it suspects that a fall has occurred. In addition,
a crouching elderly person might also need assistance at getting back up again after crouching, and then a robot might
want to give a helping hand in any way.
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4.3 Parameter and method selection
The pose recognition problem is highly non-linear and there are many parameters and methods to choose from. Table 4.2
lists the results for a selected set of typical values. The table is divided into four sections. The number of edge points are
varied in the first section (1–5) and shows that there is no additional performance gain by using more than 64 edge points.
The second section (6–9) shows similar results, but for very small shape contexts with just one radial bin. Hence, 64 or
possibly 128, edge points can be used in the algorithm. The third section (10–12) shows that as the shape context size
increases with additional number of radial bins, there is not much performance gain.

The last section (13–15) shows output using a neural network (NN) instead of a linear regression as classifier. The
hidden layers are shown in parenthesis. If there are no hidden layers, the NN performance is really poor. With one or
two hidden layers, the performance is similar to that of the linear regressor. Therefore, the linear regressor should be
used in the final classifier, because the regression matrix can be calculated almost instantly using optimized linear algebra
algorithms as opposed to the iterative backtracking algorithm for the neural network.

With a rather limited validation dataset, the specificities and sensitivities in table 4.2 vary between runs. For example,
as there are 34 true falls in the dataset, one misclassification corresponds to about 3 % change in the sensitivity. More
exact results regarding method selection could be achieved by using a much larger dataset. This also accounts for the
large variation in these measures.

The small histograms in samples (6–9) capture only the very local distribution of points, as they cover only 15 % of
the shape size. Yet, the method is capable of a rather accurate classification. This indicates that the local distribution of
edge points is important in the classification process. The difference between the small shape contexts and the larger ones
is that the outer bins include remote edge points, and thus give a representation of where on the shape the current point is
located.

As all shape contexts are clustered together, each histogram is associated with its nearest cluster, and the shape is
represented by the number of points connected to each of these clusters. To make the algorithm robust to noise, it is
desirable to have several histograms (i.e. edge points) associated with a few clusters, than one edge point with each cluster.
Hence, it is desirable to keep the number of clusters relatively low (0.5–1.0 times the number of edge points), so that only
a few characteristic shape properties are represented in the clusters. Additional experiments reveal slight overfitting if an
excessive amount of cluster centers are used.

All steps used in the methods of this report have performed “hard” classifications. For instance, only the nearest cluster
(the “winner”) is selected during the quantization. An alternative approach is to perform the quantization “softly” by
voting into the set of nearest clusters using suitable weights. Similarly, the index of the largest value in the output vector
is taken as the classified pose. Here, another option could have been to let the output vector represent the probabilities of
the shape being each pose. In addition, the current classifier is trained to differentiate between four different standing
poses and three lying. Since the training output vector consists of only zeros except for the correct pose, the algorithm is

Table 4.2: Performance of the algorithm on validation set, as minimum and maximum values of 5 subsequent runs.

Test
index

# of edge
points

# of radial
bins

# of angular
bins

Shape context
size (%)

# of cluster
centers Classifier

Fall sens-
itivity (%)

Fall spec-
ificity (%)

1 16 3 12 50 20 linear 76.5–83.5 95.1–98.8
2 32 3 12 50 40 linear 82.4–91.2 96.3–98.8
3 64 3 12 50 60 linear 85.3–94.1 100.0–100.0
4 128 3 12 50 80 linear 91.2–100.0 97.6–100.0
5 256 3 12 50 100 linear 88.2–94.1 97.6–100.0

6 64 1 4 15 10 linear 82.4–97.1 93.9–98.8
7 64 1 8 15 20 linear 88.2–91.2 97.6–100.0
8 64 1 12 15 40 linear 91.2–97.1 98.8–100.0
9 64 1 16 15 40 linear 82.4–91.2 97.6–100.0

10 64 2 12 30 40 linear 82.4–88.2 96.3–100.0
11 64 3 12 40 60 linear 91.2–94.1 96.3–100.0
12 64 4 12 50 60 linear 79.4–88.2 98.8–100.0

13 64 3 12 50 60 NN (–) 20.6–76.5 85.4–98.8
14 64 3 12 50 60 NN (30) 85.3–97.1 96.3–98.8
15 64 3 12 50 60 NN (40,20) 85.3–94.1 93.9–100.0
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trained to classify a standing person as “standing”, but not the almost similar “walking slowly”. A soft voting mechanism
could use the sum or product of the classifier output vector entries for poses in the same class for increasing predictability.

Regarding the classifier, the linear least squares one can suffer from overfitting. This can be reduced by adding
a damping term and solve the damped least squares problem instead [1]. Overfitting also occured when training a
feed-forward neural network, especially when it consists of many hidden layers. When the network has been trained by
holdout validation, it has been optimized for both the training and validation set. With the relatively small dataset used
here, the solution was to use a mirrored copy of the validation set for holdout validation, and the real validation set for
testing. Since the mirrored copy of an image dataset is not independent of its original, this might induce some higher
validation results than a completely unseen test set.
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Chapter 5
Conclusions

In this thesis, a method for detecting poses has been devised, with the aim of being able to detect a fallen person. A
dataset of sample images has been created, and segmented manually. The segmented human silhouettes have then been
used for training an algorithm at recognizing poses, and detects a person lying down with 97 % accuracy.

By detecting pose accurately, the algorithm should be able to realize whether there is a person lying down on the floor
or not. Because the method does not rely on constant monitoring and capture of the actual fall event, it can be fitted on a
moving household that can aid the elderly in their homes. In case of an accidental fall, that statistically occurs among one
third of the elderly population during one year, the robot can either give a helping hand or raise the alarm and call for
further assistance.

Even though this is a successful pose detection method, it still relies on a good segmentation method. Simple
background subtraction methods are not good options for two reasons. Firstly, the camera is non-stationary so the
background will constantly change. Secondly, if the background is updated while the camera moves and a fallen person is
lying on the floor, that lying person could become a part of the background model. A better method should be to build a
simple 3-D model of the environment and generate a background from it. Such a method could also make use of infrared
and depth field cameras to provide with further data for the model. Additionally, the background model has to adapt to
large changes, such as a chair being moved.

Given the large amounts of laboratory research on fall detection (see section 1.4), further research should focus more
on the gathering of real fall data from elderly, rather than optimizing currently developed methods to simulated fall data.
This data could be gathered using video surveillance or by interviews with elderly people who have experienced a fall. It
is also important that researchers on fall detection technology work together with researchers in medicine, sociology and
psychology for this, as technological solutions both have to fulfill ethical criteria and be accepted by elderly people. As
an example, there are cases where a fallen person chose not to activate a call alarm and get help, because this person
wanted to remain independent of other people [14].
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Appendix A

Description of C# implementation
The algorithm is implemented as a C#.NET application with a graphical user interface (GUI). The application reads a file
in XML format that specifies the dataset, loads the stored images and traces the edges in them. The human-readable XML
format allows a user to easily extend the database of images, or switch between several datasets. In addition, the program
design allows for most parts of the training process run in parallel on several CPU cores, by using the built-in functions in
the .NET API for parallel code execution [29].

A screenshot of the produced application showing how the polar histograms can be investigated. Note the information
given below the image: file name, true pose, classified pose, set belonging and bounding box ratio.

The GUI makes it easy for a user to change the parameters of the model and visualizes the shape context bins while
their parameters are changed. In addition, it can calculate the histograms and visualize them, while simultaneously
superposing the log-polar bins on the current edge point, as seen in the figure above. The edge points belonging to a
particular cluster can be highlighted, and the corresponding histogram values can be visualized to show their similarity.

Additionally, the application displays valuable information about the current shape, such as the file name, the set
belonging (T for training and V for validation) and width to height ratio. If a classifier is loaded or trained, the classification
result is also shown. The performance output is displayed as confusion matrices in an alert textbox.
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