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Abstract

The Dutch Central Bureau of Statistics expects the elderly population to grow from 2.4 million in 2012 to 4.7
million in 2041, putting intense pressure on health care budgets. As elderly get older and older, even more
pressure on health care budgets will exist in the near future. Therefore, there is currently a focus on prevention:
reduce incidents and allow people to live safely in their own homes for a longer time as this will greatly reduce
healthcare costs. One approach to this goal is the development of an autonomous service robot, capable of
assisting elderly persons in their daily activities and able to recognize dangerous actions or situations.

Although humans are seemingly capable of effortless action recognition, artificial systems employing human
action recognition algorithms still have many difficulties doing so. This thesis proposes a new approach: Kinect
RGB-D skeletal data is captured in a spatial temporal pattern, making use of 3D motion history. Using a
dimensionality reduction technique called orthogonal class learning a novel representation is generated called
motion history spatio temporal pattern or MH-STP. This allows the space and time information of the skeleton
to be preserved and compressed in a compact feature. Using an action graph model for classification, real time
recognition rates can be achieved by modeling probabilities of observed consecutive poses. This thesis aims to
provide a novel method for successful, robust and reliable action recognition in an online setting.

The system was tested on the Microsoft Research Action 3D dataset as well as a novel dataset (12 actions, 9
subjects, 3 different angles, 3 instances per angle) recorded specifically for this thesis. Although the Microsoft
dataset did not have high quality skeleton data, promising initial results were obtained (existing methods 68%
- 90%, proposed method 83%). More extensive testing of the method’s parameters on the novel data set led
to a much better understanding of the MH-STP representation in both offline and online action recognition
methods. This resulted in an excellent offline recognition rate on the novel data set in a more challenging cross
subject situation (proposed method: 95%, existing up to 89%).

In the online situation the general approach was tested as well using a novel two-stage classifier that adds a
secondary classification step on top of the action recognition framework. This allows (re)classification if the
action graph result is not confident enough or fails to classify an observed test sequence. A very good
recognition rate of 92% was observed in a 50% training cross subject test. Although this result was well above
expectations, inter-action variance is a challenging factor, depending on the MH-STP grid size and the amount
of available samples.
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7:15 A.M.

In the stark white kitchen, Alicia reads Billy Rae a list of chores she wants him to do today, including polishing
the wood floors, cleaning the windows and changing the beds. Billy Rae, who was bought with a Southern-
style voice synthesizer because it reminded Bill of his Texas roots, acknowledges the commands with a burst
of “Your Cheatin’ Heart,” and Alma turns away, satisfied. When the Morrows first paid their $5,000 and
brought the 4-foot-tall robot home two years ago, neither was sure they’d ever adjust to having it around. In
fact, it had taken several weeks — and several near-catastrophes (such as the time Billy Rae pulled down the
kitty chow, instead of the oat bran, and served it to them with milk for breakfast) — before they were able to
input all the specific information the robot needed to function properly. Now Billy Rae is an irreplaceable part
of their lives.

L.A. 2013, 3" of April 1988, Los Angeles Times[1]

Figure 1 Sketch ol a future household
robot, as drawn in 1988.
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Chapter 1

Action recognition: can it improve the lives of our elderly?

1.1 The future is here?

Although a lot of the predictions in the full L.A 2013 article as published 3™ of April 1988 [1] have come true,
household robots are still not available in the vast majority of our homes. Apart from devices such as vacuum
cleaners and lawn mowers, of course. We now know that the prediction on household robots was slightly
optimistic but that does not mean there is no interest in these clever devices. On the contrary. There is a
continuous increase in interest in the field of household robots, especially towards health care, leisure and
personal service robots [2].

This is confirmed by looking at the market for ‘simple’ household robots, which rapidly increases. In 2009,
according to the United Nations Economic Commission (UNEC) and International Federation of Robotics
(IFR)[2], already stated that the market for these types of robots would exceed 17,1 billion dollars in 2010
and is estimated to be 51.7 billion dollars by 2025, a figure already estimated in 2007 by Bill Gates [3]. In
more recent work late 2012, it is stated that the total service robotics market is expected to reach $46.18
billion by 2017 [4]. In December 2015, it was estimated that the market for service robots will annually grow
by 23.5% in the coming 2015-2020 period [5].

The question remains: why can we still not buy our own robot with capabilities such as Billy Rae, R2D2 or
Bender? Apart from technical difficulties such as ‘how to physically build and power one’, difficulties are
numerous. To name a few: a robot should be able to respond correctly to its environment, interact with
objects, interact with humans, communicate properly, know how to recognize environments, objects, humans,
understand and perform tasks, and many more. Some examples are shown in Figure 2.

One of the challenges towards creating such an advanced system is action recognition, which is the topic of
interest for this thesis. But why is action recognition such a challenging task? One’s own experience with
action recognition, supported by fictitious robot characters such as Disney’s Wall-E, might make action
recognition seem to be an easy task, as humans perform action recognition seemingly effortlessly and
instantaneously. One could even characterize most types of recognition performed by humans as ‘involuntary’.
Unfortunately, although many researchers have worked on this vision based problem for decades[6], there is
still no uniform approach available for the topic of action recognition. This is caused by the large variance in
observable scenes, actors, possible actions and circumstances that exist. While humans excel in dealing with
these variances, it is still quite hard to deal with these variances for an artificial system even if it is designed
for a specific recognition problem. This is one of the reasons why a system such as Billy Rae the household
robot is not available yet.

Figure 2 Three example application fields for action recognition: surveillance, gaming and healthcare.
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Note however that artificial systems employing action recognition are not limited to household robots by far.
Although these robotic systems are great subjects to help imagine the potential of action recognition systems,
there are many more applications: action recognition can be used in all kinds of systems that benefit from the
interpretation of a human’s actions and activities. Because of the broad usefulness of action recognition, the
field of application grows every year along with the development of new action and activity recognition
techniques (e.g. [6]-[10]); long wished applications that seemed fiction before are becoming a reality because
of these new techniques.

Examples of these applications can be found throughout many different branches in society, with the field of
security as best known example. Other fields of applications are in health care, such as attempts to create fall
detection algorithms [11]-[13]. Other examples of research fields are gaming [14]-[16], video annotation [17]
and sports [18]. One great example of an action recognition is Microsoft’s Kinect which uses an action
recognition system as a control interface for games. As the field of focus for this thesis is health care, another
great example is a still to be developed system that allows elderly to live safer, and longer, in their own homes
by recognizing dangerous actions.

1.2 Research context: can action recognition help our elderly?

A system such as in the given example, which would protect elderly in their daily lives, would be most
welcome. This is especially true as the aging population is putting heavy pressure on the available health care
budgets in The Netherlands. Unfortunately this problem will keep increasing for the next twenty years (Figure
3). Causes for this phenomenon are the decline in fertility rates since the 1970s and an increased life expectancy
of elderly, which reduces the number of working persons (contributing most to taxes) per retired person (using
most of the health care budget) from little under four to less than two by the year 2030. [19], [20]

Al

1950 2016 2050

Figure 3 Past, present and expected population in the Netherlands. Source: CBS.

A large part of the elderly health care costs are related to elderly care centers and the aftermaths of fall
incidents. In 2011 alone, 83.000 elderly people had to visit emergency health care due to fall incidents and the
amount of hospitalizations increased to 43.000, which is a dramatic increase compared to a decade earlier.
Furthermore, 2.165 elderly people (in most cases indirectly) lost their lives due to fall incidents. Some of these
incidents occur in elderly care centers where help is close by. Unfortunately, accidents are occurring at home
increasingly frequent, with the risk of waiting for help for hours, as elderly people are stimulated (forced) to
keep living in their own homes due to budget cuts in elderly care centers. [21], [22]
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Apart from the emotional and physical impact on the lives of the people that experience such an incident, the
impact on the health care budget is significant. For the year 2011 it was estimated around 674 million euros
[23] and this amount will rise yearly, as the elderly part of the population is expected to grow rapidly.
Developments aimed at the safety of elderly therefore seem to be very promising and rewarding as investments
into new techniques might reduce or prevent further increase of these fall incidents. This is especially true
when these systems are used to allow elderly to live longer in their own homes independently.

An elderly health care system employing an action recognition module may monitor the living patterns of an
elderly person and detect changes in this pattern, potentially indicating health problems long before these
would be detected by family or nursing personnel. It could detect or prevent dangerous activities or actions in
their day to day lives. It could alert neighbors, care takers or family members in case of dangerous situations
or emergencies and thus provide a safer environment for those who need it. Your own home could become a
safer living environment.

Apart from the safety aspect, there are other benefits of health care systems employing action recognition.
For starters, workloads can be reduced for nursing personnel. Due to the budget cuts there is increasingly less
personnel available in health care centers, especially during the nights as these shifts are more expensive. This
means one nurse may have responsibility of 24 to 36 elderly people, and in the near future even up to 48
persons per night shift nurse [24]. With the current state of motion-detection / sound / infrared detector alarm
systems, this inherently leads to a very large amount of alarms to be dealt with, of which the majority are
false: people going to the toilet, an Alzheimer patient getting out of bed at 2AM, and a person making noises
in his or her sleep. If a nurse would only be notified of events that require (potentially immediate) attention,
the nurse would be able to prioritize the different events during the night, gaining control of situations more
easily.

Another effect of action recognition on health care systems is that this will lead to a solid increase in privacy.
Although these health care systems intuitively seem to harm the privacy (especially when called surveillance
systems), this is far from the truth. First of all, good action recognition systems should be able to work
autonomously; not a single person is needed to review data streams from inside the living environments of
elderly. To put this in contrast: an increasing amount of elderly care centers starts to apply camera surveillance
to tackle the before mentioned problem of prioritization, damaging the privacy of both elderly and nursing
personnel. Secondly, nurses no longer need to frequently check patients in their rooms during the night and
day.
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1.3 Main issues and research question

Nonetheless, there are still no autonomous products such as Billy Rae available on the market due to the
numerous difficulties of developing such a system. Apart from technical difficulties like processing power and
methodological ones such as segmentation, the main difficulty of creating a successful action recognition system
is the vast amount of situations that can be observed. This is caused by the fact that there are many different
types of actions, different ways to perform an action and different conditions an action is performed and
captured in. Also, not all persons have the same posture and wear the same clothes. Even the living rooms
such a system should be able to operate in are far from similar to each other. On top of that, one type of
action can be performed in several different ways, while on the other hand there can be multiple different
actions that look a lot like each other. In short: variance makes sure there is no easy general approach to the
challenge of action recognition.

Finally, another big problem is that classic action recognition systems that are able to detect and recognize
multiple different actions require a very large database with reliable training samples. The problem is that in
many occasions these training samples have to be manually labelled and segmented, which is a time consuming
and thus expensive job, plus such systems are unable to recognize actions they are not trained for.

The notion that health care systems with action recognition possibilities do not yet exist despite the obvious
benefits of these systems lead to the following research question:

Can we create an action recognition system that is capable of recognizing in-home daily actions of persons,
independent of their orientation, posture and appearance, without requiring very large sets of training
data?

Having studied the literature extensively, a first answer to this question is that it is very likely possible to
create such a system.

Although there is no general approach to this problem of action recognition, algorithms have been tailored to
the specific needs of situations and environments in an effort of narrowing down a large portion of the possible
variance [16], [25]-[29]. This process of creating a tailored action recognition algorithm consist (roughly) of
five main parts: data acquisition, representation, features, training a classifier and classification, which will be
discussed very briefly in this introduction.

Figure 4 Left: do elderly really need to sacrifice privacy for safety? Right: two examples of a
skeleton representation (blue) with in red/green examples of possible features such as distance between joints and speed of a joint
perpendicular to a certain plane.
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1.4 Contributions of this thesis

There are multiple options to perform data acquisition [30]-[33]; Some applications may require the use of 2D
video data or 3D depth maps, some applications such as video annotation use readily available data as offline
data stream while others such as surveillance require an online (live) data feed. Note that until the release of
Microsoft’s Kinect, focus was on using 2D video data, as 3D depth sensors were in general too expensive and
inconvenient in use. After this moment, 3D sensors became very affordable and the field started shifting
towards 3D data acquisition. Once the data is acquired, a suitable representation is formed. This is a different
way of showing the data: maximizing the available information while reducing sources of variance. A good
example is a skeleton representation: it is extracted from 3D depth data by a set of algorithms and accurately
depicts the place and orientation of a person’s body parts. Third part of the approach is the choice of a feature
set: which properties of the representation can be used as to distinguish between different observed actions
and how can these properties be obtained? Finally, a suitable classification method has to be chosen that is
able to use the features extracted from the representation to predict or calculate to which class a newly
observed sample likely belongs to. By using a certain amount of training samples, this classifier can be trained
to do so properly.

Over the years, numerous different methods have been proposed to maximize the accuracy and speed of action
recognition algorithms by developing all kinds of representations, feature sets and classification methods. To
realize a well performing action recognition algorithm, this work makes use of a 4D space time pattern (STP)
as it is an intuitive visual representation that is able to preserve spatial and temporal contextual information
without reducing the flexibility needed to accommodate intra-action variations. In this representation space
and time axes are divided into multiple segments to define a 4D grid, which allows easy transformation into
a high dimensional vector. To give an idea on the high amount of features: a rough STP grid with e.g.
10x10x10x3 space time cells will already lead to a 3000 dimensional vector but an STP with a higher resolution
such as 30x30x30x3 leads to a representation with 81.000 space time cells. It is important that this high
dimensionality should be reduced by techniques such as principle component analysis (PCA) and comparable
methods such as orthogonal class learning (OCL). This ensures the creation of a much lower dimensional
feature vector that is constructed from the main information of the original high dimensional STP, which
helps classifying the actions.

This work proposes two novelties in the field of action recognition:

1. The use of an intermediate skeleton representation, which is used in a motion history like fashion to
create a novel 4D spatial-temporal pattern representation called MH-STP.

2. The application of this specific representation in a state of the art two-stage action recognition
framework using action graphs that allows actions to be detected and recognized in an online setting
without requiring very large data sets.

Figure 5 Left: example of 4D space time pattern created using depth data directly. Right: from scene to
the STP representation as proposed in this Thesis.
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The validation of the proposed novelties in both offline and online settings is tested on the publically available
Microsoft Research Action 3D dataset and a novel dataset created specifically for this work to reduce the
chance of biased exploration of the MH-STP.

The main novelty of this thesis is the proposal of a new method to form a new representation: an intermediate,
normalized and interpolated skeleton representation is used in combination with a 3D-adapted version of a
motion history imaging scheme [34](Figure 5). The new representation is therefore called motion-history
spatiotemporal pattern or MH-STP. The method is inspired on a 2012 article [27] that proposes to build up
an STP from point clouds directly, making use of a saturation scheme. The hypothesis is that this method is
likely to achieve good results as it should be able to effectively reduce large sources of variance such as rotation,
posture, appearance and depth noise while at the same time preserves location and time dependence. Also,
the method should be less memory and computational demanding than the method that uses point clouds
directly. Apart from presenting the used method in Chapter 4, the effects of changing the parameters of the
algorithm are also explored and discussed in the Chapters 5 and 6. Hopefully, this improves the understanding
of the various aspects of the representation.

This work also describes the recognition of actions using the new MH-STP representation in an online setting,
which means that it tries to detect actions immediately after the occurrence instead of working with pre-
recorded data as is the case in an offline setting. In the online case however the algorithm generates the MH-
STP representation using short consecutive intervals of an action instead of using the complete action sequence
at once. The low dimensional features extracted from these - short - MH-STP representations are in turn
classified by a neutral pose classifier that is using a support vector machine (SVM)[35]. Using this SVM neutral
pose classifier, action start and stop indicators within a sequence are detected. These indicators allow the
interesting, non-neutral sequence of pose representations to be classified using an action graph. The benefit of
using action graphs is that they require very few training samples compared to other methods. Once trained,
an action graph returns the probability that a certain set of samples belongs to the trained action [25].

This thesis is focused on the development of the new representation. Therefore segmentation of the action
samples is considered to be a solved problem. This is done by using available techniques such as background
subtraction to determine the region of interest and by a time segmentation of the data samples prior to their
use in the newly developed algorithms. Also, since there is no public data set of elderly performing actions
available yet and creating one is difficult and very time consuming to arrange, the proposed novelty is not
tested on data samples of actions performed by elderly people. It is therefore likely that the same system,
when observing an elderly person whom is performing actions, behaves differently. This could require that the
system needs to be fine-tuned and retrained in order to achieve similar recognition accuracies.

1.5 Thesis outline

With the background information, importance of the study, research question and novelty of this research
introduced, this introduction comes to an end. The structure of this thesis is as follows: In Chapter 2, related
work is presented as well as in depth information on spatiotemporal patterns. This is followed by a description
of the used approach to the problem in Chapter 3. In Chapter 4, the representation and methods of offline
and online action recognition are discussed after which in Chapter 5 a novel dataset is presented, as well as
the experimental results of the offline action recognition algorithm is presented. The online action recognition
results are then given in Chapter 6 and in Chapter 7 conclusions on the offline and online results are drawn.
Finally, the possibilities in future work are given Chapter 8.
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Chapter 2

Action recognition in literature

This Chapter not only describes related works that try to achieve action recognition, but is also used to offer
background information and explain several different topics that were used within this research. This is
necessary to gain knowledge and insight in the underlying problems and to help understand the offered
solutions. In relation to the research question, questions such as ‘what is an action’ (Section 2.1), ‘how do
humans detect actions?’ (Section 2.2), ‘how is a computer able to recognize an action’ (Section 2.3) are
answered first. Afterwards, the challenges of action recognition (Section 2.4.1 / 2.4.2) and the difference
between offline and online action recognition (8§ 2.4.3) are discussed. This is followed by a short introduction
to representations (Section 2.5) and features / dimensionality reduction (Section 2.6) which are in close relation
to action recognition. Finally, 2D, 3D and the explicit use of time in 3D representations are discussed (Section
2.7, 2.8 and 2.9 respectively) followed by an overview of the most important articles (Section 2.10) and a brief
summary of the most important findings from the related work (Section 2.11).

2.1 What is an action?

Detecting and recognizing actions in the broadest sense means that apart from only wanting to know ‘what is
in this scene’ we also want to know ‘what is happening?’. This introduces the variable: ‘time’. Time lets us
use the temporal information available in the scene which is very useful when discriminating between actions
such as running and walking, since the movements are similar but the tempo varies. Time increases insight in
interaction between objects, facilitates causality analysis and the detection of state changes. However, time is
not always a necessity when detecting actions: a lot of actions can be recognized while looking only at one
frame. The scenes in Figure 6 for instance depict actions straightforwardly: a girl running, making a ‘thumbs
up’, playing soccer, and drinking water from a glass. Or are these actions much less straightforward to detect
than it seems? It turns out it is slightly more complicated than that. To understand this, the following question
needs to be answered: what exactly is an action and how can knowledge about this contribute to the overall
problem of action recognition?

Figure 6 Different actions depicted in a few frames.
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According to Webster’s Revised Unabridged Dictionary[36], an action is described as “A process or condition
of acting or moving, as opposed to rest; the doing of something; exertion of power or force, as when one body
acts on another; the effect of power exerted on one body by another”. This leads one to believe that an action
must constitute physical movements. An action of a person can thus be seen as movement with or without
interaction with its environment. A philosophical definition of action was formulated by Arthur Schopenhauer
[37]. Schopenhauer states that an action is always performed by an actor and that there is a relationship
between an actors will, the external world and its action. According to Schopenhauer, “Action is a perceivable
manifestation of the will under given circumstances and thus one’s body is the instrument to furnish the will
through actions in the perceivable world.”

The previous two definitions combined can form basic boundaries of what an action is in the light of action
recognition:

An action can be observed by movements and is the result of something planned by a ‘will’ to do
S0.

The result of this definition is that ‘natural actions’ are excluded from scope, although it can be discussed if
for example animal actions are in accordance with the definition or not. It is also clear that an elderly person
whom is accidently stumbling over a loose stone and falls down is not doing this directly because her ‘will’
wants to. Therefore the definition is slightly adjusted:

An action can be observed by human movement and is the (potentially unexpected) result of
something planned by a ‘will’ to do so.

There are several scales of actions that fall within this definition. For instance, the woman drinking water in
Figure 6 performs a different action per scale. On the smallest scale, an action could be moving one finger.
One scale up would be a coordinated movement of body parts to ‘grab an object’, as well as lifting the glass,
bringing the glass to the mouth, taking a sip of water, putting the glass back on the table and releasing the
glass. Another scale up, the descriptive action could be ‘drinking’. A descriptive action for the running woman
could be ‘running’ and for the monk it could be ‘making a thumbs up gesture’. Again zooming out, activities
can be observed such as walking a marathon, being on holiday, playing soccer or having lunch.

The difference between these actions is timespan and the level of consciousness while performing these actions.
This shows one major difficulty in action recognition: how do you know if there is enough information to tell
what is happening, especially when the observed data has never been seen before? What scale of the action
are we trying to perceive? When does an action start or stop? This problem of segmenting actions is out of
scope of this thesis and therefore not addressed in this research. Instead, the problem of action recognition is
simplified by only using data samples that contain one pre segmented action each. The actions in these samples
start with a neutral position, followed by the action itself after which the action is ended in another neutral
position.
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2.2 How do humans detect actions?

Humans are well capable of observing actions of other humans. They can name what is happening on each of
the action scales as mentioned in section 2.1 and are even able to infer other people’s intentions from observed
actions [38]. This is possible since the human brain relies on internal models of kinematics and dynamics of
physical representations that are not only used to generate the motions needed to e.g. ‘grab a cup’, but also
to recognize these motions from observations [38], [39]. This does not necessarily mean that temporal
information such as movement is always needed to recognize actions. Studies show that still images captured
in the process of movement, induce a perception of movement in the brain and therefore allow action
recognition using implicit dynamic context [38]. This inspired some researchers to investigate the use of Action
Points, which are similar (but not equal to) important key poses in action sequences [16].

Contextual information improves action recognition as well. When a soccer player is observed making a
movement with his foot towards a ball, it is expected that he will kick the ball. Therefore it does not come as
a surprise when the ball is kicked and shoots away. However, contextual information is not a prerequisite for
action recognition as it turns out that the kicking of the ball is still recognizable when only the kinematics of
the subject are shown [40]. The contextual information is nonetheless of use when looking at it from a causality
perspective: an object was lying still and now it is soaring through the air, which strongly suggests it has been
kicked as footballs do not start to fly all by themselves.

Causality is a very important source of information for humans. In the early nineties, a series of experiments
by Spelke and Van de Valle [41] showed that infants aged 7.5 to 9.5 months old are already sensitive to a
wide range of visual events derived from causal constraints of motion, which they tested using a variety of
experiments. One of them is shown in Figure 7. They posed that at that young age three different principles
are active in the understanding of motion, even well before the infants are able to reliably segment still objects:
contact, cohesion and continuity. In short these principles can be explained as ‘no action at a distance and no
contact without an action’, ‘no splitting or fusing unless a series of other causal events causes this’ and ‘no
gapped trajectories or contactless collisions’ [41], [42]. It is clear that these principles are following physical
rules. Remarkably, the study showed that infants act surprised when a tricked situation is shown where these
rules are broken. This fact, that even infants at that young age are able to show fluent application of these
principles, strengthens the idea that humans use internal physical models that help them recognize actions.

Concluding, although there are many events that are not causal such as gestures, contextual information and
the knowledge of causality helps in recognizing a wide variety of tasks. Examples are grasping a glass of water
or kicking the football: most of the information is encoded in the scene or can be deducted from the observed
causal events. This helps humans to reconstruct the plans or intentions and thus the action performed by the
actor through its will [43]. Although these principles are worth mentioning and of large importance for action
recognition by humans, in this research however causality and contextual information is not used, as these
topics would increase the complexity of the thesis too much.
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Figure 7 Experimental test showed to infants. The third situation is inconsistent with
the three basic rules: the ball should not be able to move through the table.
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2.3 How to detect an action with an artificial system?

Most works assume actions to be detected and readily segmented in time before action recognition is
performed. This assumption facilitates action recognition, since the burden of detection and segmentation is
removed from the recognition task [6]. Other researches primarily focussed on repetitive actions such as
walking, cycling and different gymnastic exercises and they rely on the repetitive nature of the action for
proper action detection. However, this might not always be very realistic. In an online setting for instance,
action detection and recognition should preferably be performed simultaneously and an action should be
classified directly, not after a number of repetitions. Otherwise, an action such as jumping is detected only
after a few jumps, while you might want to detect the first one already.

The approach to the detection of an action depends on the observed scene. Detecting sign language gestures,
a single person in a controlled environment performing one action at a time, or multiple persons minding their
own business in the lobby of a crowded airport, require different approaches for action detection. Similar in
these scenes is the presence of humans, and the fact that these humans, or at least parts of these humans, are
moving: movement is a strong indicator of the occurrence of an action. These two action indicators (presence
of humans and movement of these humans), require several preliminary processing steps, which can be found
in almost any vision based approach. For instance, a region of interest can be found by separating the
background from foreground by background subtraction. From this foreground the presence of humans can
be detected and afterwards motion of the human could be followed in a series of captured observations. This
section covers a selection of these methods that are in close relation to this work.

For background subtraction, many different techniques such as frame differencing can be used. This is a
technique that compares two frames and tries to determine what has changed between them and then considers
this as foreground. Unfortunately this has some limitations, in case of e.g. moving backgrounds. Fortunately,
over the years more complex, often probabilistic methods have been developed: ranging from simpler mean
filters and running Gaussian averages towards more complex methods such as Mixture of Gaussians, Kernel
Density Estimation, image variation co-occurrences, Codebook Models, coherence matching methods and
many more [44]-[46]. However, when the camera itself is moving these methods usually fail. In these cases,
especially when 3D data is available but also when 2D information is used, trajectory estimation can be
performed to compensate for ego movements. These methods usually employ pixel based models in
probabilistic/statistical modelling, estimate 3D locations in some cases and most often rely on online-learned
frameworks [47]-[49]. In this work background subtraction is not directly used, but it is embedded in the
device that was used to record the datasets that are used for validation.

front K e

Figure 8 Depth image -> Body parts -> Joint estimations.
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When it comes to human detection, this is a topic of interest for many researchers. Common 2D approaches
involve the use of an accurate background model to extract interesting objects on the foreground and rely on
either a body parts’ based approach or an approach using detection windows. [50]-[52]. Human detection in
the 3D case relies on range data (depth data) or ‘point clouds’ as input. The difficulty in using 3D depth data
is that the appearance of a human body in the data is highly dependent on its body pose, distance to the
sensor, self-occlusion and occlusion by other objects. The benefit is that this data is not sensitive towards
colour or illumination changes and it can help to solve occlusion issues in some cases. One of the more recent
developments in human detection from depth images uses a 3D object recognition approach to estimate body
parts. In this research, the Microsoft Research group uses a large artificial training database allowing body
parts to be detected invariant to pose, body shape, clothing etc. [53]. Their main contribution is to treat pose
estimation as an object recognition task using body parts as an intermediate representation. Figure 8 shows
an example of this technique.

Finally, the detection of (human) movement can occur using a wide variety of methods. Some are suitable for
2D or 3D data and some methods are especially useful for cameras that have ego movement. Examples of such
methods are frame differencing, the well-studied method of optical flow [54]-[57] and motion saliency [58].
Especially interesting are the methods that focus on human motion detection: once a human is detected, its
motions directly reveal information. Already in 1973, G. Johansson [59] stated that the motion of a living
body can be well defined with much less information than is available in a 2D gray scale image (Figure 9). Of
course, this is even much less information than is available in RGB-D recordings that are now used to detect
actions in. Johansson showed that humans are able to recognize activities even when this information is in an
extremely compact form: a few bright dots attached to the joints of a body is enough for a human to get a
good sensation of the 3D movement in the scene and to recognize the actions. This is even true when multiple
persons equipped with bright dots are in a scene at once.

Inspired by this idea, other compact representations were used, such as “star” skeletons [60] and extremities-
tracking [61], as well as MoCap data which is directly recorded by tracking the ‘bright dots’ connected to the
joints of the subject in 3D coordinates. MoCap data however has as drawback that it is only suitable for
motion analysis in a controlled environment since it is an invasive method that requires a calibrated recording
room. The other methods were based on 2D observations and although reasonable coordinates were estimated,
there was no reliable and accurate method to obtain a solid joint representation.

This changed with the arrival of affordable RGB-D sensors. Using a variety of algorithms a skeleton
representation can be extracted from the acquired depth maps. The skeleton representation is in fact a joint
location and orientation representation, with accuracies ranging from ~2cm deviation when in frontal view to
5cm in 45° orientation[62]. In 90° orientation the report stated that Kinect often failed due to self-occlusion.
However, more recent skeleton estimation methods such as proposed in [53] by J. Shotton are likely to perform
better under identical situations.

Once the skeleton representation has been determined, detection of human movement is a matter of comparing
joint locations between successive frames, effectively leading to an optical flow of skeleton joints. On top of
that, apart from detecting that there is movement it is now also visible in what direction and with what speed
the movement occurs.

This work makes use of the action indicators described, by using Microsoft’s Kinect sensor. This sensor extracts
a person performing an action from the background (only if it detects it as a human) and allows easy motion
detection by tracking the skeleton joints, facilitating the detection when an action starts and stops. Although
the algorithms in the sensor itself are complex, it uses algorithms that preprocess the data that is acquired
first, relying on lower level operations such as the described background subtraction, human detection and
motion detection.
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Figure 9 Showed by G. Johansson in 1973, humans are able to determine what is happening in an observation sequence when a sequence
containing only a few bright dots are shown. [59] The images itself are not exactly true representatives of Johansson’s but depict the
general idea.

2.4 Important aspects of action recognition

As stated in the introduction, there is no uniform approach to the problem of action recognition due to the
fact that there are many variances to take into account. This is due to different ways of recording that can be
used, the fact that many different recording conditions exist and there is a lot of variance in appearance of
the actor and performance of the action. This section discusses several approaches, pinpoint its problems, and
gives a comparison of the state of the art. The focus of this chapter is limited: it does not focus on approaches
that explicitly try to deal with differences in context such as interactions with other humans or objects,
approaches that have to work in multiple different environments or works that try to perform action
recognition while under the burden of heavy noise or partial occlusions.

2.4.1 Challenges

The notice that action recognition is still an unsolved problem brings up the following question: what are the
common challenges in the field of human action recognition? Most of these challenges are related to variance
since there are countless possibilities in purpose and application, circumstances and observed scene. Poppe
[63] addresses these challenges in an extensive dissertation and splits them in four main groups: intra / inter
class variety, environment and recording settings, spatial and temporal variation and evaluation criteria.

First of all, intra / inter class variances relate to how actions are performed: on the one hand, one type of
action can be performed in several ways with large variety as can be seen in Figure 10. On the other hand
there can be multiple different actions that look a lot like each other. These two situations seem to require
opposing approaches and hence a good human action recognition algorithm needs to generalize well over the
different ways that an action can be performed. However at the same time it should prevent that the algorithm
will generalize over similar performed, but different actions.

Secondly, spatial and temporal properties of the data introduce some more variation in the recognition
problem. As discussed, most researchers assume actions to be already well segmented in time before recognition
occurs: it is known beforehand (often labelled manually) where the human is and when the action starts and
ends. In reality however these ground truth spatial segmentation and temporal anchor points are to be
determined with lower level pre-processing algorithms. Also, cameras record the analogous time in a discrete
fashion causing actions to be depicted differently in each recording sequence. This all will lead to additional
variation which a robust action recognition algorithm should be able to cope with.
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Thirdly, environmental circumstances and recording settings introduce variation as well. Since action
recognition is a vision based technique, difference in viewpoint, the used camera settings, appearance of a
person and the environment (background, illumination, other foreground movements) all have their effect on
the recognition process. Variations can be introduced by differences in the results of low-level pre-processing
steps such as localization, segmentation and motion estimation and therefore also lead to variances in the
results of high-level pre-processing steps such as joint estimation, pose estimation and action segmentation.

Another ongoing challenge in human action recognition is the limitation of available technical possibilities.
Apart from technical challenges such as camera range, field of view and their performance under different
circumstances, a major challenge is the continuous increase of required computer power. The reason for this
is that techniques for data acquisition are continuously improving, leading to the acquisition of higher
resolution image sequences recorded at higher frames per second, while at the same time containing more
additional information such as depth maps. This especially is a problem when training with (very) large sample
databases is required for proper training.

Although not all algorithms such as low and high level pre-processing steps are equally computationally
expensive, the increase of available information presses on the available computing resources. Furthermore, as
techniques proceed it becomes possible to successfully distinguish more and more types of actions in different
situations, performed by different people. Once the amount of actions to be identified becomes large, generating
reliable models or performing reliable classification might become too memory or computationally expensive.
As an example, classification schemes like the action graph [64] that use Action-Specific Viterbri Decoding
suffer from increasingly growing memory and computation requirements when the amount of actions to be
classified grows. Luckily, in accordance with Moore’s law, computing power is expected to keep increasing in
the future, doubling each 2 years, allowing techniques that are now computationally prohibitive to be used.

Figure 10 Variances of the action ‘jumping’: a lot of variance between performers.

2.4.2 Temporal variance

One specific source of variance, temporal variance, requires additional attention. When an action is performed
by moving the body parts in the exact same way, but at different speeds, this difference in the temporal
domain might influence classification. This is especially true for methods that employ exemplar based
recognition[8], [65]: when the similarity of an observed sequence with a set of template- or sample sequences
is high enough the human action recognition system is able to deduct that a certain action is performed. A
large temporal variation or a difference in sequence length however reduces the similarity and prevents proper
recognition. To overcome this problem, a broadly applied technique, a distance measure originally developed
for applications in the domain of speech recognition, is often used in the vision domain; Dynamic Time
Warping (DTW).
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Dynamic time warping as distance measure to match sequences was studied from the early 90’s in several
researches, trying to find an optimal non-linear match between two sequences by establishing correspondence
between related events in both sequences. An example is given in Figure 11. Unfortunately, DTW is not a
very suitable method to overcome this issue in this work as the method of DTW requires that key poses are
available and these key poses are not yet known when trying to detect unknown actions. Still, the issue of
temporal variance is partly dealt with in the proposed method in this thesis.
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Figure 11 Reprint from [8]; stretch leg action sequence
performed at different nonlinear execution rates.

2.4.3 Differences between offline and online recognition

Action recognition applications can be seen in both online and offline settings. Online processing is used to
provide immediate information about the current scene. Offline processing on the other hand does not have
the need to provide direct feedback, instead the data is processed much later. An online processing example
is a security camera in a bank designed to detect armed robberies: immediate action is required in the event
of a robbery. An offline processing example is video annotation to archive a soccer match: there is no need for
a system here that immediately annotates all actions, processing can be done subsequently.

While trying to recognize actions or activities, offline processing has the benefit that it can use ‘future’ data,
or in other words: data that was not available at the time when the action itself was not yet finished. Online
processing can of course not access this future data and hence a time delay is introduced: only when the action
is almost completely finished it is getting clear what action is performed. However, for some actions, data over
a complete action is not always needed for accurate recognition. [16]

When it comes to learning or training a recognition system, there is also a difference in online and offline
learning. Offline learning systems are trained in an initial training phase. After this phase their approximation
function does not change. This type of training is often used when trying to construct a general, input
independent target function. Although these trained systems excel in classifying the data sets that are alike
their training set and they can partially account for noise, they are not really suitable for data that includes
new events or changes over time, since the observations might diverge too much from the training set to allow
proper recognition.

Online learning systems on the other hand are often (but not always) models of induction: incrementally
learning from one instance at a time instead of learning whole batches. This is beneficial since in many practical
applications, obtaining a representative set of training data is considered to be an expensive and time
consuming business. This is especially true for end users: customers of a product that controls a television
with custom gestures are not accepting a system that needs a ton of training data before they can use their
own custom gesture commands for example. The key characteristic of online learning is that the system is
able to refine its hypothesis over the target function (e.g. classification) with each new data instance obtained.
This is called incremental learning, which makes them much more flexible than their offline counterparts.
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Concluding, offline and online systems both have their benefits and whether a system should be fit for offline
or online processing greatly depends on the purpose of the application. Both 2D and 3D human action
recognition are suitable for offline and online processing, as this is just a representation that can be used by
offline and online processes. When it comes to observing elderly in their home environment, a successful system
will most likely contain both offline and online elements; the offline elements will provide a solid basis and the
online elements provide accurate and real time recognition with the possibility to adapt to the scene that is
changing over time, and perhaps even to changes in the behaviour of the centre of attention itself: the elderly
person to be observed.

2.5 The important choice of representation

As mentioned in the introduction, a representation is a different way of showing acquired data: maximizing
the available information while reducing sources of variance, or while optimizing for computations.
Representations can be holistic or patch based, and some are using parts of both methods.

Holistic representations are very rich representations, potentially encoding much of the available visible
information, and are in general not very susceptible to changes in appearance. However, their downside is that
in general their success depends on the accurateness of low-level pre-processing steps such as background
subtraction and segmentation since this step introduces noise if not performed accurately. Another downside
is that as the scene is regarded as a whole, the system is more vulnerable to self-occlusions. Examples that
were often used with 2D data are given in Figure 12.
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Figure 12 STIP features in the action sequence ‘falling’. Method proposed in [9].

Patch based representations on the other hand try to describe the observed scene as a collection of independent
pieces of information (patches). This class of representations is inspired by the idea that for some actions the
entire body does not need to be observed for proper action recognition; instead the idea is that the main
characteristics of an action are concentrated in small areas of the observed scene. Examples of patch based
representations are spatial temporal information points (STIP)[9], space time cuboids (STC) [66] and bag of
words classification (BOW).
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For patch based representation the amount of extracted features usually varies from frame to frame. To ensure
feature vectors used for training and classification still have the same size, histograms are often used.
Unfortunately, this is a notorious disadvantage of using patch based representations: spatial and temporal
information is usually lost in the process although researchers have proposed a fair amount of methods to
overcome this issue by retaining the spatial information. [67] ,[68]. Benefits of patch based representation are
that low level pre-processing is not always a requirement, reducing computational costs and errors induced by
pre-processing. Another benefit is that, in contrast to holistic approaches, patch based approaches are less
susceptible to noise and occlusions.

A more recent example of this principle is the ‘bag of points’ as introduced in a 2010 article by Wanging Li
et al.[25] In their work a depth map from the region of interest is extracted and projected onto three
perpendicular planes (holisitic representation), after which the circumference of the projected silhouettes is
sampled and back-projected in 3D space. This resembles a patch based representation. By ‘bagging’ these
points, recorded poses are represented using only 1% of the available depth points.

Another example of a widely used representation is the skeleton representation as illustrated in Figure 13. It
consists of a set of points in 3D space which correspond to the estimated location of the joints of a human test
subject. This effectively removes many sources of variance. Using the skeleton representation differences in
appearance and posture between elderly persons is of much less importance. The representation is used in
many recent works [8], [53], [69], [70] which use the representation either directly or as intermediate
representation to create their own, new representation such as in the 2013 article of Xiaodong Yang and
YingLi Tian on Eigen joints [26]. Skeleton representations were initially estimated from 2D images but these
were not very accurate. With 3D depth sensors, skeleton representation became easier and more accurate
skeleton representations became available. More recently, Jamie Shotton of Microsoft research proposed a new
method of obtaining a skeleton representation by using a patch based intermediate representation that uses
holistic information of body parts to come to the final skeleton representation [71].

Figure 13 Skeleton representation example.
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2.6 Advancements in 2D human action recognition

From the first scientific enquiry towards the current state of the art methods, human action recognition is
following a rapidly paced development. This was even increased when cheap, reliable 3D depth sensors such
as Microsoft’s Kinect and the Asus Xtion Pro Live were released, which caused a shift of attention towards
the use of 3D input data instead of 2D data. However, the fact that many new possibilities were coming into
reach with the introduction of these new 3D sensors does not mean that research in the 2D domain has been
done in vain: these works increased our understanding of a wide variance of aspects. After all, early research
towards vision techniques that are based on 2D contributed a lot to come to the current state of the art of
human action recognition. Also, the field of action recognition is and should not be limited to one type of
input data and therefore 2D action recognition remains a field of interest even after the introduction of cheap
3D sensors. This section states some of the methods that are introduced and broadly applied.

2.6.1 Research through the years, covered in surveys

Most of these 2D action recognition methods are discussed in extensive surveys published in the last decade.
In A survey of advances in vision-based human motion capture and analysis [72] by Moeslund, advances in
Human Motion Capture and Analysis from 2000 to 2006 are discussed, covering a very large amount of papers
from that period. The work mostly covers topics on pose estimation and tracking, involving low-level
processing steps as discussed. In 2007, the work The meaning of action: a review on action recognition and
mapping [73] by Kruger et al. gives specific attention to the topic of actions. It discusses different approaches
for the representation, synthesis, recognition and understanding of actions without going too deep into details
of lower level processing steps. The year after, in 2008, a survey is published in the magazine of IEEE Circuits
and Systems Society: Machine recognition of human activities: A survey [7] by P. Turaga. Like Kriigers work,
it does not go in depth about current state of the art lower level processing steps, as it primarily focusses on
high level modeling of activities and actions. It discusses both parametric and non-parametric action
recognition approaches extensively, as well as different types of models such as graphical models and syntactic
approaches and knowledge/logic based models.

The following years, in 2009 the extensive dissertation Discriminative vision-based recovery and recognition
of human motion [63] and in 2010 A survey on vision-based human action recognition [6] by Poppe were
published. These works are focused on both lower and higher level processing steps and form a complete
overview of the state of the art in that time. The works give a lot of attention to methods of representation,
pose estimation and classification and introduce pose-based classification as a particular point of interest. In
A survey of vision-based methods for action representation, segmentation and recognition [72] published in
2011 by Weinland et al., different spatial action representations (body models, image models, sparse features)
and temporal action representations (grammars, templates, key frames) are discussed as well as methods of
action segmentation. Special attention in this work is given to view-independent action recognition, a topic of
particular interest for this report. It discusses advancements in topics such as normalization, view invariance
and exhaustive search for both 2D and 3D.

After this date, much less 2D action recognition surveys of importance are published. One last interesting
survey dates from April 2014: A survey on still image based human action recognition [74]. This survey
explores action recognition without the availability of temporal information. Especially useful is their table
that shows which papers employ which high level cues and which cues are described for the presence of an
action.
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2.6.2 Methods in Literature

The most widely applied representation in 2D action recognition throughout the years is a holistic
representation: the silhouette. As described this is a very rich representation that is not very susceptible to
changes in appearance and its success depends on the accurateness of a preliminary segmentation process.
Although this representation is not well suited for applications with a moving camera, it is a widely used
representation. Bobick and Davis were one of the first to use silhouettes in their research to action
recognition[34]. Silhouettes can be generated using several methods, of which the most well-known are based
on foreground-background segmentation and the use of motion detection. The latter is used to generate binary
motion energy images (MEI). Another representation introduced by Bobick and Davis is the motion history
image(MHI). In this representation the pixels are an indication of the recency of the detected motion or
silhouette motion. Examples of MEI and MHI are given in Figure 14.

Silhouettes, MEI and MHI can be used in the recognition process in many ways. Contours can be generated
out of the silhouettes, facilitating e.g. the fitting of star skeleton models or the extraction of many types of
other feature descriptors. Other approaches include, but are not limited to, matching silhouettes with
silhouette templates, matching average silhouettes with its respective templates. With matching is meant to
determine the ‘distance’ between the object and template using one of the available distance functions: the
smaller the distance the better the match. Examples of distance functions are Euclidean distance, chamfer
distance and Mahalanobis distance but basically any sensible definition can be used as a distance measure.

Silhouettes are also used in more complicated methods. For instance, silhouettes are used to make a system
more robust to variance of viewpoints. For example, silhouettes extracted from multiple camera images can
be used to create visual hulls [75] or 3D voxel representations such as the ‘stacked’ in time space time volume
(STV). In the work Action as Space-Time Shapes [76], Gorelick et al. regarded human actions as a three
dimensional shape created in space-time by stacking subsequent silhouettes on top of each other. They even
showed that their method was robust to significant changes in scale and viewpoint, partial occlusions, and low
quality input data. Related to STVs are motion history volumes (MHV) [77]: while STVs are generated by
stacking silhouettes on top of each other MHV are generated by stacking motion information obtained from
object-based optical flow. These types of constructed 3D surfaces allow for extraction of 3D points of interest
but are also suitable for template matching as is done on the 2D silhouettes directly.

Frame 0 Frame 0

Haﬂ

Figure 14 Top row plus lower left: the creation of MEI and MHI representations. MEI is a binary cumulative motion detection result,
MHI indicates the time since the motion at a certain image position was detected. Lower right: example of a motion history volume for
actions ‘sit down’ and ‘walk’.
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The other representation that is often used is the local / patch based representation which uses patches that
are typically placed around so called ‘spatial temporal interest points’ or STIP. Laptev and Lindeberg [78]
were among the first to propose a temporal extension towards already successful feature detectors in the fields
of object recognition and image matching using a Harris-Laplace based space time interest point detector.
STIP can be obtained directly from images or from intermediate representations such as STV or MHV. There
exist many types of detectors that could extract these interest points such as HL-STIP, HES-STIP; some
detect only a sparse set of features while others try to create very dense sets of feature points [79]. The
theoretical principles and the different algorithms available for STIP based representations are outside the
scope and thus will not be discussed in this report. In short, interest lays on these points with significant local
variation of image intensities, assuming that these points are most informative for the recognition of human
motion.

Since the amount of local descriptors often varies from frame to frame and sequence to sequence for the STIP
representation, descriptors cannot be compared straightforwardly. To cope with this issue the bag of words
models (BOW) can be used. A codebook is generated by putting each descriptor in separate bins, where each
local descriptor is a code word. A BOW model is thus basically a histogram of code word frequencies and
functions as an intermediate mid-level representation. BOW as an intermediate representation is used not
only in methods where it facilitates STIP representations, it is also used as an intermediate representation for
poses. This is shown in the work of Hatun [80] where an action is considered to be a document consisting of
words, where each word corresponds to a certain pose in a frame. The work of Tahayna et al. The work of
Tahayna [81] is another example of using a BOW representation to facilitate detecting and recognizing actions:
STIP extracted from STV are put in a BOW representation which is used in a genetic algorithm based SVN-
classifier. In this work special attention is given to the optimal representation of the BOW, as choices regarding
dimension, selection and weighing of words turns out to be of crucial importance to the eventual classification
performance.

Next to the use of silhouettes and local patches, a lot of attention has been given to 2D pose based approaches.
In early works, focus within pose estimation was on tracking body parts and determining joint movements,
such as in the work of Gavrila et al. [82] in 1995. These methods relied heavily on tracking individual body
parts, which proved to be an extremely difficult task in realistic settings. Attention to pose recognition however
never faded away completely due to the fact that this representation has several major advantages: they are
invariant to changes of viewpoint, differences in appearance of the humans and contain only high level
information. The first two advantages result in much lower intra class variance, the last advantage simplifies
learning for the process of action recognition. Another benefit is a reduced sensitivity to occlusions.

Figure 15 A few examples of relational pose features, obtained from [83]. From left to right: Joint distance, distance joint/plane spanned
by black dots, another type of joint/plane distance, velocity component in the direction of a certain other joint, velocity in the direction
normal to a certain plane. Many options are possible.

33/121



After years of research in the field of pose estimation (e.g. [84], [85]), in 2011 Yao et al. published the article
in the form of a question: Does human action recognition benefit from Pose Estimation? [83] The answer to
this was yes, as they showed in their comparative work. The use of poses in action recognition is also
demonstrated in the work of Poppe in 2009 [63] where a pose recovery approach is combined with a common
spatial patterns classifier to recognize human actions.

Poses as representation for the human action recognition can be used in multiple ways. In general, poses are
not used in action recognition by comparing their joint locations in space and time. Instead, relational pose
features [86] are extracted for the classification process. Some examples of relational pose features are given in
Figure 15. These features can be used in models employing hidden Markov Limb modelling, or one of many
other models, many of which are discussed in [6].

In 2008, Zhang et al. present their Expandable Data-Driven Graphical Modeling of Human Actions Based on
Salient Postures [64]. This work presents a graphical model for learning and recognizing human actions in a
so called action graph. An example of an action graph is illustrated in Figure 16. An action graph has nodes
that represent salient postures and weights that correspond to transitional probabilities between two salient
postures, or nodes. An action can therefore be encoded as one or multiple paths within an action graph. The
proposed method turns out to be an effective way to recognize actions, and states that it can easily be expanded
to include new actions. Furthermore it is robust to noise and changes of viewpoint. This model, combined
with advanced pose recognition, is currently the state of the art method in 2D (and 3D) action recognition.
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Figure 16 Example of an action graph for the action ‘run’ together with 8
salient postures, potentially used in the action graph.

2.7 Advancements in 3D human action recognition

Using 3D information in the field of computer vision has always been a topic of interest, as it comes with a
set of interesting benefits. Within the field of human action recognition, 3D information can provide additional
information about the body shape. This helps to differentiate actions that would otherwise have an identical
or similar 2D representation in a single recorded frame. This additional information resolves part of the
ambiguity problems that exist in this field of research, since combining RGB with depth data leads to much
richer representations which can be used for feature extraction and classification. Furthermore, the use of
depth data removes some difficulties existing in lower level processing steps such as segmenting similar
foreground/backgrounds and dealing with variances in appearance and illumination. This section discusses the
different methods to obtain depth maps, different representations and several popular techniques used in 3D
human action recognition.

34/121



2.7.1 Acquiring depth information

The recent advancements in the techniques to obtain 3D representations such as depth maps, facilitated the
advancement of techniques within the field of 3D human action recognition to a great extent. Consumer-
targeted RGB-D sensors are capable of obtaining depth maps more reliably in many situations with more than
reasonable precision although this has not always been the case. Before the introduction of the Kinect other
techniques to obtain depth maps were used which can be divided in roughly four different groups: stereo
triangulation, structured light, coded aperture and time of flight (ToF). These groups are a topic of interest
to this day. Most of these groups employ methods in the spatial or temporal domain, although some use
features from both domains[33], [87].

Stereo triangulation [88] is one of the first methods used to generate depth maps. It is a technique in the
spatial domain, employing two cameras set up with a small horizontal offset to acquire a pair of slightly
different images at the same time. Stereo triangulation can be used as an active or passive method. Passive
stereo triangulation is beneficial since it is non-invasive while it attempts to find matching image features
between a set of images, usually without any prior knowledge on the observed scene. The benefit of active
stereo matching is that it minimizes the difficulties in finding occurrences between the two images. This is
done by replacing one of the cameras by a projector that projects patterns of (invisible) light on the observed
scene, also called structured light. These projected structures are then observed by the camera of the system.

Structured light is a technique in the spatial domain and it appears in many forms. Fringe and Moiré based
techniques [89] as well as several types of stripes and checkerboard patterns have been used as projection
methods in order to estimate the 3D shape of objects. Recently, advancements in these techniques were
discussed by S. Zhang in [32]. In general, to achieve real-time performance, the structured light is changed
rapidly while the system monitors the deformation of the structured light, hereby calculating the shape of the
object causing the deformation. Microsoft’s Kinect also uses structured light [15], [31]. It uses a pattern of
projected infrared-points, in the form of uniquely positioned groups of dots for every location in the projected
structure. The Kinect’s infra-red camera captures the projected dots and by retrieving the location of unique
groups of dots within the recorded image the depth of the groups of points can then be calculated by stereo
triangulation, unhindered by burdens as occurring with conventional passive stereo triangulation. Another
example of a popular system using this method was Asus’ Xtion Pro. Unfortunately, Apple bought and
discontinued PrimeSense, and this product is therefore scarcely available.

The third group of techniques use coded aperture [30]. It is a passive method in the spatial domain that uses
apertures that are occluded in a special pattern. With such a coded aperture and using a statistical model of
images, both depth information and an all-focus image from a single photograph can be obtained. The resulting
depth map is a layered representation of depth. This method is perhaps less suitable for human action
recognition as it operates in relatively narrow depth ranges and depends on specific focus and exposure settings,
making it less robust for different illumination settings.
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Figure 17 Person with a projection of a sinusoidal grayscale banded image (left), the result after processing (center) and an example of
Kinect's speckle structure (right).
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Finally, ToF is an active system operating in the temporal domain. Typically, by measuring the time it takes
for emitted light to be reflected back, depth can be estimated. This is not necessarily limited to emitting light,
as other examples of ToF are radar and LIDAR. ToF systems using emitted light were in general extremely
expensive and often had limited resolution; recently however products such as the D-Imager of Panasonic and
the depth Sense from the Soft Kinetic came to market. These consumer-priced devices are capable of generating
high resolution depth maps by combining (fusing) lower resolution ToF with stereo matching high resolution
RGB data [33],[90] .

Another technique was revealed in August 2013 by MIT. It is a technique called Wi-Vi. Although it has almost
nothing in common with the Kinect it is announced as the ‘next generation Kinect that can see through walls’
using Wi-Fi signals to enable the detection of moving objects (even through walls), track a human body and
recognize simple gestures. However, there is not enough literature at this time to make any assumptions on
the usability for accurate human action recognition, as the technique is premature

Figure 18 Upper row: example image from [30] showing an RGB scene(left), aperture coding pattern using a thin cardboard
layer(center), and the resulting ‘layered’ depth map (right). Lower row: Kinect, depth Sense and Xtion.

2.7.2 Representations in 3D space time

Depending on the used hardware, a sequence of depth maps can be obtained, which in some cases comes
together with a calibrated RGB image sequence of the same scene. This RGB data provides additional
information. As described, a depth map is an image representation showing per pixel the depth distance of
that particular image location to the sensor. Depth maps are a representation form that can be used for low
level pre-processing steps such as background subtraction and motion detection using methods as well. The
usefulness of this representation is shown in many works, for instance in the field of health care and elderly
fall detection where Rougier et al. [12] and Zhang et al. [13] use depth maps to segment and locate a person
from depth maps. A survey on human fall detection is available in [11].

Another commonly used representation is called ‘Point Cloud’, which is a collection of points with real world
coordinates that have x, y and z coordinates relative to the sensor. A point cloud was until recently usually
obtained by Lidar and other laser scanners, and functioned as a high quality representation of the real world.
Another system that acquires point clouds is the Kinect. In fact, the earlier mentioned depth map is only a
projection of the point cloud on the XY plane.
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Depending on the hardware used and the detail that is needed in a representation, a point cloud may contain
a very large set of 3D points. To help developers of 3D vision applications deal with these point clouds
efficiently, a point cloud library or PCL was created [91]. PCL helps developers with low and medium level
processing tasks including filtering, feature estimation, surface reconstruction, model fitting and segmentation.
Other popular software packages offering a variety of drivers and tools are Microsoft Kinect SDK, OpenNI
and NITE and LibFreeNect.

When observing a human being, acquiring low level representations such as depth maps and point clouds
offers opportunities of obtaining a higher level representation: a 3D skeleton. This representation is also called
a ‘pose’ representation, since the estimated skeleton determines the pose the observed human is in. Although
3D representations facilitate estimating the correct skeleton’s joint angles and body part lengths from 3D
information, 2D representations have also been used to estimate joint angles [82], as discussed in Paragraph
2.6.2. Another method to obtain motion of joints is using a motion capture systems using markers.

Fast and accurate extraction of skeletons is one of the core points of the internal Kinect software, and software
packages such as NITE. Extracting poses is however not something that should be thought of lightly. For
instance, problems that hinder the development of reliable, accurate, robust extraction of joint angles and
location are e.g. (re)initialization problems, difficulties tracking the skeleton, large occlusions and limited
resolution. This still leads to a lot of accuracy issues.

The skeleton representation is in most cases a holistic representation which is extracted from the available
data in point clouds or depth maps, using a variety of low level processing techniques. In some cases however
a skeleton is formed from a patch based representation. In these cases an intermediate representation is used:
the body part representation. This however requires the recognition of body parts and their orientation,
regardless of their appearance.

Figure 19 Left: body part labeling on real data as described in [53]. Right:
Example of tracking (multiple) skeletons in the NITE & OpenNI framework.
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A well-known, state of the art method is published by Shotton et al. in their work Real-time human pose
recognition in parts from single depth images [53]. This work forms the core of Kinect’s skeletal tracker, which
is able to extract skeletons of humans observed in the scene (almost) regardless of their size, orientation and
pose, including a wide variance of human body appearances. The biggest reason of success for their approach
is that they employ a body part recognition algorithm as intermediate representation, combined with a very
large sample database for training the system with synthesized data[92]. Once the body parts are recognized,
the system proposes body joint location and angles based on confidence scores. Beneficial is that it runs very
fast (200fps at consumer hardware) and it does not use temporal information; instead it extracts the skeleton
from only one depth frame, eliminating the issues that would otherwise be involved with tracking and
initialization problems occurring in other methods such as used by OpenNI that perform initialization of
tracking the skeleton by requiring the subject to stand in a characteristic T-pose. Other recent works in the
field of pose estimation are [71], [93], [94], the latter being an interesting article using pose refinement to obtain
joint locations reliably.

2.7.3 Action recognition in 3D space time

The skeleton representation is the most used representation in action recognition nowadays. A well-estimated
skeleton is especially useful since it can be made view invariant and it is robust to changes in appearance,
occlusions and noise. Note that the reliable extraction of postures and the recognition of actions using the
estimated poses are two separate research domains, although they are intertwined. Many researchers in the
field of action recognition therefore assume skeletons or poses to be extracted reliably beforehand, allowing
them to only focus on the task of human action recognition, without being ‘bothered’ by lower level process
steps. This section discusses recent advances in pose based action recognition as well as a number of other
techniques.

2.7.3.1 Pose based approaches

Once a reliable skeleton representation is estimated from the observed data, it can be used in many ways to
perform action recognition. Pose based action recognition is not a new technique as it is used in the 2D domain
as well, although obtaining a proper pose representation is often troublesome. The usefulness of 3D poses for
view invariant action recognition is shown in an extensive dissertation by Poppe [63]. Some action recognition
techniques try to find differences within the representations and are discriminative in nature by trying to find
more compact and discriminative features. Others try to exploit the sequential nature of all the small
movements that form an action. These methods often try to cope with temporal variations by using dynamic
time warping (DTW) as explained in paragraph 2.4.2.

In the work of Poppe [63], a method to extract 3D joint information from single static 2D RGB camera images
is proposed. In the second part of the dissertation an action recognition algorithm is presented based on
common spatial patterns (CSP). More interesting is the combination of the two in Chapter 6 of the work,
where human action recognition is performed based on recovered poses from 2D images. Promising results
were shown and as suggestion for future work: the detection of new poses with unknown classes as a topic of
interest.

There are quite a few recent works that are discriminative in nature and use joint locations. Only a few recent
works will be mentioned to illustrate the general idea of discriminative methods. In the 2012 article by Xia,
Chen and Aggarwal [95], 3D Joint Locations are projected in a special spherical coordinate system to obtain
view invariance. Subsequently, they are clustered in histograms of orientated joint locations (HOJ3D) and
clustered in visual words (BOW) representing the prototypical poses of the action. The temporal evolution of
the visual words is then modelled using Hidden Markov Models (HMM). Results are promising and the system
is suitable for running online in real-time.
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In 2013, Theodorakopoulos et al. [96] propose a Pose-based human action recognition via sparse representation
in dissimilarity space. In this work a skeleton is post processed to increase robustness to variance in viewpoint
first, after which classification of actions occurs by extracting feature vectors containing dissimilarities to a set
of prototypical actions and then using sparse representation based classification. Again, HMMs are used to
model the temporal evolution of the extracted features. Yang et al. described in 2013 a novel action recognition
method [26] using an action feature descriptor called an Eigen joint that combines action information such as
static posture, motion property, and overall dynamics. A Naive Bayes Nearest Neighbour classifier is used to
classify different actions, as it is capable of dealing with a large number of different classes and is not prone
to overfit. The main contribution of the paper is the new Eigen joint feature to be used in discriminative
classification, created by taking the differences in both the spatial and temporal domain and using
dimensionality reduction te4chnique called principle component analysis (PCA) to remove redundant and
noisy features.

To illustrate works that try to exploit the sequential nature of actions a number different examples are given
as well. In 2008, Zhang et al. present their Expandable Data-Driven Graphical Modeling of Human Actions
Based on Salient Postures [64]. This work presents a graphical model for learning and recognizing human
actions in a so called action graph. An action graph has nodes that represent salient postures and weights that
correspond to transitional probabilities between two salient postures, or nodes. An action can therefore be
encoded as one or multiple paths within an action graph. The proposed method turns out to be an effective
way to recognize actions, and states that it can easily be expanded to include new actions. Furthermore it is
robust to noise and changes of viewpoint. This model, combined with advanced pose recognition, is currently
the state of the art method in 2D (and 3D) action recognition. An example of an action graph is given in
Figure 20.

In 2012, Lin et al. propose a novel representation called action trait code (ATC) [97], used in combination
with a graphical model to learn and recognize human actions. Action trait code uses the average velocity of
body parts to form a feature vector describing the actions. The method is applicable in real-time and show
very good results. Unfortunately, no further literature can be found using ATC, but in basis the method is
‘just’ a graphical method with a certain chosen feature used as intermediate representation. In the article
published in 2012 by Jalal et al. [98] HMMs are trained using a codebook representation, exploiting the
sequential nature of the actions by learning probabilities of transitions from one occurrence to another for
different actions. Although the poses are represented in a body part based fashion, it could also function for
normal skeleton based approaches. Superior recognition rates were obtained with +/- 20% higher recognition
rates than conventional methods available at that date.
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2.7.3.2 Bag of Points and STOP

Not all action recognition methods in the 3D domain use skeletons. In [25], Li, Zhang and Liu present their
method which uses an action graph to model the actions explicitly and they use a bag of 3d points to
characterize a set of salient postures. These salient postures are representing the nodes of the action graph.
They project the dense 3D point clouds on different orthogonal planes and use a smart sampling scheme that
samples only 1% of the original points to be used as a salient posture representation. A Haussdorf distance is
used as similarity measure. The 3D coordinates belonging to these points are then fed into a GMM to capture
the statistical distribution of these points effectively. While reducing the amount of information to be more
computation friendly, still impressive recognition rates are achieved. A drawback to the method is that it is
susceptible to changes in viewpoint and variance in appearance. Also, self-occlusions might lead to other
orthogonal projections and therefore completely different sets of sampled points, hindering the classification
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Figure 20 Action graph wih salient postures (left) as nodes.

Another method that does not require 3D joints to be estimated was proposed by Viera et al. in 2012. Their
method, Space-Time Occupancy Patterns for 3d action recognition from depth map sequences (STOP) [27]
looks a lot like the use of motion history images in the 2D domain for classification, but instead of a 3D
(2D+time) representation they employ a 4D (3D+time) representation. In contrary to MHI classification
however they do not use the direct history of the scene but rather the saturation of time blocks: the average
occupation of points in a certain positioned block in space time. The claimed benefit is that their method
preserves spatial and temporal contextual information while still being flexible enough to accommodate intra-
action variations.

2.7.3.3 Key points, Action Points and action constraints

The discussed STOP method in paragraph 0 updates the action graph with new information as soon as a non-
neutral pose is discovered. This is useful since this is a direct cue for the online action recognition algorithm
that an action is starting to be performed, or as a cue to indicate a certain characteristic intermediate position
in a sequence of movements corresponding to an action. These cues exist in other research as well, although
usually they are not based on being non-neutral but rather on their discriminative nature: in sports such as
tennis there exist many characteristic poses that are an occurrence indication of a certain action by their
appearance alone. In the field of human action recognition, these cues are often called key poses [99]-[102],
key postures or salient postures. A variance to this concept is given in [16] where the concept of Action Points
is presented. Most works on human action recognition using key poses in the last decade had their focus in
the 2D domain. However, since poses can be extracted in the 3D domain more reliably, key poses are discussed
in this part of the report as it is expected that future research using key poses obtained from 3D data will lead
to promising results in the near future.
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Given a set of available actions, a human is in most cases able to recognize a certain action from a single
frame, without examining the whole action sequence. This is the base behind key poses. Key poses often do
not incorporate any temporal information and rely only on spatial information available in the scene. In an
article by Baysal in 2010 [99], a key pose is defined as ‘a set of frames that uniquely defines an action from all
others’. For each to be classified action sequence all frames are labeled as one of the available trained actions
by measuring the similarity with the key poses of these actions. After processing the entire sequence, it is
classified to the action it received most evidence for.

This method requires action sequences to contain many key poses, as recognition rates are relatively low for
low amounts of key poses. Although this work is not robust to variance of viewpoint, another work using key
poses does try to cope with these variations [100]. It uses a database of synthesized key poses from different
view angles to match new poses with. Furthermore it uses an action representation scheme called ‘action net’.
This allows the researchers to include three separate action constraints: the occurrence of key poses should be
in a certain order, the transition between actions should not be arbitrary - you cannot walk without standing
up first if you are sitting - and finally changes in orientation of the subject should be smooth. The last
constraint is not explained but it is assumed that it means that key poses that differ too much are excluded.

Unfortunately, classical methods using key points are not very suitable for online action recognition. This is
due to the fact that reliable recognition requires long action sequences to match many key poses, plus the
proposed methods assume proper segmentation on forehand which is usually not the case in an online setting.
An alternative, recently published method is published by Nowozin and Shotton in their work Action Points:
A Representation for Low-latency Online human action recognition [16], where the concept of Action Points
is proposed. In a very recent review, Enhanced Computer vision with Microsoft Kinect Sensor, published in
October 2013 by Han and Shao. [31], the work is pinpointed to be the potential start of a research trend, as
it offers recognition at extreme low latencies which facilitates online human action recognition.

Compared to key poses, action points are more closely related to the idea that an action can be characterized
by a single frame. A major difference between them is that action points include temporal information: Apart
from describing the pose itself only spatially, it also describes how the actor got into the pose. Action points
only rely on information from the past and since they are designed to define a clear presence of an action, the
action is detected and recognized as soon as Action point is recognized. An example on annotation is given in
Figure 21. The proposed method in [16] is therefore a low-latency, real time, online action recognition system
that does not require prior action segmentation.

One problem that is addressed in their work however is that current state of the art classification methods are
not really suitable for classification using Action Points. Therefore the article proposes a performance measure
and two new classification methods tailored for Action Points; the first using a variant of a HMM with an
explicit ‘firing’ state marking the Action Point and the second using randomized trees to achieve direct
classification. Results were promising and showed a direct relation of the accuracy — latency tradeoff. Downside
of the method is that it is limited to actions that are momentary, voluntarily performed and discrete in nature.
It is less suitable for continuous actions such as walking.

frame-range annotation

. time
sequence-level annotation

. . . time
action point annotation

time

Figure 21 Left: classifying an action based on key pose majority voting. Right: annotation of action points.
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2.8 Explicit use of time as 4™ dimension by using a Space Time Pattern

Apart from action recognition in 3D, there also exist methods that in addition to the three spatial dimensions
encode time in their representation explicitly as a 4™ dimension. One of these methods is the space time
pattern (STP). STOP, introduced in the previous section, is an example of how such an STP can be used.
But what exactly is this STP? This section explains what an STP is and how it can be used in the classification
process.

In essence, an STP is a method to capture the location of an observation in both space and time. As seen from
its basis: a normal RGB camera captures the 2D locations of objects in one time instance and a video camera
is capable of recording the locations of these objects during a certain amount of time frames. The STOP
method and the novel method introduced in this work discretize the dimensions of space time into a certain
amount of bins which are focused on the input data corresponding to a certain space time area only. For
instance, a typical 3 dimensional STP ‘space’ is focused on a 2 x 2 X 2 m area, centered on e.g. a depth
recording of the subject, to be able to capture the extremities of the subject’s body. An STP can then be built
by using multiple-frame recordings of the observed area, which can be placed in multiple ‘time’ parts. The
resolution of the example shown in Figure 22 is one tenth of the area dimensions, and three time segments,
leading to 10 x 10 x 10 x 3 = 3000 4D space time cells. The total set of these locations is called the space time
pattern.

Mathematically, when using depth data or point cloud recordings, the construction of an STP in the STOP
article can be described as follows; Consider a recorded action sequence a, consisting of F frames, with a total
of N recorded 3 dimensional points in the entire sequence. Each frame f contains a large set of 3 dimensional
points p,, = (x,, ¥n, Z,) Which means that each individual point in the sequence can be denoted with p,, =
(%p> Yo Zn, tn), Where t,, denotes the frame number of that particular 3D point n. The total recorded action
sequence a can thus be described by the set of points A = {(x,, Y, Zn, t,),n = 1..N).

The STP itself can be described as a 4 dimensional grid B, partitioned in x-y-z-t =m space time cells
where x - y - z denote the amount of bins per space dimension and t the amount of time bins. A space time
cell is denoted with ¢; and the total set of space time cells is called a partition C = {c,, ..., ¢, }. The amount
of depth points in A belonging to the individual cells ¢; of C can then be determined using the intersection
D; = Anc¢;. The total set of depth point cells D = {D, ...D,,} can then be visualized, such as seen in
Figure 22.

=2,

Figure 22 Left: tennis serve in a sequence of depthmaps. Right: an STP showing three space time segments or of the action ‘forward
kick’ from the MSR action dataset. The time segments are created by adding multiple space recordings to each time segment, which
leads to the shown presence of many (red) or few (green) points at the level of individual space time cells.
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The described representation of D = {D, ... D,,} however is not necessarily created in an informative way.
Although it does tell how many 3D depth points have been seen in all time cells for the entire sequence it has
a preference to increase the importance of body parts that are clearly visible; a hand that remains in the same
space time cell leads to a lower point count than a torso, which is showing much more points as it is both
larger (more points) and contains less boundaries (less noise). This is unfortunate, as the hand is most likely
equal or more informative about the observation than the torso. Furthermore the method is highly dependent
on the amount of frames in the recorded action sequence: more frames leads to more points being added to
the individual cells.

Even when normalizing over the frames to reduce point differences between different cells, the importance
problem persists: cells containing large number of points still remain higher valued than cells with lower
amounts of points in their cells. The STOP paper therefore introduced a saturation scheme and called the
resulting values of each space time cell after some calculation the ‘occupancy’ of this position, hence the name
space time occupancy pattern. The occupancy of a space time cell is defined in the formula shown in Figure
23. By choosing a certain value for p, both the static hand and torso then lead to a value of 1, while captured
movements leading to lower amounts of points still remained distinguishable from non-moving body parts.
The dependence of this value van be seen in Figure 23.

The STOP method is designed to be used in both offline and online settings. For offline recognition well
segmented actions are fed into the system, which is trained with well-segmented training samples.
Classification is done with a simple cosine distance classifier. Although the report shows very good results it
remains questionable how well the system would perform in less ideal situations. For online recognition, very
short sequences of depth maps are converted to lower dimensional PCA-STOP features using OCL as
dimensionality reduction technique, to train a neutral pose classifier using SVM. As soon as a non-neutral
position is detected, an action graph was used to perform classification, which performs well in online
situations. However it remains unclear how STOP would perform in situations where a non-static camera is
used, or in situations where the orientation of the action differs from sequence to sequence.
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Figure 23 Empirically shown in [27], the accuracy rate depends on
the saturation parameter.

! note: |S;| indicates the cardinality (number of elements) of the set of points described with S;
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2.9 Obtaining features from an STP

Regardless of using the STOP or the novel method that is proposed in this work, the way features are
constructed for the training and classification processes is identical. The method is of holistic nature to preserve
the spatial and temporal relations: the entire STP can therefore be seen as one large feature. To visualize this,
recall that an STP is composed of a set of x -y -z -t = m space time cells where x,y, z, t are the amount of
bins per dimension. The feature vector can then be seen as one large vector of dimension [1 x m] wherein all
cell values M(c;),i = 1..m are placed. This results in feature vectors that have a very high dimensionality.
For instance, an STP with 30 bins in x, y and z direction and 3 time segments has a very large dimensionality
of 81.000.

This dimensionality however is problematic: apart from the fact that it will increase computation times
dramatically, due to the curse of dimensionality the feature space tends to get extremely sparse and accurate
recognition gets increasingly difficult. Also, due to the high dimensionality, classifiers that rely on distance
measures loose performance, as dissimilarity measures such as Euclidean and Mahalanobis distance of samples
are less effective in high dimensionalities. In general: the smaller the amount of training samples available, the
lower the amount of features to be used for successful classification.

This problem can be overcome by realizing that the feature space is (in general) very sparse and that there
exist strong relations between the available features. For instance, the captured motion of an arm being risen
in the air results in a set of space time cells in C that are ‘touched’ by the set of skeleton pixels Sy N ¢;
intersecting these space time cells. Not only the wrist joint touches space time cells, the elbow joint touches
different ones as well. This implies there is a relation present between several cells during an action and
therefore most of the features are likely to be redundant or non-informative (zero) and only some features are
important to describe the recorded action accurately.

It is therefore very convenient that many techniques exist that are able to reduce the dimensionality of such
a feature vector [103]-[105]. Probably the most well-known technique is principle component analysis (PCA).
Using PCA, one is able to express the data in such a way as to highlight their similarities and differences[106],
allowing to reduce the dimensionality. This leads to a mapping of the feature vector to a new, lower
dimensional feature space, which effectively removes redundant and noisy information from the feature vector.
As stated in the work of Burges [105], there are many different versions of PCA. An interesting variant of this
method is a modified version of the PCA which is called orthogonal class learning (OCL). This method was
introduced in 2012 by Oliveira et al. [107]. This method is especially useful when the original feature vectors
are sparse and of high dimensionality compared to a relative low amount of available samples. OCL constructs
a new base with a dimensionality equal to or lower than the amount of available samples, in which the original
features are represented. Advantageous of OCL over classic PCA is that after the mapping towards a lower
dimensionality, the samples belonging to different classes are always mapped orthogonal to each other which
with some classifiers will lead to higher recognition rates.

Classifver performance

—> 14/ 3)u3{13] 5]12] 1 [28]11] 1 |26/12] 26 8 0[] 3|24 a...

Dimensionality

Figure 24 Left: STP with 1 time segment: already 1.000 dimensions! Right: curse of dimensionality depicted in a graph: although
counterintuitive, increasing the amount of feature descriptions does not necessarily lead to higher recognition rates.
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2.10 Comparing articles

Author 7/ ref Main Method View Actor Scalable!
Representa point Invariant
tion Invariant
R. Poppe[63] 2009 2D Offline and Skeleton Pose sequences, + 0 +
Online poses CSP
W. Li, Z. Zhang, Z. 2010 3D Offline Projected Bag of points, + - - +
Liu[25] Silhouettes action graph
S. Nowozin, J. 2012 3D Online, Real- Skeleton Action Points, F- + + T Ar + ++
Shotton [16] time poses HMM
I. Theodorakopoulos 2013 3D Offline Skeleton Classification in + + + +
et al. [96] poses dissimilarity space,
HMM
X.Yang, Y.Tian[26] 2013 3D Offline and Skeleton Eigen joints, Naive + + + + - -
Online poses Bayes NN
S. Lin et al.[97] 2012 3D Offline and Skeleton Action trait code, + + + -
Online poses action graph
A. Jalal, S. Lee et 2012 3D Offline Skeleton Body parts feat. + +
al. [98] poses Extr., HMM
A. Vieraet al. [27] 2012 4D Offline and STOP-PCA SVM, action graph ? + + - ++
Online

1 How suitable is the method when many classes are involved
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2.11 Summary

Human action recognition as a field of research has been popular for decades and keeps gaining more interest
to date. Over the years, many vision based techniques have been developed that can be used in support of
this research field. Human action recognition operates in both 2D and 3D domains, the latter getting more
and more interest since the introduction of reliable and accurate mass-consumer priced RGB-D. Depending
on the domain of operation, different representations can be chosen, either holistic or (body) part based. The
chosen representation is a careful balance between reducing variances and at the same time being sufficiently
rich in high or low level information while making sure that the representation offers the data in such a way
that it can well be used for the rest of the action recognition process.

From the representation of choice, features are extracted. These features can be very high dimensional and in
these cases it is best practice to make use of dimensionality reduction techniques such as principle component
analysis and orthogonal class learning. Depending on the representation, features can be built up in many
ways and are used in both discriminative as well as generative classification methods. In short, discriminative
methods compare a sample feature set with template/exemplar feature sets obtained from known classes and
classify the sample to the class that seems to be most alike, depending on the distance function used. In
generative methods different class models are trained and the probability that a certain class model would
produce the sample feature set is determined. The sample is classified to a certain class if it has the highest
probability.

In the current state of the art, skeletal feature vectors are most commonly used, either directly extracted or
via intermediate representations such as histograms of orientated joints, bag of words or bag of points. These
intermediate representations are used in generative classification of which methods employing graphical models
such as the action graph are the most popular one, as they can be expanded easily, are suitable for real time
classification and do not require many training samples. These models try to exploit the sequential nature of
poses that build up actions by statistically determining the transitional nature from one graphical node to
another. In these action graphs, the nodes resemble the intermediate pose representations.

Research so far aims at the recognition of actions from pre-segmented data. There is however a trend towards
low-latency systems that are able to quickly recognize an action in real time. This is especially true in action
recognition systems with an application in health care: dangerous situations need to be recognized without
too much delay. Online systems are therefore a topic of interest, as lots of applications could benefit from real
time recognition. The best methods currently available are action points [16], bag of points [25], Eigen Joints
[26] and STOP [27].

Another point of attention is that developments towards e.g. the monitoring of patients and elderly require
action recognition systems to work independently of their orientation and location. This too is a challenge for
future research as most researchers still focus on fixed camera systems while it could well be that future
systems would be autonomous machines moving around in our homes. Steps to correct or cope with ego
movements are therefore a topic of interest in research as well although existing solutions are still far from
perfect.
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Chapter 3

New approach towards a safer living environment for elderly?

How to create an action recognition system that is able to detect and recognize potential dangerous actions of
an elderly person? The third chapter of this thesis describes the approach of this work, which ultimately forms
a possible answer to the research question and offers a contribution to a safer living environment for elderly
in the near future. First let us investigate some details of the application field.

3.1 Background information; important aspects and challenges

Currently the elderly population with the highest risk to perform dangerous actions (of a certain ‘zorg klasse’)
is mainly living in elderly care centers. Typically these people are having physical issues such as limited
mobility or psychological issues such as Alzheimer’s disease. In this group of mainly 65+ year old people, one
of the biggest problems is the risk of falling. Fall incidents lead to very high medical costs due to the high risk
of fractures which are often very expensive to treat [108]. However, falling is not the only dangerous action an
elderly person can perform and what is dangerous might differ from one person to another.

As the elderly population increases the budgets of public health care will come under increased pressure and
more and more elderly will be forced to stay in their own homes for a longer time, with a higher risk of
performing dangerous actions. A system able to detect dangerous actions would improve the safety of these
people in elderly care centers but especially in the private setting of their homes. It is therefore inevitable that
an action recognition system will have to be extremely robust to the many different types of variance that is
present between different home situations. Also an action recognition system should not be too dependent on
its placement. For instance it is preferred that a system can be installed with great ease on any fixed place,
that it functions independent of its viewing angle and the direction the elderly person is facing, but it should
also be possible to place it on a moving platform such as our household robot of the future.

Two other aspects are of high importance as well. First of all, the system should be capable of very fast
response times: the less time it takes between event and alert the better. Post processing overnight is obviously
not an option. Secondly, every home, situation and person is different which causes actions to be performed
in many different ways. This fact, in combination with the notice that there can be many different actions
performed by the elderly makes it virtually impossible to re-train the system with a fixed dataset. Therefore,
action recognition has to be performed in an online setting which deals with both of the above aspects; it
should allow recognition of actions very fast and it should offer possibilities for creating a learning algorithm
that can easily be adapted to situations or trained for new actions.
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3.2 Boundaries of this research

Of course, an action recognition system needs a way to acquire data as interface to the real world, an operating
system and platform. The purpose of this thesis however is not to make a fully functional product that is
ready for use in elderly care centers or in our own homes; the main interest lies in the algorithms and
methodology behind such a system. Therefore possibilities to create interfaces with health care systems nor
any other aspect that are related to creating an actual marketable product are discussed. Only the impact of
choices on required computational power, which is related strongly to power consumption and costs is
investigated.

One inevitable factor to be discussed is the method of data acquisition used, as this is strongly connected to
the used algorithms and methodology. As suggested in the literature in Chapter 2, the state of the art method
lies in the use of RGB-D data as it solves many issues related to variance in appearance and adds another
layer of information by including depth data. From these RGB-D data skeleton representations can be
extracted, which also solve large parts of the issues related to variance. For this research it was decided to use
Microsoft’s Kinect, as it is by far the best device to capture the RGB-D data and is able to extract the skeleton
representations using its hardware. The Kinect is able to record at 30 frames per second, in a 640x480
resolution.

Although the skeleton estimation algorithms are quite accurate and can be estimated very fast (nowadays
even from one frame [53]) there are still some drawbacks. For instance, estimating skeletons from a downward
/ upward angle is not working very well. Best results are achieved when the subject is observed from a frontal
view. Once a skeleton is fitted successfully the skeleton can be tracked when the subject e.g. rotates or performs
movements in any direction. Obviously, there are also difficulties when the person is performing actions away
from the Kinect (self-occlusion) or when part of the person is behind another person or large object such as a
closet, a table or if the person is e.g. below a blanket. These problems can be solved partially by adding more
data acquisition systems and fuse their data (might solve occlusion) plus it is expected that the skeleton
estimation algorithms will improve continuously. In this research subjects are limited to perform actions
without being occluded and only viewed from limited variation in angles (+/- 45°). The algorithms behind
the skeleton representation are not improved nor discussed in this work but details can be read in [53].

Another benefit of using the Kinect is that it can be connected easily to Windows machines. This means that
Matlab can be used as programming environment to acquire data (Kinect plugin) and to design and test
algorithms. Although programming in C or C++ on Linux is a much more efficient and fast way to process
the captured data, the Matlab environment is more user friendly and especially useful to test the working
principles of the algorithms as it is very flexible and has many built-in functionalities. The device used to test
the algorithms on is a Samsung Ativ book 8 with an Intel core i7 3635QM and 8GB of memory.
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3.3 Action recognition in this work

With Kinect as data acquisition method the skeleton representation is readily available. However, the skeleton
representation is not used as the final representation in this work but as an intermediate representation. The
reason for this is that the related work showed in a non-skeleton context that very good results can be achieved
by using spatial temporal patterns to preserve spatial and temporal contextual information. Furthermore this
representation can easily be understood without any complex prior knowledge and it is robust to many sources
of variance. This leads to the assumption that by combining two representations, skeleton and a spatial-
temporal pattern, the benefits of both methods can be used. The skeleton representation is used as intermediate
representation and thus its spatial and temporal context information will be preserved by capturing the
skeleton movements of an action in a spatial-temporal pattern (Figure 5). Furthermore, to add temporal
information explicitly to the new representation, we propose using an older technique commonly seen in 2D
action recognition called ‘motion history’. This technique can be added by using the consecutive frames of the
action; the most recent skeleton positions will be recorded in the spatial temporal pattern with the highest
values, leading to a motion-history spatial temporal pattern or MH-STP. Also, this allows the estimation of
the skeletons movements between two consecutive captured frames, leading to a more detailed representation
of the movement itself. This representation is the main novelty of this thesis.

In order to evaluate the assumption that the proposed representation will lead to promising results, a public
dataset of actions is used, as well as a set of works that use the same dataset, for comparison. This way, results
can be compared with the state of the art. A good sample set of 3D actions was found in the Microsoft
Research Action 3D dataset, which was recorded with a beta version of the first generation Kinect and is used
in quite a few woks. As this dataset did not contain recordings of actions performed under rotations a second,
newly recorded dataset was constructed and used. The new data set contains 12 actions performed by 9
different subjects under three different angles. The first generation of this device is used to record the dataset,
as the second version of the Kinect, which very likely implements the new and greatly improved skeleton
recognition algorithm by Shotton [52], was not available at the time the dataset was recorded. This second
dataset should prevent tailoring of the proposed method to one specific dataset and prevent biased results.

With the dataset determined, the question remains how to perform the evaluation of the representation in
such a way that it is comparable to the state of the art. To do so, the basic testing methodology as used in
the STOP article [26] is mimicked. This work uses the Microsoft Action 3D dataset, some type of STP as
representation and a cosine distance classifier in an offline setting and reported state of the art recognition
rates. However this thesis proposes an entirely different way of generating a representation. By staying close
to the STOP testing method (amount of samples, test types, etc), a comparison of the representation types’
performance can be made.

The action recognition is then performed by splitting the dataset into a testing and training set, after which
training samples from one single performed action are used to create a representation of the particular action
and the test set is classified using the set of trained action representation. If the results are promising it is
tested how certain parameters influence the recognition rate and required computational power of the
algorithm. This way, a basis is made for testing the representation in an online setting which is far more
complex. The offline setting can therefore be seen as a preliminary testing environment.
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The online action recognition will be tested on the same dataset, only this time the actions are not considered
as a whole but as a series of short segments of the action. This is needed since the online setting restricts the
use of future data. Although ideally the segments of the action should be automatically segmented based on
a measure of informativeness this is not done in this research, as accurate segmentation of movements within
an action is a difficult problem on its own. The segments of the action should not be too long to as actions
can be performed quickly but not too short either as this removes most of the time related information from
the representation. The actions in the data set are thus split in separate fragments of N frames long, which
means a short-sequenced MH-STP representation will become available to the system every N frames.

These representations are then fed to a neutral pose classifier, realized with a support vector machine. This
also shows the suitability of the representation in an SVM. If non-neutral representations - think of them as
intermediate poses within the action - are detected they are used by a classifier in a consecutive manner, for
as long no new neutral representation is detected. This classifier consists of a set of action graphs, each
connecting to one type of class. The observed action is then classified to the action class which belongs to the
action graph most likely able to generate the observed sequence of representations.

The offline recognition results will be compared to the state of the art and if the performance is as expected,
the novel representation will be used as basis for the online action recognition framework. One downside of
the online action recognition methodology as presented, is that for some observed actions the classifier may
be indecisive. The used representation however allows the recreation of a full length action representation
MH-STP from a series of individual action segments, after which a second classification similar to the offline
case can occur. This way, a sample that would likely be not- or misclassified in the online classifier due to
similarities, has a higher chance to be classified correctly in a consecutive classification step. Note that the
second step requires extra processing power in the online run time but is not needed for every sample that is
being classified.

3.4 Schematic overview

This section shows the approach used in this report in a schematic overview. First the initial investigation,
then the offline action recognition and finally the online action recognition.

Initial investigation to the MH-STP's potential - schematic approach

Non-optimized parameters are used for both representation generation as well as feature extraction, in order to get
a quick idea on the potential of the used method.

1. Aquire data Depth map (point cloud) and skeleton data acquired from MSR Action 3D

2. Generate representation Novel MH-STP method using a skeleton intermediate representation and a
3D adapted version of motion history in a sparial-temporal grid.

3. Obtain Features Holistic conversion of MH-STP to a high dimensional feature vector,

dimensionality reduced using orthogonal class learning.

4. Prepare data using a training set  Use a subset of the data to generate a set of features with known classes that
can be seen as ‘trained data’.

5. Perform classification Use the data not used for training as test data set with unknown classes. Use
a cosine distance similaritv measure as offline classification method
6. Evaluate results Evaluate the results of the initial action recognition test with the MH-STP.

If promising results are achieved, start exploring the MH-STP feature in
order to optimize

Figure 25 Schematic approach of the preliminary tests.
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Exploring the MH-STP in an offline setting

The goal of this part of the research is to explore every aspect of the MH-STP. By using multiple datasets and
multiple test setups, influences of parameters on results are discussed.

1. Aquire data Depth map (point cloud) and skeleton data acquired from both MSR Action
3D and novel dataset

2. Generate representation Novel MH-STP method using a skeleton intermediate representation and a
3D adapted version of motion history in a sparial-temporal grid. The
generation of the representation is parameter dependent and thus the
parameter influences need to be explored

3. Obtain Features Holistic conversion of MH-STP to a high dimensional feature vector,
dimensionality reduced using orthogonal class learning. The influence of the
dimensionality is explored as well.

4. Prepare data using a training sets Multiple tests are performed for verification of the representation. Cross
instance (33% training and 66% training samples) as well as a challenging
cros subject test. Subsets of actions are used for verification.

5. Perform classification Use the data not used for training as test data set with unknown classes. Use
a cosine distance similaritv measure as offline classification method
6. Evaluate results Evaluate the results of the offline recognition. The parameters that lead to

the best results should be used in the online recoanition case.

Exploring the MH-STP in an online setting

The goal of this part of the research is to evaluate the performance in an online setting. A short version of the MH-
STP is used, together with an neutral pose SVM and Action Graph classifier

1. Aquire data Depth map (point cloud) and skeleton data acquired acquired from novel
dataset
2. Generate representation Generate multiple short MH-STP representatons by using only small

sections of an action sequence instead of the whole sequence. Multiple of
these representations are created for one action and they form a short MH-
STP sequence.

3. Obtain Features Holistic conversion of all short MH-STP sequences to a high dimensional
feature vector, dimensionality reduced using orthogonal class learning.

4. Determine neutral representations The short MH-STP representations are classified to either neutral or non-
neutral poses. This marks the start and end point of an action: neutral poses
are not informative for the actions.

5. Training the action graph Using a set of short non-neutral MH-STP sequences with known class,
obtained from a training set, an action graph model is trained per class.

6. Perform classification Use the data not used for training as test data set with unknown classes.
Generate and find short non neutral MH-STP sequences and determine
which Action Graph model has the highest likelihood to produce the
observed short MH-STP sequence.

7. Perform classification (2) In case the classification fails in making a conclusion, superposition the short
MH-STP sequences and perform a secondary classification as is done in the
offline situation.

8. Evaluate results Critically look back at all obtained results and evaluate the overall
performance of the representation.

Figure 26 Schematic overview of the approach towards researching the offline and online setting.
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Chapter 4

Exploring the novel representation and online framework

This Chapter explores the methods of the novel MH-STP representation and framework as discussed in
Chapter 3 and discusses the novelties in greater detail. In Section 4.1 the novel MH-STP representation is
discussed, followed by the offline and online implementation in Section 4.2 and 4.3 respectively. After these
sections on offline and online action recognition, the principles behind the idea to combine the offline and
online method are discussed in Section 4.4. Finally, a summary of the methodology is given in Section 4.5.

4.1 A motion history STP using an intermediate skeleton representation.

The novel representation discussed in this thesis combines three existing techniques and tries to take the
benefit from the positive aspects of each technique. The first technique is the use of a spatial temporal pattern,
the second one is the use of a 3D adapted version of 2D-MHI and the third technique is the use of an
intermediate skeleton representation. The separate ideas behind this combination are discussed in the following
two paragraphs.

4.1.1 Using a 3D adapted version of 2D-MHI in an STP

Using an STP as representation can lead to very good recognition rates, as the STOP article in [27] shows. As
discussed in the literature overview, an STP can be described as a 4 dimensional grid, partitioned in x -y -z -
t = m space time cells where x -y - z denotes the amount of bins per space dimension and t the amount of
time bins. A typical algorithm that generates an STP representation does this by counting the amount of 3D
data points over time and places these within the bins the points belong to, for an entire action sequence.
Place and time information is readily available, but if the amount of bins is low the captured information on
the action decreases.

Unfortunately the STP does not tell much about the movement within the individual time segments. A basic
STP only counts the occurrence of depth points in the individual space time cells which are related to the
residence time and size of the visible body in the observed area. Most movement information is stored in the
difference between time segments of the STP. From this perspective, the method shows resemblance to the
work of Bobick and Davis [34] on motion energy images (MEI): each time segment in an STP is in fact an
individual 3D motion energy recording. In a way, the earlier discussed STOP method can thus be seen as a
3D version of the 2D MEI method, with a saturation parameter of 1: every space time cell that contains at
least 1 point is assigned the value 1. (Recall the saturation parameter from Section 2.8).

Inspired by this apparent connection to a technique that dates back from 1997, it seemed plausible that the
other renowned representation of Bobick and Davis, the Motion History Image (MHI), would be even more
useful if it could be used in the STP. With such a representation, each space time cell could become a function
of the observed motion at that particular location. As motion is a very important aspect of actions it is
expected that this will lead to a more informative representation and hence higher accuracy. Also note that
although the MEI and MHI representation are not very robust to variations in rotation in case of 2D
recognition, a 3D version should be much more robust to this source of variation as the third dimension is
now available, in contrary to projected views of reality in 2D MEI/MHI. An example is given in Figure 27.
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In the 2D representation, the magnitude of the MHI is an indicator of the moment in time that a certain
motion is observed, while the 2D gradient of a location in the captured MHI is an indicator of the direction
and speed of the movement. In the MH-STP case however, it is expected that just the MHI magnitude per
space time cell should suffice, as the spatial temporal preserving nature of the STP representation allows for
the inter-cell difference in magnitude of neighboring cell locations to be captured in the extracted feature. This
has as benefit that a more computationally intensive 3D gradient calculation for each location is not needed.

_90° 0°

Figure 27 Left: variations of a 2 dimensional MEI representation generated of the action
‘sitting’ under different rotation angles: it is effected a lot by rotation variance. Right: impression of an MHI in a 3D STP.

As described earlier, the total set of N recorded 3D points can be described with A = {(x,,, Vn, Zn, tp), 1 =
1..N), the set of space time cells is denoted with C = {c,, ..., ¢} , the frame number with f and the total
amount of frames denoted with F. For the use of MH-STP the total set of points can be described more
conveniently as a combination of points obtained per frame

A= {Af}'f = 1..F with Af = {(xf,n,yf_n, Zf,n' tf_n),n =1. Nf)

Do note that A, depicts the set of 3D points at frame f and N, is the amount of acquired points in that frame.
Next, the set of points D; r = A, N ¢; can be determined which is the set of 3D points originating from a single
frame that intersect with one space time cell. The MH-STP value at a space time cell can be described by:

P(cif) = {é’ i)];ilzlilwzislej'p > 1 (noise parameter)
Mhidelay Jif P(ci,f) >0
M(Ci,f) = 0 , lf M(Ci,f—l) = 0 Wlth M(Cl', 0) = 0
M(cip1)—1  if M(cip—q) >0

4.1.2 The use of an intermediate skeleton representation

The STP combined with the MHI is expected to lead to a better performance of the action recognition system
in comparison with methods commonly used. However, the modification does not solve the problem of variance
in rotation; In fact, as the discussed methods to build up the STP use the acquired depth data from the 3D
sensor in a direct manner both the STOP method and the MHI variant seem to be very sensitive to variance.
For instance, the following sources of variance are present: difference in clothing of the subjects are directly
reflected in the depth points, the depth image of a person from a 45° angle differs a lot from a frontal acquired
one, the location of the person relative to the grid center can vary and there is a lot of size difference in
postures of people. This variance in acquired depth points is partially covered for by the binning-nature of
spatial temporal patterns, but a lot of the variance cannot be compensated for using these methods.
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Fortunately, there is a very suitable representation that is able to deal with the before mentioned variances
in depth data when the subject of interest is a human being: the skeleton representation. It is able to efficiently
deal with appearance variances as it is designed to estimate the joint locations and angles, which makes it a
very suitable representation to compensate for location, rotation and size. Furthermore the skeleton
representation is a state of the art method that is used in many applications successfully and still is topic of
interest for many researchers, leading to believe that further improvements to the method are to be expected.

Figure 28 Three example actions (2 hand wave, horizontal wave, kick) depicted as skeleton enhanced MH-STP representations.

The idea of the novel MH-STP method is to use the skeleton representation as an intermediate layer between
the raw input depth data and the algorithm that generates the STP, which is expected to increase the
recognition accuracy. In this way, the MH-STP can be constructed in a rotation, location and appearance
invariant manner which is done in such a way that it remains close to the original idea: create an intuitive,
visually easy to understand representation. The MH-STP construction method is done as follows:

e Obtain a set of 3D data points

e Extract a skeleton representation

e For each ‘limb’ of the skeleton, construct a set of points by interpolating between the skeleton joint
locations.

e Use both the joint locations J and interpolated limb points to construct the MH-STP in the same
manner as in 0 but now the skeleton points S are used:

]f - {(xf,nIYf,n'Zf,n' tf'n)’n =1L Nf}jointlocations
S¢ = J¢ U Lr where
S Lz{(x Ve Z t)n=1 N}

f f Zfwfftfn) S interp_limbpoints

With Di,f = Sf n C;

The use of the intermediate skeleton representation, plus the 2d motion history image method adaptation, is
expected to lead to a very good accuracy in comparison to the state of the art.
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4.2 Evaluating the representation: offline classification and test setup

To evaluate the new MH-STP representation, a cosine distance classifier is used to perform an offline
classification. The cosine distance as dissimilarity measure is easy to understand and implement. Also, it turns
out to be especially useful in case of high dimensional feature vectors. Especially if they are mapped to a lower
dimensional space with Orthogonal Class Learning (OCL) as dimensionality reduction technique.

The reason why OCL is suitable for this is that cosine similarity is a measure of alignment between two feature
vectors in space, in terms of the angle of orientation between them. If perfectly aligned, the returned value is
1 and in case two orientations are orthogonal the returned value is 0. Any other orientation difference leads
to a value between 0 and 1, or between -1 and 0 in for vectors that are opposite to each other. The OCL
dimensionality reduction method can provide suitably structured data for this classification method, as it
maps high dimensional feature vectors into a lower dimensional space in which features corresponding to
different classes are placed orthogonally to each other (see paragraph 2.9). This means that the similarity
values as determined by the cosine distance classifier more likely return values around ~1 or ~0. This makes
classifying easier as it is less likely to obtain arbitrary distance thresholds between 0 and 1 such as 0.4 and
0.6. The cosine similarity distance between two feature vectors f. with classes ¢ = 1,2 can be calculated with

e ~(1- L)
VAL - (f2f2)

This offline cosine distance classification works as follows: all distances from a tested feature vector to all
trained sample points are calculated, and averaged per class. The class that has the most close by average
distance result determines to which class the test sample is classified to.

To find out if the MH-STP representation is a suitable representation, the offline test as described in the
STOP article (and others) is used for a good comparison. The STOP representation is then replaced with the
new MH-STP representation. To get an idea on the effects of this new representation it is important to keep
the amount of changes to the existing STOP testing method to a minimum. This means that the same dataset
is used (MS Action 3D), the same classifier and the same test scheme. It is tried to remain as true to the
original method as possible, but this turned out to be not always possible since some information on the STOP
testing method was not available.

What stays the same in this evaluation?

e Basic source of input data (point clouds). As it is assumed that the Microsoft Research action dataset
is acquired using a Kinect, it is likely that the Kinect’s internal algorithms used the same point cloud
data to create an intermediate skeleton representation as was used by the STOP paper. After enquiry,
the authors explained to have used an early test version of the Kinect, which may have had an inferior
data and skeleton acquisition method to the released version of the Kinect.

e The dimensionality reduction method.

e The offline classification is done by a cosine distance classifier.

e The testing scheme: which actions belong to the subsets, type of tests (33% training / 66% training
/ 50% cross subject training).

What is different/unknown in this evaluation?

e Quality of the MSR Action 3D dataset regarding the available skeleton representations is unclear.

e Exact used parameters in the STOP article are not known such as dimensionality.

e Exact used train and test scheme: although percentages of training / testing were mentioned, which
training and testing sets were used and how many repetitions were used to generalize the results? (Or
were maxima taken?).
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4.3 Online classification method and test setup

Although the method for online classification in this thesis has an entirely different approach compared to its
offline counterpart, it also shows a number of similarities to the offline classification method: the data
acquisition and the way a representation is constructed are identical to the offline method. However, in this
case the MH-STP representation is not created using an entire action sequence, but instead created using only
a few frames of the action sequence. The representation could therefore be seen as a ‘short’ version of the MH-
STP and an action is thus captured in a collection of consecutive MH-STP representations as shown in Figure
30.

And that is where the similarities between the offline and online recognition method end.

One big difference between the two situations is that in offline classification the actions are segmented nicely
and are readily available. In the online case however, actions are observed in a live setting and there are no
annotations available. This makes it more difficult to classify an action, because it is not known on forehand
when an action has started or when it has ended.

The online action recognition process is as follows

1. An action is observed and every 5 frames an MH-STP representation is formed as a segment of the
action. Every action therefore exists of multiple short-sequenced segments. Since a segment is built
from only very few frames, it is possible to say that an action segment is similar to a ‘pose’.

2. Every resulting segment is classified by a neutral pose classifier. A neutral pose is e.g. sitting or
standing. The non-neutral segments between the neutral segments, such as an upward directed arm
in a wave action, are assigned to a set of salient poses.

3. This set of salient poses is classified using an action graph as classification method, leading to either
a correct classification, a misclassification or an indecisive classification. An indecisive classification is
of course undesirable and therefore incorrect. This can happen when e.g. a sample is equally probable
to be classified to one class as to another, or if an observed action sequence does not fit any of the
action models. The cause of this is that the transition models of the individual action graphs might
not be trained for a certain node transition.

Observed sequence, captured in short SVM classification of green (non-
representations neutral) and neutral representations

‘

Once 2" neutral position detected, match with
salient poses and attempt classification

) o

¢ —»  Correct classification

Action graph

> Incorrect classification

Figure 29 Schematic overview of online action recognition method.
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4.3.1 Using SVM as neutral pose classifier

In this work, one problem to overcome is knowing when an action starts and stops by making the assumption
that an action starts from and ends at a neutral pose. A neutral pose can be e.g. ‘standing’ or ‘sitting’. An
example is the neutral outer left representation in Figure 30, just before the double wave action starts. When
the double wave action ends at the end pose, not shown in the figure, it is likely to be very similar to the
initial neutral representation.

To detect these neutral poses an SVM classifier is used with a kernel using a standard radial basis function.
This classifier is trained using a large set of neutral and non-neutral samples. Ideally, this training dataset is
labeled automatically. From the total data set, the available segments of action 1 (stand still) and action 3
(sit still) can be considered neutral poses. Also, the first and last N segments of each action sequence are
considered to be neutral. These segments can therefore be automatically labeled as neutral and non-neutral
by using an automatic labeling process that verifies which part of the action the segment belongs to. Of course
this automatic labeling process is not very refined: there is a big chance that segments might be classified
incorrectly as neutral or non-neutral. This might negatively influence the neutral pose classifier. There are a
couple of reasons why this could go wrong:

- The recorded full actions are pre-segmented. This introduces noise. The action performed by the actor
could for instance already be over 3 segments before the end of the total recorded sequence. If only
the last segment is marked as neutral, the two segments before that can be incorrectly marked as
non-neutral segments.

- The action performed by the actor could have started much later than the recording of the action
sequence started. If only the first segment is marked as neutral, the few segments after that, where
the person was still standing still, could be incorrectly marked as non-neutral segments.

- The other way around could also happen: the recording is stopped just before the action is stopped.
This will cause the last short segment to be incorrectly labeled as neutral.

Although it is very interesting to see how well the neutral pose classifier will perform with automatically-
labeled data, a manually labeled data set is also constructed for comparison and to minimize the adverse
effects of an SVM classification that would be based on inaccurate training data. Part of these neutral samples
are obtained from the neutral actions standing and sitting still and part of the neutral samples are obtained
by manually labeling 10.000 short action segments in the form of MH-STP representations This was a lot of
work. The use of the neutral actions to obtain neutral samples is done since it allows very easy extraction of
a large volume of neutral representations. The manual labeling is done since short neutral MH-STP
representations captured just before and after the action itself are likely to be different from the neutral MH-
STP representations. The reason for this is that segments captured at the beginning and end of a non-neutral
action might contain a little bit of data from the very end or beginning of the recorded actions and therefore
a little variation in the MH-STP due to movement at the start and end of the actions may be accounted for.

Figure 30 A two hand wave action, captured in a series of ‘short” MH-STP representations.
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In order to successfully classify the neutral poses from the non-neutral poses, several parameters need to be
thought of. Some of these parameters however do not only have an effect on the performance of the SVM
classifier but also have a direct effect on the classification of the action itself, in later stages of the action
recognition framework. The following parameters need to be tuned:

e How many frames should be used to build the short MH-STP representations?
e What grid resolution should be used? A higher resolution increases detail but also computation time.
e To which dimension should the original representation be reduced to using OCL?

For these parameters, it is chosen to initially use the method and dimensionality that obtained the best
classification results in the offline recognition case. The amount of frames per short MH-STP is set to 5, as an
average action sequence is around 30 frames of length; a higher amount of frames would lead to a very low
amount of short MH-STP representations while a lower amount would remove most of the useful temporal
information. Other parameters of importance for the SVM are:

e Box constraint
e Sigma

There is no good way to know on forehand to what these parameters should be set in an optimal way.
Therefore, an optimization is performed using a grid search over a set of possibilities to find out which
parameters would lead to optimal results.

4.3.2 Using an action graph as action classifier

In the offline, preliminary test case, the cosine distance classifier was implemented. In the online case the
action graph is implanted as classifier. The main benefit of this classifier is that it requires fewer training
samples to operate, allows easy addition of another action class without retraining earlier trained samples, it
is robust to intra-action variances and is, if needed, even able to recognize actions before the action itself has
ended. This allows for a very small latency, which is ideal in an online situation. After all, we would like to
be able to respond to an emergency call of an elderly in distress as soon as possible.

The working principle of an action graph classifier is intuitively easy to understand in a graphical way. The
following steps to train the action graph models are followed.

1. A set of action samples used for training, is fed through the algorithm which generates the ‘short’
MH-STP representations. The total set of representations is used to determine a mapping towards a
lower dimensionality. Then, all the neutral samples are removed, leaving only the non-neutral set of
features, which could be thought of as individual ‘poses’ during an action. These can be seen in Figure
31, upper left image.

2. In Figure 31 mapped features originating from two different classes are depicted with blue squares
and black stars, but in the clustering phase that follows the labels are not used. Using an unsupervised
clustering method such as a k-nearest neighbor (KNN), followed by an expectation maximization
(EM) algorithm, a pre-specified amount of key poses (or salient poses) are to found in the cloud of
short MH-STP representations. These salient poses are shown with red diamonds in Figure 31. Note
again that the clustering algorithm does not use any class information, as it is unsupervised clustering!
Also note that the salient poses are not assigned to any class. On top of that it is very hard to predict
what amount of clusters or salient poses is needed, as this highly depends on the observed data.

3. Using these salient poses, action graph models can now share the same global information, although
the models also capture information in an action graph per action class. The individual actions are
encoded as the probability of going from one salient pose to another salient pose, for every salient
pose in the feature space. A visual example: sitting down or standing up might share some salient
poses although the order of the consecutive salient poses differs.
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In the lower part of Figure 31, two different actions are encoded: one in the lower left and one in the lower
right. Both actions happen to be cyclic, and in one direction only. It can be seen that there is no ‘path’ to B
in case of the ‘star’ class. Now, if a certain sequence of short MH-STP is observed from a certain recorded
action (far right of Figure 31), what class should it be classified to? The obvious, simple answer is the ‘square’
class as the other class has no transitional probability for this path.

In most cases however, the answer is not that easy to find. For instance, the data points with the short MH-
STP representations could be much less easy to separate. The question ‘how likely it is that a certain data
point belongs to a certain salient pose’ becomes much more important in that case. What if the odds are 50-
50 that a point belongs to A or B? Is it then still easy to say that an observed sequence ABDC must belong
to the ‘square’ class in the lower left? Or should we also take into the count the probability that the MH-STP
point now classified as a B salient pose in fact should belong to A (or C) and that the model for the star class
is therefore also a potential candidate?

To cope with these calculations, the action graph uses a Viterbi algorithm to determine the most likely path
through all the salient poses in the feature space. It does so by calculating the probability that a certain model
(the action graph) could have created an observed sequence of an action by following the optimal path through
the different action graphs. Then, by comparing these probabilities, while keeping an eye on prior probabilities,
a classification can be made possible.
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Figure 31 Graphical representation of an action graph. Each blue square and black star represents a mapped short MH-STP feature
belonging to class 1 and class 2 respectively. Salient poses of the action graph are shown in red. Class 1 transitions in a square fashion,
class 2 in a triangular fashion. If a new action sequence is observed (green triangle dots at far right) the observed path through its
features is indicating that the observed sequence belongs to class A. Calculations using transition matrices of both classes will confirm
this.

Looking back now at the graphical, visual representation as sketched in Figure 31, it should be noted that
this specific situation is hardly ever applicable as the feature space is usually in a much higher dimensionality.
Depending on the dimensionality the MH-STP are reduced to this can easily lead to a dimensionality of 100
or more. Also, the individual features are by far not as neatly separated as in the example, let alone that it is
known how many clusters there should be. Imagine you would look at the samples of 10 different actions
performed by 10 different subjects, all of them cut in 5-frame pieces.
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This will result a large variety in features that have very unpredictable values and variances, especially after
dimensionality reduction. Not only because movements between different actions differ, but also because the
actions might be performed in different ways, or at a different speed by the subjects. Too few clusters / salient
poses and information might be missed, too many clusters and overfitting starts to become an issue. At this
moment in time there is no reliable way to calculate the optimal amount of clusters; therefore most researchers,
including the original author of the action graph method [64] as well as Vieira in [27], will run the algorithm
for a number of different options and take the amount that leads to optimal results. Note that this is not an
ideal method, as it might easily lead to biased classifiers.

4.3.3 Different ways of using the action graph

Given a trained action graph classifier, the general way of decoding a new observation and classify it to the
most likely action is done in three consecutive steps:

1. Find the most likely path through a set of trained salient poses.

2. Compute the likelihood of each encoded action model to produce the determined path.

3. Classify the action as the encoded action model having the maximum likelihood, if the maximum
likelihood is above a certain set threshold. Otherwise, classify the observation as an unknown action.

In a formula, this task is expressed as:

Y*=arg max p)p(sy, Sz - SplP) [Iica p(xelsy)  [64]

PYEW,SEN

Where

Y,y and ¢P* = The total set of classes, a specific class and a classified class respectively.
X¢ = Observed feature at a certain step in the action sequence.

St = Salient pose at a certain step in the action sequence.

p(Y) = Prior probability of a certain class (a).

(81, Sz, ) Sp|¥) = Likelihood of a sequence of salient poses given a certain action class (b).
[T p(xelsy) = Total probability that observations x, belong to be salient poses s; (c).

Formulas (a) and (b) are called ‘specific action knowledge’ and formula (c) ‘shared knowledge’ as the
probabilities of a certain observation to belong to a certain salient pose are shared by all the action models.
Looking more closely at formula (b), the sequence of salient poses is obtained by the first of the three
consecutive steps as mention in the beginning of this paragraph. There are three main ways of doing so:

1. Action Specific Viterbi decoding
Search for an optimal path per encoded action specifically: this finds the optimal path through the
salient poses of every individual action so should lead to superior results. However, it comes at the
cost of a much higher computational and memory demand once the amount of actions gets high.

2. Global Viterbi decoding
Search for an optimal path in the total set of salient poses. A good tradeoff of accuracy and cost, as
the expensive calculation needs to be performed only once instead of once per action, while at the
same time taking the transitional probabilities of individual classes into account.

3. Maximum likelihood decoding
Don’t search for an optimal path, only for the most likely salient pose per observation of the sequence
individually. The likelihood of the total path itself does not matter. Very memory friendly and fast.
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The method used in this thesis is the global Viterbi decoding method, as it seems to be a good tradeoff between
the required processing power and memory versus the accuracy of the system. On top of that, when looking
at the field of application for this system, humans (elderly) can perform a very broad range of actions. It
would at this point very likely require too much processing power to use action specific Viterbi decoding. Also,
as the maximum likelihood decoding cannot benefit from the sequential information of the actions it is less
likely to lead to good results when the amount of actions is higher. It is also not able to reliably differentiate
actions that are similar in nature, but reversed such as pick up / put down and sit down / stand up.

4.3.4 Classifying actions as unknown?

Briefly mentioned in the third step of the action graph method in the previous paragraph, is the notion that
there is the existence of classifying an observation as an ‘unknown’ action. This could happen in case not only
the returned action graph maximum likelihood that an observed sequence belongs to a certain action is of
importance, but also that this likelihood should be above a certain threshold. What is troublesome in this case
is that the issue of setting the right threshold is ignored in any of the articles discussing the action graph as
classifier. What if all action models return a very low probability? Or one action graph model returns a value
very close to another action graph model? The confidence that a certain sequence which is classified to one
action really belongs to that particular action is not discussed at all. The most reasonable answer why this is
not covered yet is the fact that there is no way to know (yet) which threshold should be set, in order to
determine which outcome is sufficiently confident and which is not. Above all, setting a threshold to such a
complex classifier seems an arbitrary thing to do since it is impossible to know when an observed sequence of
features is a new, untrained action, or the same trained action performed just a bit differently. The risk of
classifying actions as ‘unknown’ that would be otherwise classified perfectly fine is high when the threshold is
set too high, as well as the risk of misclassifying actions is high when the threshold is set too low.

On top of that: the action graph model outcomes are not in the range ‘0% - 100% probable’. Instead, looking
at the formula in the previous paragraph, the produced probabilities greatly depend on the sequence length,
since longer sequences most likely lead to much lower probabilities produced by all different encoded action
models. In the opinion of the author of this thesis, it would be a much better solution to check the relative
probabilities of the different classes. If the maximum probability is e.g. three times the probability of the 2™
highest probability, the evidence is stronger than the case where the relative difference in probability is only
very small. This latter situation is an additional problem in this classification task.

One other assumption why this topic has not been dealt with is that the threshold might be greatly dependent
on the application’s environment. In a typical research set with X different actions the minimum threshold
could be left out of the equation, as it is not possible to encounter actions not trained for initially, unless one
deliberately trains the models using only a subset of X and tests with the full set. In case there is a large
chance of encountering actions not trained for initially the threshold might be useful, but still the question
remains what value to put it on. In the research of this thesis, the issue of setting a threshold is ignored since
we have a limited dataset. The observed sequence is therefore always classified to the action model with the
highest probability of generating that particular observation sequence. Also, a relative comparison with other
results is left out of the scope to not further complicate matters and focus on the performance of the MH-STP
in an online setting.

This does not mean that an action is now impossible to be classified as ‘unknown’. This is because there is
one exception: in case the maximum probability is not uniquely given by one specific class but instead by
multiple, the action is classified as ‘unknown’. If multiple models give the same probability there is no way of
knowing which action to classify the sequence to.
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This can occur if a certain step in the observed MH-STP sequence is assigned to the transition from one salient
pose to another salient pose by the global Viterbi algorithm, but the salient pose transition itself is not trained
in any of the action graph transition models. Therefore, p(sy, 4, ..., Sp|0) = 0 for all 1 and all encoded action
models will produce 0 as probability. This is especially likely to happen in case a too low amount of training
samples is used, since less of the variance can be accounted for in the training phase of the action graph
classifier. One way to solve this would be the use of action specific Viterbi decoding but as for this thesis it
was decided that global Viterbi is used to save additional needed processing power.

One option to solve this issue is to replace all the values in all action specific transition models that are 0 after
the initial training phase with a very low transitional probability and then perform a secondary EM pass to
update the action specific transition and prior matrices while keeping the salient poses unchanged and equal
to the global set. This secondary EM pass will however have implications on the required processing power
especially if the amount of actions increases. This method is therefore not preferred but perhaps inevitable to
be used.

A secondary option is to exploit a property of the MH-STP not discussed so far. The short MH-STP features
can be super positioned to reconstruct the MH-STP representation for the total action sequence. If good results
are shown in the offline scenario it might be worth investigating if the offline classifier can be used as a
secondary classification stage in case an observed action sequence cannot be classified using the action graph
model. This is the second novelty described this thesis.

4.3.5 Evaluation method

Similar to the offline case, evaluation is performed using three different tests:

1. 33% training samples, cross instance test.
2. 66% training samples, cross instance test.
3. 50% training samples, cross subject test.

The accuracy is tested for different amount of salient poses and for different dimensionalities to reduce the
short MH-STP’s to, to study the effects of these parameters. All of the tests are averaged over five runs.
Results belonging to the same test, but with different amount of poses and dimensions are determined with
the exact same training/test set so a good comparison is possible.

In case an action is classified as ‘unknown’ it is registered as a misclassification, since the system should be
able to classify all actions correctly: missing a performed action by an elderly person could lead to dangerous
situations that are not alerted for.

63/121



4.4 Combining offline and online methods by reconstructing MH-STP’s

In Section 4.3 it was explained that the action graph classifier may classify observed action sequences as
‘unknown’, either due to a certain set threshold (if applicable) or due to the fact that a transition is observed
that has not been encountered in the training phase in case no secondary EM pass is performed. This is
undesired behavior, since ‘unknown’, in case of our elderly monitoring system, is just as bad as ‘false negative’
(failing to detect dangerous action). On the other hand, ‘unknown’ is better than ‘false positive’ (false detection
of dangerous action) but as this has much less impact than in the ‘false negative’ case, the ‘unknown’ action
should be avoided as much as possible.

Assuming the thresholds are not used nor needed in this research, which solves the first cause, the second
cause for ‘unknown’ classifications can (partially) be solved for by using a secondary per-class EM pass to re-
estimate the prior and transitional probabilities in order to reduce the amount of transitions with probability
zero. This is done by keeping the initial, globally estimated variables of the GMM distribution that describes
the salient poses fixed: only the transition matrices and prior probability matrices are updated from their
initial, globally estimated state. Note however that before this EM pass, all the zeros of the transition and
prior probability matrix have to be replaced by a low probability and then re-normalized. This is needed since
the EM method cannot change the zeros into nonzero values.

However, although the accuracy will most likely improve, this will also increase the required processing power
in the training phase significantly. Furthermore, it does not offer a solution in case two action class models
produce very similar probabilities: the highest probability is still taken as the classification result even if the
difference with the second best result is marginal.

To prevent the excessive, additional processing costs of another EM pass per action, while at the same time
being able to deal with the ‘unknown’ actions and the issue of very similar online classification probabilities,
a very useful property of the short-MH-STP can be used. This idea is built upon the very simple thought to
give ‘unknown’ observation sequences a second chance, and that this, should lead to better results even if the
second stage classifier performs only moderately.

As an example, consider the following 2 situations. Both situations use a first-stage action graph classifier that
is resulting in a 25% ‘unknown’ rate. However, of the not-unknowns, a very good 93.33% is classified correctly,
which leads to 70% of the total observations classified correctly and 5% of the total observations incorrectly.
In case no second classification stage was implemented, the misclassified plus unknown observations would
both count towards the error rate, in total 25% + 5% = 30%. In case second stage classifier would be used as
a second stage classifier for the unknown samples and it had a 75% recognition rate on average, the error rate
would drop to 11.25%. Even when the second stage would be only correct in 50% of the occasions the error
rate would drop to 17.5% from 30%.

1. 70% Classified OK, 5% Classified NOK, 25% Unknown
e Total score: 70% good and 30% bad results

2. 70% Classified OK, 5% Classified NOK, 25% Unknown > Unknown 2" Phase : 75% OK, 25%NOK
e Total score: 88.75% good and 11,25% bad results

To achieve this, the second stage classifier should be chosen. In this work the earlier described offline
classification method is used for this secondary classification task, since it obtained good results and it relies
on the same MH-STP representation. In this case however, the MH-STP of the full sequence is needed, which
can be reconstructed easily by super positioning the pre-OCL ‘short’ MH-STP representations of the sequence
that were used in the in the first classification step. The system is evaluated using the same test scheme as
described in paragraph 4.3.5.
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The main benefits of the system are as follows:

e The MH-STP allows a relatively easy implementation of the secondary stage.

e The additional processing costs are minimal in the training phase and much less then needed for the
secondary EM pass solution.

e Observed sequences that would be classified to an action with only very small confidence are better
handled by this system. As setting an absolute threshold is not an easy task a relative threshold. The
relative threshold was set to 100; if one action graph produces a probability within a factor 100 of
another action graph a reclassification is justified by the second stage classifier. This amount seems
rather high but as the returned probabilities are logarithmic in scale it is clearly not the case.

e Unknown actions are now accounted for, the recognition rate depends on the performance of the 2"
stage classifier.

The main drawbacks of the system are as follows:

e Additional processing costs are needed in the testing phase, although only when an action cannot be
classified in the first stage.

e The grid size in the online setting limits the grid size that can be used for the reconstructed MH-STP
in the offline setting.

e Results might not be as good as the secondary-pass EM action graph system.

e A relative threshold has to be chosen to decide which observed sequences should be classified in the
second stage and which can better be classified in a secondary stage. This is needed in case two action
graph models produce similar results. Choosing the percentage is not supported scientifically and
might need additional research.

The process is as follows:

Observed sequence, captured in short SVM classification of green (non-
representations neutral) and neutral representations

Once 2™ neutral position detected, match with
salient poses and attempt classification
Memorized short [ S ] [ S ] [ S ]Salient poses
MH-STP’s
¢ ¢ —»  Correct classification
Superposition ‘Unknown action’
triggers next steps

v

> Incorrect classification

—»  Correct classification

»
»

Figure 32 Schematic overview of a 2 stage online action recognition method.

> Incorrect classification
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The super positioning process works as shown in the schematic below:

> w D

Start with the first non-normalized short MH-STP representation.
Subtract the amount of frames used to create the short MH-STP representations.
Next, overwrite all MH-STP cells where the second short MH-STP is not zero.

Repeat 2 and 3 for all remaining short MH-STP representations.

Recording of 1 MH-STP from a sequence of 12 frames

89 | 100 | 99 98
90 97
91 96
92 93 94 95

Total MH-STP of 12 frames

Recording of 4 short MH-STP from a sequence of 12 frames. Each short MH-STP created with 3 frames

98 100 99 98
99 100
100 o9

98 99 100 98

short MH-STP of 3 frames

short MH-STP of 3 frames

Superpositioning short MH-STP to regenerate full MH-STP

short MH-STP of 3 frames

short MH-STP of 3 frames

98 95 92 89 | 100 [ 99 98
99 96 93 100 90 97
100 97 94 99 91 96

98 99 100

95 96 97 98

92 93 94 95

Take first short MH-STP

Subtract with 3 and

overwrite second short MH-

STP

Subtract with 3 and
overwrite third short MH-
STP

Subtract with 3 and
overwrite forth short MH-
STP

Figure 33 Example of super positioning short MH-STP features to recreate an MH-STP representation of the full action.
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4.5 Summary of the MH-STP exploration and evaluation methods

The novel MH-STP is a representation that takes the best three aspects of three existing techniques: a spatial-
temporal pattern generated using interpolated motion-history data of an intermediate skeleton representation.
The MH-STP is generated by observing the joint locations of the tracked intermediate skeleton representation
over time for a certain action. Every frame the space time cells within the MH-STP that are "touched' by the
limbs of the skeleton are updated with new values.

The benefits of the three separate methods are:

e The spatial-temporal pattern preserves spatial-temporal information of the sequence.
e 3D MHI gives additional temporal information to the representation.
e Skeleton representation reduces many sources of variance: appearance, location, rotation.

The drawbacks of the separate methods are:

e STP might be negatively influenced by intra-action variance due to its binning nature.

e 3D MHI might induce intra-action variance.

e The obtained skeleton data quality depends on external skeleton tracking algorithm. At this moment
in time this tracker is still limited to certain situations which may not make the method suitable for
all environments. As these algorithms continuously improve, the recognition rates of the novel solution
are expected to improve as well.

To determine if the novel MH-STP representation can lead to promising results, first a small scale evaluation
is performed in a manner similar to the state of the art STOP method. This is done by performing a recognition
test as is used in the STOP method, with similar initial parameters and an identical dataset. The main
difference however is the representation: the novel MH-STP representation is used instead of the STOP
representation. Offline classification is done with a cosine distance classifier, which is a similarity measure
between data points that is well suited in case PCA or OCL are used as dimensionality reduction technique.

The online recognition case is more complex. The same method to build MH-STP representations is used, but
this time during an action every N frames a ‘short’” MH-STP representation is generated. Note that this short
MH-STP representation does no longer contain more than 1 time segment as was the case in the offline
situation: time information is encoded in the representation by the MH-STP only. Dividing the N frames into
multiple time segments is therefore omitted. One action consists of many frames, one single action therefore
leads to a sequence of generated short MH-STP representations. Each of these representations is then classified
by a neutral pose classifier after which the sequence of non-neutral representations can be classified to actions
using an action graph classifier.

This type of classifier is beneficial as it requires low amounts of samples, is robust to variance and easily
expandable for new actions. During training an action graph model is constructed per action, which is in fact
a set of salient poses together with a matrix that gives the probabilities that one pose is followed by another
in a certain action. Using these models, classification occurs to the one that most likely can create a certain
observed sequence of short MH-STP representations. This is determined with help of a method called global
Viterbi decoding, which searches for an optimal path in the total set of salient poses.

Unfortunately some observations cannot be classified well. Probabilities of different classes might be very close
to each other. It may even be that all of the action graph models return zero as probability since the action
specific models might not be trained for a certain transition between salient poses that is observed.
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To cope with the unknown actions, there are two possible approaches: a ‘standard’ secondary action specific
EM pass that only updates action specific prior and transitional probabilities can be used or a novel two stage
classification framework can be used. The second classification stage of this framework exploits the fact that
the short MH-STP can be super positioned allowing classification as in the offline situation to take place.

As in the offline case, a preliminary test is used to estimate optimal parameters such as the amount of salient
poses, the dimensionality to reduce to and MH-STP grid size. With these parameters the proposed methods
are then validated in three different tests in three different modes. It should be noted that an ‘unknown’ action
is considered to be a recognition error.

Action recognition modes

1. Global Viterbi using EM clusters, with global prior and transitional probability matrices.

2. Global Viterbi using EM clusters, with action specific EM passed prior and transitional probability
matrices.

3. Global Viterbi using EM clusters, with global prior and transitional probability matrices, and a second
stage classifier to cope with the unknown classifiers.

Validations

1. 33% training samples, cross instance test.
2. 66% training samples, cross instance test.
3. 50% training samples, cross subject test.
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Chapter 5

Experimental results in an offline setting

5.1 Datasets used in this research

This section is discussing the datasets used to test the proposed methods and it also discusses the testing
scheme that is used for the evaluation of the algorithms. Initially, a dataset of Microsoft is used: the MSR
action 3D dataset. This dataset was used in the STOP article as well as in a number of other researches on
action recognition. Tests performed on this dataset have as main goal to determine if the new representation
has the potential it is thought to have.

The second part of the evaluation involves testing the novel representation on a second dataset, as testing the
method on only one dataset does not really tell much about the performance of the developed method: it only
tells what the performance of the developed method is on that specific dataset. This second test therefore
functions as a manner to confirm that positive recognition rates are not biased on one test set. The second
dataset also needs to have action samples from multiple angles for testing the performance under a rotation
variance, since the MSR Action 3D dataset does not offer this data. To achieve this, a novel dataset has been
created, as there were no pre segmented public datasets available for this purpose that contained both accurate
skeleton and depth data from multiple orientations, which is needed to compare the different methods. Apart
from the initial tests to check the viability of the representation, all results are obtained from tests using the
novel data set. The datasets are discussed in 5.1.1 and 5.1.2.

5.1.1 The MSR action 3D dataset

The MSR action-3D dataset is a dataset consisting of depth and skeleton sequences that is captured by a
depth camera. The dataset consists of twenty different actions, performed by 10 different subjects. Each
subject performs each action two or three times, leading to a total amount of 567 depth map sequences. Note
that in the MSR action 3D dataset the subjects were all facing the camera. Unfortunately, after visual
inspection it turned out that the available skeleton data is of rather poor quality compared to the current
standards. The samples contain many skeleton representations that are affected greatly by noise, some even
to the point that no skeleton was visually distinguishable anymore. Also, for some data sequences skeleton
data was not available at all. This is likely caused by the skeleton tracker, as it apparently failed to track the
skeleton in the observed scene accurately enough. Also, some of the actions might have been less suitable for
front-facing skeleton tracking. Examples of skeletons in increasing degree of incorrect tracking can be seen in
Figure 34.

For the method in this thesis the skeleton data is of vital importance. Therefore some samples from the dataset
were not usable as the data was too incorrect. This led to a total of ‘only’ 406 skeleton sequences that were
considered to be of a quality that could meet the expected standards of commonly available skeleton tracking
methods. Note that noisy records were preserved as much as possible, but as soon as recorded skeletons were
getting really inaccurate (by subjective visual inspection) the data sequence was discarded.

Note that one should normally be very careful when choosing to discard samples from the dataset or not. In
this part of the research however it was chosen to minimize the influence of the skeleton tracker performance
on the total recognition result. Therefore, as the main interest of this thesis lies in increasing the performance
contribution of the used representation, it was decided that discarding the samples was a good measure. The
choice of discarding samples does however mean that less training data is available, which can potentially
result in lower recognition rates.
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Most researchers that use the MSR action 3D dataset to validate and compare their methods, have split the
set of 20 actions in three different subsets, each having eight different actions (Table 1). Subset 1 and 2 are
collections of actions that have similar movements and the third subset is a collection of complex actions. To
validate the novel representation from this work and compare it to the other works, the same testing logic is
used. However, due to the discarding of skeleton data, the action ‘pickup & throw’ and action ‘bend’ are no
longer available. The method used to estimate the skeletons joints using the observed scene seemed to be
completely unable to track the skeleton as soon as a bending motion was observed: often no skeleton data was
available at all or the data looked like the right image on Figure 34. This was the case for all subjects and
nearly all samples within these actions: only the pickup & throw action had some useful samples remaining
but there were too few samples left to be used for training and testing.

Subset 1 Subset 2 Subset 3
Horizontal arm wave High arm wave High throw
Hammer Hand catch Forward kick
Forward punch Draw X Side kick
High throw Draw tick Jogging
Hand clap Draw circle Tennis swing
Bend * Two hand wave Tennis serve
Tennis serve Forward kick Golf swing
Pickup & throw * Side boxing Pickup & Throw *

Table 1 Action collection in different subsets for the MSR action 3D dataset.

This decreases the total amount of actions in Subset 1 to 6, and subset 3 to 7. This will likely cause the
preliminary results of these subsets obtained with the algorithm from this work to increase, as less classes are
available to classify to. However, it seemed worse to use really bad data (such as the mixed pile of joints in
the right image on Figure 34), as classifying this data correctly does not really tell you anything; it just tells
that the classifier is able to recognize extremely noisy piles of joints and not if it correctly classified the action
‘bending’ or ‘pick up and throw’.

Figure 34 Example of noisy (Left), mildly incorrect (middle), and really incorrect skeleton data.
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As a side note: some remarks on the contents of the MSR 3D action dataset and the use of the action subsets
such as stated in Table 1 should be made. Although it does not add anything to the discussion on the
performance of our own novel representation, it is debatable if the combined set of actions in subset 1 and 2
are really a combined group of similar actions: when observing all the different samples one by one, the actions
in subset 1 and 2 do not seem to have that similar movements at all, and neither is the choice of ‘complex’
actions very logical. Finally, for the Microsoft Research 3D Action dataset a beta version of the Kinect is used
instead of the finalized Kinect product, as was confirmed by Zicheng Liu by email. Although it is not certain,
this could have been one potential cause of the many inaccuracies in the dataset.

5.1.2 A novel 3D action dataset

This novel dataset is recorded using Matlab in combination with Microsoft’s Kinect and consists of a set of
12 different actions which are performed by 9 different subjects. Every subject performs each action 3 times
and faced in 3 different orientations relative to the depth sensor: -45 degrees, 0 degrees, and +45 degrees. Care
is taken that a diverse set of subjects are used for the dataset: it is a good mix of different lengths, posture,
gender, and age. This leads to a total dataset of 108 samples per person, or 972 in total. The sampled data is
stored in individual Matlab ‘.mat’ files per sample, and each sample contains:

e Scaled down (to save data size) 240*320 uint8 grey value image.

e Scaled down (to save data size) 240*320 uint8 depth map.

e ‘Flat’ Joint series (20x2) for projection of joints onto images.

e 3D Joint coordinates (20x3) in meters relative to the sensor.

e Scaled down 240*320 binary segmentation map (note: due to bad scaling of the sensor drivers, this
map turns out not to binary.).

The actions in the dataset are the following:

1. Stand still - This is, in fact, an action that occurs a lot and can be considered ‘neutral’.

2. Sit down - Sit on a chair from a standing position.

3. Sitstill - Second neutral action of the dataset: a person sitting still on a chair.

4. Tie laces - An action such as tie laces / pickup / pull on shoes often leads to incidents.

5. Drink - Drinking is often done in a sitting position and could be an important action
to track while monitoring the health of elderly people.

6. Stand up - Stand from sitting position: often leads to incidents as people can easily fall.

7. Bend / pickup - Bend / pick something from floor: one of the major causes of fall incidents.

8. Side-reach - Reach towards the side to pick up an object.

9. Wave right - Could be used as signaling by an elderly in future systems.

10. Double wave - Could be used as signaling by an elderly in future systems.

11. Point up - Could be used as signaling by an elderly in future systems.

12. Point down - Could be used as signaling by an elderly in future systems.

The action pairs sit down/stand up, point up/point down and wave right / double wave are chosen because
of their similarity in movement. The static actions stand still and sit still are chosen as they are not often
used in datasets although they are in fact occurring very often, plus the two actions can be used to train a
neutral pose classifier for the online action recognition framework. Considering the choice of actions, care is
taken that some actions look familiar and that the actions are not too far from what you can expect to see in
the daily activities of elderly and some signaling actions. Of course, this still does not mean that a good
performance of this dataset also indicates that a good action recognition performance can be achieved when
used on data obtained from real elderly people.
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The setup of the recorded scene was as follows: a Kinect was placed in a freed up area in the storage department
of DAZA Opticare, on a 1m elevation and was carefully aligned with the floor. Markings were made on the
floor at a distance of ~3m and a chair was placed, together with a few stacked boxes. The chair was used for
the actions that involved ‘sitting’, the stacked boxes were used for the action ‘side reach’. The markers on the
floor ensured that the setup was identical under each of the three different rotations. In Figure 35, an example
is given of a subject performing the action double wave under three different orientations. Note that the chair
in the lower right image of the example is accidently segmented by the Kinect’s algorithm as being part of the
person, but that the skeleton representation is still extracted. Also note that it is a known issue for the first
Kinect version that accurate leg positions are not always available. Often times the legs ‘shake’ a bit. Perhaps
these issues were solved in the new Kinect that is released with the Xbox One but at the time or recording no
such device was available.

Note that the action data is recorded in such a way that it is already segmented in time reasonably well: the
actions start and end within a few frames of the start and end of the recoded action sample. The scaling down
of the depth map and RGB data is done to reduce the size of the dataset significantly. The 3D point cloud
can be obtained by converting the depth map using the publicly available Matlab function ‘depthToCloud’
by Liefeng Bo and Kevin Lai.

Figure 35 Frames of the action ‘2 hand wave’ recorded from different orientations. (Frame 23/16/29)
Top row: gray value data. Middle row: depth data. Bottom row: segmentation map with skeleton overlay.
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5.2 An offline exploration of the novel MH-STP representation

This section explores the different aspects of the MH-STP It also shows preliminary results and small
improvements to the representation, followed by the effects of these improvements.

5.2.1 Preliminary results of the MH-STP validation test

Initial test setup

Using the methodology as described in paragraph 5.1.1, three tests are performed on the three action subsets
that are stated in Table 1. The tests are designed as follows:

1. In this test 1/3" of the samples of each action is used for training, 2/3" is used for testing.
2. In this test 2/3" of the samples of each action is used for training, 1/3 is used for testing.
3. In this test half of the subjects is used for training and the other half for testing.

The third of these tests is considered to be the most challenging test: cross subject testing is considered in
general to be a harder problem because of the variance in the way actions are performed and the variance of
appearance of the different subjects.

The initial parameter setup of the representation are set up in such a way that it allows comparison of results
with other articles. The MH-STP 3D space resolution is set up to have 10 bins in all three directions and the
time is split up in 3 time segments. This leads to a total of 3000 space time cells. As one cell is 20 cm wide in
this case, a joint interpolation distance of 2.5 cm is considered to be sufficient: this way, the interpolated limbs
between the skeleton joints have sufficient chance to ‘touch’ a space time cell it crosses. A higher resolution
would most likely only increase computational times while hardly increasing recognition rates.

When it comes to the actual build-up of the MH-STP feature, the MHI delay is set to 100: the larger the
delay, the longer movements remain visible. The value 100 is higher than the frame count of the longest action
sequence, so it is guaranteed that even the first observed joint locations remain visible in the representation.
Once the representation is built up, compensation for different action sequence lengths and speed of
performance can be achieved by normalizing the MH-STP values from the domain [minvalue .. maxvalue] to
the domain [0..1].

The last parameter chosen is the dimensionality to be reduced to as the original dimensionality of 3.000 is
much too high: a lot of the dimensions would only contribute to noise or contain redundant information.
Although the original STOP article claims to have used a reduced dimensionality of 300 it remains unclear
how this was achieved as the maximum dimensionality to reduce to using OCL is the amount of available
training samples used in the training phase. This maximum dimensionality to reduce to is thus equal to the
amount of training samples in test 1 on subset 1, which is 1/10™ of the total data set or about 40.

Different subsets, different results

This set of parameters leads to preliminary results as shown in Table 2. In this table, the reported best results
of the research ‘Action recognition based on a bag of 3d points’ by Li et al [25] and the reported best results
of the STOP method are added for comparison. The results column indicated with Skt. is a result obtained
by the authors of the STOP method as comparison for their own method. In this test they are using fast
Fourier transform (FFT) coefficients on the curves of the joint positions over time, which at that time
apparently gave the best recognition results when using skeleton data.
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The results show that our novel MH-STP method, without optimizing for any parameter, is showing similar
performance to the method as proposed by Li et al and it shows much better results than the other method
that used skeleton representations. Unfortunately, performance is still 4 to 10 percent lower than the best
results achieved by the STOP method. Nonetheless, this first result is a promising outcome of the preliminary
test as our method uses far less training samples than other works and uses non-optimized parameters.

The results table does also show some outcomes that require some further discussion. The performance increase
between test 1 and test 2 is most likely an effect of the increased amount of training samples. This performance
increase can also be observed in subset 3 although this subset obtains much higher results over all tests: the
set of actions in subset 3 has more intra class variance and it is likely that it is therefore easier to classify.
However, when looking at the differences in the result of the different subsets this large difference is not seen
in the methods of Li et al. and STOP.

One possible explanation for the differences between tests is that the MH-STP in its current form might not
be very suitable to allow the classifier to deal with variances of an action introduced by different persons. This
is especially the case when a low amount of persons is used in the training set and a person that has not been
used in training performs the observed actions. As appearance, rotation and size variance are already excluded
as much as possible, this leads to the idea that the main cause of this drop of performance in test 3 is caused
by inter action variances. Subset 3 is less affected because it has more intra class variance.

Lietal Skt stop MH- Lietal Skt stop MH- Lietal Skt stop  MH-

STP STP STP

Set 1 89.50 68.00 98.23 89.64 93.30 72.97 99.12 95.15 729 40.28 84.7 68.45
Set 2 89.00 73.86 94.82 88.52 92.90 70.67 96.95 90.49 71.90 50.00 81.30 64.66

Set 3 96.30 78.67 97.35 95.26 96.30 83.78 98.67 96.90 79.20 73.91 88.40 86.55

Mean 91.36 73.51 96.80 91.14 94.20 75.81 98.25 94.18 74.70 54.73 84.80 73.22

Table 2 Preliminary results using a 10x10x10x3 grid, OCL dim 40, MHI delay 100.

After manually inspecting the dataset this thought was confirmed: some people tend to perform the actions
much faster than other persons, which can lead to different MH-STP representations. This is happening
because the frame rate of the depth sensor is only 15 frames per second which causes a semi arbitrary split of
the action to 15 different action snapshots and the points in these frames are used to fill the STP. Note that
this ‘discretization’ of the performed action even leads to large differences in the MH-STP of actions performed
by the same subject and this is very likely the cause of the large variation in performance.
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5.2.2 Improving the MH-STP representation by 3D skeleton interpolation

To make the MH-STP representation less dependent on the speed the action is performed at and to reduce
the dependency of the discretizing nature of the frame rate, an inter-frame interpolation operation was added
to the MH-STP creating algorithm. This operation interpolates the motion of the intermediate skeleton
representation between two frames.

The operation works as follows: at the first frame an interpolation step is performed between the 3D joint
locations of a certain limb. This is also done on the second frame. If two sets of interpolated points belonging
to the same limb are known, points are interpolated between the limbs. An example frontal MH-STP view
can be seen on Figure 36. Although the speed of performance and frame rate discretization still can lead to
differences in the STP, the majority of variance should now be accounted for. The results obtained with the
exact same approach as the first test but this time with a different MH-STP method are shown in Table 3.

The modification turned out to have a beneficial effect and especially the recognition rate of the cross subject
dataset is increased with an average increase of 3.4%. This time, note that although the large difference in
performance between subsets is still present, higher recognition rates are achieved than the STOP method for
subset 3, test 3, and on average higher results are achieved than the method of Li et al. unfortunately, the
modification did not lead to a lower difference between the different subsets. As in subsets 1 and 2 the actions
are more similar to each other than in subset 3, it is still thought that this is a potential cause of this difference.

Lietal Skt. STOP Our Lietal Skt. STOP Our Lietal Skt. STOP Our
8050 6800 9823 05 | g3z 7207 9912 B0 |09  a028 ga7 1266
(+1.31) (-0.45) (+4.21)
8000 7386 9482 05 1990 7067 9695 26 | 7190 5000 8130 8613
(+162) (+0.77) (+2.08)
9630 7867 9735 P42 19530  g378 9867 B2l | 7920 7391  sgd0 04
(+1.16) (+1.38) (+3.91)
9136 7351 9680 2291 9420 7581 9825 XM | 7470 5473 sago 1062
(+1.37) (+0.56) (+3.40)

Table 3 Second set of preliminary results using a 10x10x10x3 grid, OCL dim 40, MHI delay 100. This time,
our method used an interpolated intermediate skeleton representation. The difference indicator tells how much better the
recognition performed compared to the non-interpolated counterpart.

Figure 36 Left: a 30x30x30 STP built from the intermediate skeleton representation. Right: STP built from the same skeleton
representation, but this time the intermediate skeleton representation movements are interpolated.
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5.2.3 Preliminary results on the novel dataset

Using the improved MH-STP on the novel data set, the set of results as given in Table 4 is acquired. Results
look very promising, as all tests have reported achievable results of over 90% recognition rate. Although the
high recognition rate might partially be explained by the increased number of samples in this dataset, there
is also an increased number of actions to classify between (12 instead of 7) which makes correct classification
harder. The same parameters as with the MSR Action 3D dataset are used for the test: a 10x10x10x3 grid for
the STP, leading to 3000 space time cells, which is filled by an interpolated skeleton representation using an
MHI delay of 100. The resulting MH-STP is leading to a high dimensional vector whose dimensionality is
reduced using OCL dim 40, and classification occurs using an offline classifier.

This time the results of the ‘improved’ method that uses the additional intermediate skeleton representation
interpolation are not much better than the original MH-STP method. However, there is also a much lower
difference between the results of test2 and test3, compared to the difference of test 2 and test 3 on the MSR
3D Action data. This suggests that the actions are performed more similar by the different persons in the
novel dataset so that the inter subject differences in performance are lower. After visually inspecting this turns
out to be the case: there exists less fluctuation in the recordings of the actions and there is less noise. Perhaps
this is caused by the fact that subjects were shown first what kind of actions were expected from them.

Interp. Interp. Interp.
MH-STP MH-STP MH-STP
S MH-STP S MH-STP S MH-STP
Total dataset 94.49 94.52 95.40 95.67 92.21 92.58

Table 4 Preliminary results using a 10x10x10x3 grid, OCL dim 40, MHI delay 100.
Comparison of the MH-STP method the ‘improved’ MH-STP that uses interpolated
skeleton movement (2).

Although the test indicates a very good result, the question remains whether the MH-STP method leads to
better results than the STOP method if that method were to be tested on the novel dataset. Therefore the
STOP implementation as described in [27] is recreated in this work as well to try and make a sensible
comparison. The parameters of the STOP representation are set equal to the most likely parameters used to
publish the results of STOP in the original work. They are as follows: a 10x10x10x3 grid for the STP, dimension
reduction using OCL to dimensionality 300 and a saturation parameter of 128.

Note that for this test, the point clouds are location normalized in order to center the STP around the skeleton
in an appropriate manner. This is done by centering the STP on the lower back joint of the skeleton. How
this is done in the test setup of STOP is unknown as location normalization was not discussed in that article,
so this location normalization might already lead to better results than obtained in the original STOP set of
results. As a secondary test, the point cloud is also rotation normalized before recreating the STOP
representation. This is done with the help of the intermediate skeleton representation which was originally not
used. It is expected that this would increase the recognition rates of the original STOP method a lot. Note
that this method is not at all used nor discussed in the STOP article and this is built in solely to see how the
MH-STP results would hold up against such an improved STOP method.
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The results from these tests are shown in Table 5, together with the results drawn from the MH-STP
representation test. The first outcome that can be observed is that our method has a higher recognition rate
in test 1, and a lower recognition rate in test 2 when compared with the original STOP method. This could
be caused by the fact that the original stop method seemingly needs more training samples to overcome the
rotation in the samples, as this rotation variance is not present in the MH-STP representation.

A result that was not expected was the outcome that the STOP method that was rotation and location
normalized (by the author of this thesis) does perform slightly better in test 1 and test 2 than our novel MH-
STP method. This is a surprise, as it was considered that the appearance invariance of the MH-STP gave it
a benefit over the STOP method. However, it should be noted that the MH-STP representation is not
parameter optimized at this moment in contrast to the parameters used in the STOP method.

Finally, one more result can be observed: for the challenging test 3, the cross subject test, the proposed method
in this thesis performs much better than the original STOP method and even 5% better than the rotated
STOP method; even prior to parameter optimization. This result gives a good indication that the proposed
method indeed starts to perform better in comparison to the STOP method once more inter subject variance
is present: as the systems are not trained with all subjects in this test, the STOP method did not learn to deal
with these variances in appearance and hence results start to drop, whereas the MH-STP method is much less
influenced by this variance. More specifically, as during all different tests the exact same datasets are used for
training and testing, it can now also be assumed that the rotation variance contributes to at least 8%
recognition rate drop in this case.

Total dataset

Rotated Interp. Rotated Interp. Rotated Interp.
TOP TOP TOP
STO STOP MH-STP STO STOP MH-STP STO STOP MH-STP
91.84 96.13 94.52 96.06 98.16 95.67 79.43 87.11 92.58

Table 5 Preliminary STOP results using a 10x10x10x3 grid, OCL dim 40, MHI delay 100.

A comparison of the STOP method to the ‘improved’” MH-STP of this work that uses interpolated skeleton movement (2). Also, a
version of the STOP method that has been improved (made invariant to rotation/location) by the author of this thesis is shown for
comparison.

77/121



5.2.4 The influence of the MH-STP settings on its performance

As the first preliminary tests are performed and an indication that the novel method might indeed outperform
other existing methods is found, deeper investigation into the representation is needed to determine which
parameters might lead to an improvement of the system. Hopefully, this also gives some insight into the
question what the strong and weak parts of the MH-STP representation are.

5.2.4.1 The use of normalizations

One of the key points of the MH-STP method is the possibility to make the representation invariant to
location, rotation, size of the person and other appearance related variances. In this paragraph the first three
of these will be discussed individually. The forth one, appearance variation, influences how well the variations
can be dealt with, as this variance largely determines how well the skeleton algorithm is able to estimate a
correct skeleton. Although it is very likely that there are points of improvement for this algorithm, this aspect
is not discussed in this research.

Realizing invariance to location

Location invariance is very useful since the person that is being observed is not always performing actions at
the same location: instead, he or she is moving through the observed scene. As the STP requires that it’s
‘space’ is centered on the region of interest, creating an invariance to location basically means that the STP
stays centered on the persons’ location, independent of the movements of that person. For example, one could
take the average 3D point cloud position or use a bounding box around the person of interest. In case of the
MH-STP this can be realized more easily by making use of the estimated intermediate skeleton representation.
By centering the STP on the lower back joint, almost half of the skeleton is below and half of the skeleton is
above the center of the STP. Also, this joint stays on its place for most of the actions, which makes it a good
position to center the STP.

Realizing invariance to rotation

One of the benefits of using the skeleton as intermediate representation for the MH-STP is that the skeleton
representation immediately reveals to what direction the skeleton is facing. Using his information, it is not
very hard to compensate for rotations around the axis of the skeleton by making use of 3D rotation matrices.
In this research rotations around the longitudinal axis are of importance, to allow normalization of skeletons
facing any right or left direction relative to the camera. Secondly, a rotation around the transverse axis, as is
performed by the skeletons torso when a person is bending, is not of importance as this is encoded as useful
information in the STP. Thirdly, rotations around the frontal axis can only be caused by incorrect placement
of the depth camera, which is considered not to be the case in this research.

One crucial element of choosing this rotation normalization is the determination in which direction the skeleton
is facing. The heading is usually determined in related works by:

1. A vector perpendicular to two vectors: joints neck — left hip and neck - right hip.
2. A vector perpendicular to two vectors: lower back — left shoulder and lower back — right shoulder.
3. A vector perpendicular to a plane, best-fitted to both the L/R hips and L/R shoulders.
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Upon visually inspecting the data samples in both the MSR Action 3D dataset and the novel dataset, it turns
out that the joint estimation of the shoulders is more stable than the joint estimation of the hips. This
observation is also visible in the MH-STP results as shown in Table 6. Therefore, to achieve rotation
invariance, the first of the described methods is used, as this leads to the best results. Note however that the
resulting difference is not very high and that it does not seem to matter that much, which means that
depending on the actions observed it could well be that another method is more suitable. Nonetheless, method
one is chosen to be used in this research.

Test 3: cross subject validation

Direction Direction Direction
method 1 method 2 method 3

Average result 92.31 % 91.32% 91.40%

Table 6 Direction normalization method results using a 10x10x10x3 grid, OCL dim 40, MHI delay 100,
average results of 100 repetitive tests.

Figure 37 Left: non-camera facing skeleton. After a rotation around the longitudinal
axis, the skeleton now faces the camera. Only longitudinal rotations are corrected for the MH-STP.
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Realizing invariance to size

The skeleton representation not only allows making the MH-STP representation invariant to rotation and
location, it also allows for size independency. This is achieved by averaging the limb lengths over all data
samples in both the MSR Action 3D dataset and the novel action dataset, to obtain a set of average limb
lengths, which is shown in Table 7. Using this data, the limbs of any skeleton representation, obtained from
a large or a small person, can be resized to the limb size of average Joe. Note that this does not cause the
rotation angles of the skeleton joints to change!

Additionally, an unexpected benefit of the size normalization was discovered. Apart from normalizing limb
sizes that differ from person to person, it turned out the normalization also reduced limb size variances of the
skeleton estimation itself. For instance, the ‘hand’ and ‘foot’ limbs are often very noisy. Also, some actions
lead to skeleton poses that are hard to estimate. For instance, when someone was pointing in the direction of
the depth sensor, the sensor had difficulties to estimate the size of the limbs. Using the size normalization,
this variation was now also accounted for.

Avg.Size in Limb Avg.Size in Limb Avg.Size in Limb Avg.Size in
m m m m

Neck

L-Shoulder
R-Shoulder

L-upper
arm

L-lower
arm

Table 7 Average limb lengths of skeleton data as present in both MSA3D and novel dataset.

5.2.4.2 Varying the dimensionality: effect on recognition rate

So far the MH-STP representation is only created using a 10 x 10 x 10 grid and 3 time segments, leading to
a dimensionality of 3.000 space time cells, which is being reduced to 40 dimensions using PCA. This initial
dimensionality of the representation and the dimensionality that is being reduced to however do not necessarily
lead to the best recognition rate. This section discusses the relationship of the STP dimensionality and reduced
feature dimensionality to the recognition performance and computational demand.
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Figure 38 Left: an MH-STP using a grid of 10x10x10 Right: an MH-STP using a grid of 30x30x30.
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Effects of changing the dimensionality to reduce to

As indicated in Section 2.9, a high amount of features is not a guarantee for high recognition rates. To find
which features are most informative and useful for the classification process, the dimensionality reduction
method orthogonal class learning or OCL is used, which is a method closely related to PCA. Unfortunately
there is no general optimal amount of dimensions to reduce to. This depends on the amount of training samples
available, the way the STP is filled and the dimensionality of the STP. An example can be seen in Figure 38
Left: an MH-STP using a grid of 10x10x10 Right: an MH-STP using a grid of 30x30x30.

If the dimensionality to reduce to is low, the required computing power is lower but chances increase that
important descriptors of feature relations that vary a lot between different actions are not taken into account.
Especially in cases where a high intra class variance exists this will lead to a drop of performance as in this
case these descriptors are not as strong, and therefore more of them are needed to achieve a higher recognition
rate. If the dimensionality to reduce to is too high, redundant information and noise are potentially taken into
account too much. Also, this increases the computing power that is needed.

The mentioned effects on the recognition rate are visible in the left graph of Figure 39. A dimensionality that
is too low leads to a very low performance, but as the dimensionality increases the performance increases
rapidly, up to the point where there is not much performance increase anymore or even a performance decrease.
The latter is especially the case for the 10x10x10 grid on the cross subject test: when ~10% of its original
dimensionality is used (300 out of 10x10x10x3 = 3000), noticeable hinder of noise or the use of redundant
features is visible. The performance of the grids with sides of 20 and 30 does not show this effect, as the new
dimensionality uses only 1% and 0.3% of the original dimensionality respectively.

The same observation can be seen on the right of the two graphs, this time when sufficient training material
is present and there is less hinder of the variance compared to the cross subject test. The MH-STP results are
compared with the STP that is filled using the (rotation normalized) STOP method. As can be seen, both the
STP’s with grid sizes 10 and 20 that use the STOP method need a higher dimensionality to perform reasonably
well, compared to their MH-STP counterparts. This is expected as the MH-STP is built up using the
intermediate skeleton representation that offers stronger relations between space time cells than is the case
when the STP is filled using noisy point clouds.

However, when higher dimensionalities are allowed, the rotation normalized STOP method can sometimes
outperform the MH-STP method on higher dimensional grid sizes. One possible explanation could be that the
point clouds recorded of an action cross many more space time cells and perhaps help to average the general
motion of the action with the saturation scheme over the space time cells, rather than trying to describe the
motion very precisely using the intermediate skeleton representation. This could prevent the added inter class
variance that will be discussed in the next two paragraphs.
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Figure 39 showing the performance in two different tests for different sizes of dimensionality reduced feature vectors.
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Effects of changing amount of time segments

The 4D MH-STP so far had 3 separate segments in its time dimension. The main benefit of having different
time segments in the representation is the additional information this provides: instead of only being able to
capture a certain movement of the action, it is now also known if this movement was in the beginning, middle
or end of the action. An example of a STOP representation with three time segments is given in Figure 3: a
person performs the action ‘kick’ and as can be seen from the sequence, most of the movement occurs in the
middle part of the action.

There are some drawbacks too when using time segments. For starters, as the total MH-STP representation
is 4 dimensional, each added time segment increases the dimensionality by the grid dimension to the third
power. In a 10x10x10 grid this adds 1.000 dimensions to the total MH-STP, up to a dimensionality increase
of 27.000 for a 30x30x30 grid. This dimensionality increase requires additional computing power.

A secondary drawback of using multiple time segments relates to the fact that not every action is performed
in the same way and that time segmentation of the actions is not perfect. This can lead to one subject performs
a ‘kick’ action that is primarily placed in the middle segment of the MH-STP, while another subject performs
the actual kick action only slightly later in the action sequence, causing the actual kick to be placed in the
last or in the last two segments. This might cause the introduction of a variance in the representation which
will most likely lead to deteriorating results in case more time segments are used.

The effects on the recognition rate can be observed in the results as shown in Figure 40. In the left graph, the
results improve a lot when time 3 instead of 1 time segment is used, followed by a decline in performance. In
the right graph, where a higher dimensionality is used for the reduced feature vector, the results slightly
increase when another 2 time segments are added, after which the results start to decline.

The performance increase is likely due to the increased informativeness of using three time segments instead
of one. The observation that further addition of time segments does not improve the results a lot is most likely
caused by the introduced inter class variance and possibly to the amount of features used relative to the
original dimensionality. The computational demand however keeps increasing with every added time segment,
as the dimensionality increases. This is shown in the final paragraph of this section.
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Figure 40 Comparison of performance between different amounts of time segments.
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Effects of changing the grid size

Just as was the case for the amount of time segments, the resolution of the MH-STP grid also influences
recognition results a lot. It is a delicate balance between loosing information when the amount of dimensions
is too low and a computational demand that increases rapidly as the dimensionality increases. For instance,
using a 40 x 40 x 40 x 3 grid will lead to a 192.000 dimensional feature vector which puts a lot of pressure on
the available processing power. However, although a 5x5x5 grid will only lead to 125 dimensions, but fails to
capture movements of individual body parts due to the fact that one cell corresponds to an area of
approximately 40x40x40 cm.

One other effect of using a high grid resolution is similar to the described drawback of increasing the amount
of time segments: it may lead to the introduction of variance caused by the exact way an action is performed:
in an STP with large bins similar movements lead to the same space time cells being crossed by the skeleton
representation while in an STP with very small bins it is more likely that each movement leads to different
space time cells being crossed during the motion of the action. This effect is more noticeable when lower
amounts of training samples are available as the system cannot be trained to cope with these variances.

This effect can be observed in the test results as shown in Figure 41: an OCL feature mapping towards a very
low dimensionality is less able to benefit from the intra class variances due to the introduced additional inter
class variance if a higher grid resolution is used to create the STP. Only when the feature dimensionality
reduction is leading to a sufficiently high dimensionality (e.g. 300), the feature is again gaining informativeness
as it is now more able to cope with the inter class variances. This effect can also be observed by looking at
reduced dimensionality 40 and comparing the difference between 33% and 66% training results: there is a
larger difference between the results of the 10x10x10 grid and 30x30x30 grid in the case of 33% training data.
Looking at test 3, these effects are expected to be worse, which is indeed the case. It can be observed, as up
to the point of using a reduced dimensionality of 100, that the 10x10x10 grid dimension leads to a better
performance, as the larger bins of the STP most likely allows for a better handling of the inter class variance
that is less accounted for in the cross subject test.
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Figure 41 The effects of grid resolution, showing the effects of the dimensionality reduced to and
grid size chosen in three different training situations. Lower right: the idea behind the added inter class variance .
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5.2.4.3 Varying the dimensionality: effect on computational demand

As indicated in the previous sections that discuss the effects on recognition rate, changing the parameters also
have their effect on the computational demand of the used method. The computational demand on generating
features, training and testing are reviewed separately, and a comparison is made for different methods,
dimensionality to reduce to, STP grid dimension and the amount of time segments used.

Computational demand of generating the STP

The STP generation algorithm the novel MH-STP method uses is not independent of the used grid
dimensionality and time segments, as between the joints of the intermediate skeleton representation more
points need to be interpolated when the grid dimensions increase. This is to ensure that at least all the space
time cells that the limbs cross during their movement are activated in the STP. For the STOP method this
is not the case: the amount of 3D depth points used is exclusively dependent on the input resolution of the
depth sensor and the region of interest.

The STOP method in general requires much more points to be processed than is needed for the MH-STP
representation, but it has no further needed algorithms such as interpolation, rotation and size normalization.
Instead, the depth points can be mapped directly to the STP. In terms of required memory however, the MH-
STP requires much less space as it only needs to store 20 3D skeleton joint positions per frame instead of a
large collection of raw 3D depth points, typically around 6.000 — 9.000 points.

The differences in processing time and used memory of the used methods and the used grid dimensionality is
shown in Table 8. When large grid dimensions are used, the STOP method is 4-5 times faster than the MH-
STP method, but for a lower grid dimensionality there is hardly any difference. However, it is questionable
how bad the higher 0.009 seconds per frame (And: not on a very fast computer) of the MH-STP method for
the larger grid size really is: as long as the rest of the algorithm is not too time consuming, it still allows the
processing of data at very high frame rates.

A larger difference can be seen in the required memory to store and use the recorded data and the memory
required to store a single STP. The STOP method uses ~500-600 times as much memory due to the much
larger amounts of points that need to be stored per frame and a single STP with a resolution of 30x30x30
requires 27 times more memory than an STP with sides of 10x10x10, which is of course an expected result.
This means that to store the entire novel dataset in memory and use it as training and testing data, 1.76GB
of memory is needed in case of a 30x30x30x3 STP, which is in strong contrast to the 69MB of memory needed
for a 10x10x10x3.

Data size Data size Data size Processing time
in dataset in memory in memory in seconds

per frame per frame of one STP per frame

MH-STP 10x10x10x3 480 B

STOP 10x10x10x3 300 kB ~200 kB! 23 kB ~0.002

MH-STP 30x30x30x3 480 B 480 B 633 kB ~ 0.009

STOP 30x30x30x3 300 kB ~200 kB! 633 kB ~0.002

Table 8 Memory and processing time comparison. *Average values for STOP method are used.
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Computational demand of calculating a mapping to reduce the STP dimensionality

In the graph in Figure 43 results are shown of the computational demand to compute the mapping from the
set of training samples towards the reduced dimensionality. The dimensionality to reduce to and the grid
dimensionality of the STP are both compared to offer a clear comparison. Note that these timings are obtained
by code in Matlab; it is therefore very likely that further optimization is possible by either writing the code in
e.g. c++ or code optimization in Matlab itself. However, the resulting graph does give insight in the relative
processing time between the results obtained by using different parameters.

One resulting outcome that is immediately visible, but which is also quite trivial, is that the larger the
dimensionality of the STP is, the more computing power is needed. On average, calculating the mapping of a
dataset with 600 samples towards a lower dimensionality by using a 30x30x30x3 STP requires 11,5 second,
which is 4 times more than using a 20x20x20x3 representation and 20-25 times more processing time than is
the case when a 10x10x10x3 dimensional STP is used. While this does not lead to much problems in an offline
setting, it might be problematic in case the method should work in an online setting, as this might require a
frequent retraining of the dataset.

Another result is that in general the higher the dimensionality is to reduce to, the higher the required
processing time. This is due to the fact that the training samples need to be mapped to the new reduced
dimensionality too, and it is more computational to do so for 81.000 dimensional vectors than 3.000
dimensional vectors. However, in the training phase this contribution to the total computational time needed
is limited.

Average 'training' time of a dataset with 648 samples

14
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Reduced dimensionality

W 10x10x10x1 W 10x10x10x3 W 20x20x20x1 20x20x20x3 W 30x30x30x1 W 30x30x30x3

Figure 42 Comparison of computational demand for the ‘training’ phase
of offline classification.
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Computational demand classification

In contrast to the results in Figure 42, the computational demand of classifying 1000 STP representations
using the offline classification scheme as discussed shows a much greater dependence to the size of the reduced
feature, as can be seen in the top graph of Figure 43. The computational dependence on the initial STP
dimensionality is clearly visible in this phase as well. This is caused by the fact that the classification of an
STP consists of two parts: mapping the STP towards a lower dimensionality and determining to which class
the average distance of the training samples to the tested sample is lowest. The first part is related to the grid
dimensionality and reduced dimensionality and the second part is related to the reduced dimensionality and
the amount of available training samples.

Looking at the resulting computational time in detail, the contribution of both these two parts to the total
computational time is given in the lower 2 graphs of Figure 43. Clearly, the dependence on the size of the
reduced dimensionality is visible in both graphs. The dependence of the computational time on the grid size
of the STP is as discussed only seen in the part where the STP is mapped to a vector of reduced dimensions.
Although not directly visible from the graphs, as the axis are not linear, the amount of original space time
cells and the reduced dimensionality have a linear relation with the amount of computations needed. One
sample mapping of an STP with high dimensionality M towards low feature dimensionality N takes
N(2M — 1) + M operations, where the distance calculation towards all training samples S takes S(6N + 1)
operations. As in general M > N and M > S, this too shows that most of the processing power is used to map
the STP to the reduced dimension.

Average MH-STP feature test time (x1000)
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Figure 43 Comparing the computational demand of testing an MH-STP, with effects shown on reduced dimensionality and grid size.
Clearly visible is the large effect of the grid size on the performance.
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5.2.5 Speed and accuracy tradeoff of the MH-STP

Although section 5.2 is about the offline performance of the MH-STP, in an online situation up to 5 MH-STP
representations need to be generated per second. These all need to be mapped towards a lower dimensionality
and finally the sequence of representations needs to be classified. A higher grid size or higher reduced
dimensionality may increase the results, but may also make the process too slow for a successful application.
This paragraph discusses the tradeoff between speed and accuracy of the MH-STP.

The results from previous sections show that at least the use of a 30x30x30x3 STP is not advised. The reason
for this is that an STP with this dimensionality requires too much processing power and memory, as the
mapping towards the lower dimensionality requires is an expensive operation. Also, results are not much better
and sometimes even worse than the situations where a 10x10x10x3 or 20x20x20x3 dimensionality is used.

To get a better overview of the tradeoff between accuracy and required processing times, Figure 44 shows a
normalized table. To obtain these values, the corresponding speed and accuracy are independently normalized
and weighed equally. The higher the score, the greener the color in the figure and the better the result. The
result is as expected: for lower dimensionalities too much information is lost, for higher dimensionality the
processing time increases plus for a lower grid size the classifier over-fits. Also, having three time segments is
worth the extra computational demand even though the computational need is higher and it suffices to use a
smaller 10x10x10 grid, as there is not much difference with the 20x20x20 case in accuracy but there is in
required processing time.

OoCL dim —» 7 | 10 ‘ 20 ‘ 40 | 60 ‘ 80 ‘ 100 | 150 ‘ 200 | 250 | 300 ‘ 350 | 400 | 450 ‘ 500
10x10x10x1 63% 69% 82% 87% 88% 88% 87% 86% 83% 78% 6% 58% 59% 60% 60%
10x10x10%3 7% 83% 92% 95% 95% 95% 95% 95% 95% 93% 92% 91% 90% 87% 81%
20%20%20x1 53% 60% 80% 86% 88% 29% 89% 89% 28% 87% 86% 85% 85% 24% 82%
20x20%20%3 69% 69% 84% 90% 91% 91% 91% 90% 90% 89% 88% 88% 86% 86% 84%

Figure 44 Table showing normalized scores that include both accuracy and computational time. This is tested for different
dimensionalities and four different grid sizes. A reduced dimensionality of 40 in a 10x10x10x3 has the highest rating: best accuracy in
combination with a low computational cost.

5.3 Lessons learned about the MH-STP in an offline setting

In this Chapter the properties of the MH-STP in an offline setting, supported with results, was discussed
extensively. First of all it is important to notice that results, obtained using any method, do not mean much
if no clear information is given on the data that was used as train and test data. In the offline action recognition
evaluation using the MH-STP, two different data sets were used:

e An existing dataset from Microsoft, MS Action 3D that has been used in quite a few other works
e A novel dataset constructed especially for this thesis

The main reason for the use of two different data sets, is that it helps to prevent obtaining biased results.
Does the method only work well on one dataset or does it also perform well on other datasets? There are many
differences in the datasets. For starters, the novel dataset does contain more samples. Furthermore the MSA3D
dataset has more different actions but these were always tested in subsets of 8. In the novel dataset, no subsets
are made: all 12 actions are used at once. Also, it contains recordings under three different angles for all actions
and subjects, which is not available in the MSA3D dataset. The Novel dataset was created with a different
skeleton tracker, leading to less noisy results. In the MSA3D dataset, some data was manually discarded, as
the skeletons tracked were simply not available or completely incorrect.
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In the initial test using MSA3D data, where the MHI delay was set to 100, STP grid of 10 x 10 x 10 x 3 space
time cells and an OCL mapped dimensionality of 40. Promising results were obtained, especially since there
was no real initial knowledge of the behavior of the MH-STP representation was known. In test 1 (33%
training), test 2 (66% training) and the challenging cross subject test only slightly lower than state of the art
results were achieved. Only subset 1 and 2 in the cross subject had much lower recognition rates, most likely
due to the fact that the low amount training samples could not deal with the lower inter-action variance.

Results improved even more (up to 3%) after a small improvement to the motion-history property of the
representation. By interpolating between frames, intra-action variance in the features was reduced. Evaluating
the method, without making alterations to the parameters, lead to excellent results on the novel dataset. For
comparison, the STOP method was recreated and tested on the novel dataset twofold: one time with normal
data, and one time with its point cloud data made invariant to location and rotation, using an intermediate
skeleton. This adjustment to the original STOP method was tested as this was expected to be one of the
biggest possible improvements. The results of the MH-STP representation were excellent. Although in test 1
the MH-STP performed slightly better than STOP and drew similar results in test 2, the cross subject
recognition rate of the MH-STP was more than 12% higher. Results of the skeleton-'corrected’ STOP method
also showed an obvious improvement to the original the STOP method.

Different aspects of the MH-STP were explored. For starters, the influence of the method to make the datasets
invariant to rotation. Although similar results were drawn it did show why a certain choice of method was
made. Making the datasets invariant to size is also discussed: this reduces a large source of noise and it removes
the differences between tall and small people. This method turned out to be very useful. As parameter of the
actual representation, the effect of the STP grid dimensions on recognition rates was tested and discussed
thoroughly. It was shown that a too low dimensionality lead to the removal of too much information but that
a dimension that is too high would lead to much higher computational and memory demands. Also, it is
thought that an increase of the dimensionality would lead to lower results as it would induce intra-action
variance, which could only be coped with when more training data would be available.

Results with varying grid dimensions and reduced dimensionality furthermore showed that the MH-STP
performed better with lower dimensionalities than traditional methods. Most likely due to the 'binning’ nature
of the STP a lot of intra-action variance was dealt with. This was especially shown in the situation where a
low amount of samples was available with a lot of intra-action variance as in the cross subject test: the lower
dimensionality and low grid size outperformed higher dimensional solutions. There is however one exception:
the offline action recognition turned out to suffer from the removal of the 4th dimension from the MH-STP.
If only one time segment was used instead of three, results were on average 10% lower. However if more than
3 time segments were used and less training data was available results started to deteriorate as well. The cause
of this is most likely that the 'segmenting in time" is performed at an arbitrary moment. The impact of this
phenomena becomes larger when more time segments are added, as is shown in the results.

The favor for these lower dimensions is a beneficial result, as it was also shown that higher dimensional grids
and the use of higher dimensional feature vectors had very large influence on computational times. This was
especially true in the representation generation and mapping phase. The actual classification did not suffer
much from the higher dimensionality. This chapter on the offline recognition of actions provided important
insight into the performance of the MH-STP. Now let’s take a look at the performance of the online classifier
in the next chapter, as this is a more important result since elderly people cannot be offered extra safety in
their homes without the use of an online system.
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Chapter 6

Experimental results in an online setting

Using the results and experience from the preliminary offline action recognition test discussed in Chapter 5, a
better view on the usefulness and different properties of the novel MH-STP representation is now available.
This lead to the belief that the MH-STP representation should also be useful for the online action recognition
case. This Chapter shows the different results obtained from the various aspects of the online action recognition
framework. The Chapter is split in five main sections: first the dataset that is used is revisited, followed by
the results of the neutral pose classifier using the MH-STP. Next, results are shown of the single-stage online
classifier, followed by an adjusted version of the classifier that employs a secondary action specific EM pass
at the cost of extra computational demand. This is done in order to minimize the risk of ‘unknown’ actions
that have to be regarded as incorrect results. Finally, the results obtained by the new two-stage classifier
implementation of the MH-STP is discussed: is a classification over two stages, only for the otherwise unknown
actions, a good replacement of the more computationally demanding implementation of the secondary EM
pass to solve the problem of the unknown actions? Finally, at the end of this Chapter a summary of the results
is given.

6.1 Dataset used for the online setting

In paragraph 5.1.2 the novel dataset that was recorded for this thesis was discussed. In short, it consists of a
set of 12 different actions which are performed by 9 different subjects. Every subject performs each action 3
times and faced in 3 different orientations relative to the depth sensor: -45 degrees, 0 degrees, and +45 degrees.
This leads to a total dataset of 108 samples per person, or 972 action sequences in total.

For the online action recognition part of this work, the same data is used but the action sequences are split
into segments of 5 frames on forehand, leading to a set of 10686 segments all consisting of 5 frames only.
Segments with a lower amount of frames lose their temporal information and with a higher amount of frames
there would be too few segments in an average action. The total set of segments is stored in a Matlab data
file, together with contextual information of the sample they are obtained from: the feature mode used to
generate the short MH-STP, grid size, action type, subject, orientation, instance, and placement in the action
sequence.

The reason for this pre-segmentation is twofold: first of all we need to mimic the sequential availability of
data as is the case in a real time situation, secondly this pre-segmentation saves processing power when
performing the actual tests and it allows for manual labeling of the segments: which action segments contain
a neutral pose and which are part of an actual action or ‘non-neutral’? Note that the manual labeling of all
10686 action segments is required since in our action recognition framework SVM has to be trained as a neutral
pose classifier, in order to determine the start and stop of an observed action sequence. This is discussed in
Section 4.3.

Of the data segments, 5494 segments are marked as neutral pose and 5192 as non-neutral pose. While all of
the segments in action 1 (stand still) and action 3 (sit still) are marked as neutral pose, the other neutral
poses are occurring, obviously, at the start and end of an action. In the online action recognition experiments,
action 1 and 3 are only used to provide additional neutral poses to the SVM classifier, they are not used in
the training or testing phase of the action graph classifier. This leaves the online action recognition test with
10 different actions.
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6.2 Results of the neutral pose classifier

Determining which of the short MH-STP features as visualized in Figure 30 is not very hard if done manually,
but as with most things in vision based technologies doing it automatically is not as simple. However, manual
labeling of over 10k+ samples is very time consuming, not to mention the manual labeling of the segments in
case a frame count of less than 5 per segment was chosen. The following two sections discuss the performance
of the SVM with the MH-STP as representation in relation to its parameters and both show the results from
automatic and manual labeling.

6.2.1 Results obtained using automatic labeling for various parameters

To prevent this amount of work, if possible, a first attempt in training the SVM classifier was done without
manual labeling. Instead, all segments of action 1 (stand still) and 3 (sit still) are considered as neutral poses,
as well as the first and last N segments of each action sequence using an automatic labeling process. Training
was performed using 1/3" of all segments and tested using the other 2/3 of the segments. The results were
averaged over 10 process runs in which the training and testing sets were randomly drawn.

However: how can we verify the performance of the SVM classifier without having ground truth, manually
labeled data available? The first idea is by visual inspection, as our MH-STP is easily interpretable. However,
this would be as much work as manually labeling the data in the first place. A second option is not to visually
verify individual segments, but the action sequences instead. After all, a neutral action such as standing still
is expected not to have any of its segments classified as non-neutral and a non-neutral action is expected to
start with a neutral segment, then have some non-neutral segments and finally end with a neutral segment
again.

This would still require the manual inspection of all 900+ action sequences, note down the performance (good
or bad) and average the results, every single time a test is performed. It would be better to have an average
result for each individual action, but unfortunately an action can be performed very fast or very slowly,
resulting into some sequences with only 5 segments, while others have 10. This problem is solved by using a
linear time normalization (similar to [65]) over the segment results and then averaging over all sequences of
that action.

This allows us to visually compare the effects of different parameters on the performance of the neutral pose
classifier, such as the effect of grid size, the effect of the amount of frames N at the start and end of the
sequences to be labeled as neutral (Figure 45, Figure 46) and PCA dimensionality to reduce to (Figure 47).
In each of the figures the action sequences start at the top of the figure and end at the bottom of the figure.
The situation that is thought of as ‘most likely to be expected’ is given in the most left result, the other views
obtained by varying the parameters can be compared with this result. Note that the neutral/non-neutral
percentages are displayed because these were the actual average percentages acquired but it is much more
informative to visually inspect the red shape that gradually shifts between neutral and non-neutral over the
course of the action.
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The easiest visual inspection is looking at the results of the stand still action under different circumstances,
since all the segments of the action should be marked as neutral. In the case of N = 3, misclassification occurs
frequently in both grid sizes. This is most likely due to the automatic labeling of segments: the beginning and
or ending segments of some non-neutral actions were marked as neutral while in reality they were not. This
could occur because of the fact that some subjects started their action later than others while they were asked
to do so, causing neutral segments to be labeled as non-neutral segments. The fact that less misclassification
occurs when N=4 supports this thought. Another effect can also be noted: when the grid is 20x20x20 more
misclassifications occur. This could be caused by the fact that the MH-STP is less able to capture variances
when its grid size increases.

Stand still action, different N and grid size
Expected ideal result N =3, Grid = 10x10x10 N =4, Grid = 10x10x10 N =3, Grid = 20x20x20 N =4, Grid = 20x20x20
%eneut %nonneut  %neut %enonneut  %neut Y%nonneut  %neut %nonneut  %neut Ynonneut
start 0% 4% 0% 11% 4%
0% 11% 0% 11% 11%
0% 0% 0% 5% 5%
0% 13% 0% 0% 0%
0% 0% 0% 15% 0%
0% 0% 0% 0% 0%
0% 0% 0% 0% 0%
0% 0% 0% 0% 0%
. 0% 5% 0% 0% 0%
Stop 0% 0% 0% 0% 0%

Figure 45 Comparing the effects of grid size and N value on the SVM performance for a neutral action

The mislabeling effect that is most likely causing misclassifications is also present the other way around. When
an action sequence is short, the amount of segments is low: an N value of 3 will already assign 6 of its segments
a neutral label. It is very likely this is the cause why so many segments around the middle of the sequence are
classified as neutral. Especially when the variance is less accounted for in the 20x20x20 case, Figure 46 shows
that on average 8/10™ of the action is classified as neutral in 1/3 of the time! Only the middle segment is
classified as non-neutral in all occasions, while it is expected that at least the middle 2-4 should be near 100%
non-neutral. Of course, the red curve is still clearly visible but the results are much more distributed over the
neutral/non-neutral bars then was expected.

Two hand wave, different N and grid size

Expected ideal result N =3, Grid = 10x10x10 N =4, Grid = 10x10x10 N = 3, Grid = 20x20x20 N =4, Grid = 20x20x20
%neut %nonneut  %neut %nonneut  %neut %nonneut  %neut %nonneut  %neut Y%nonneut
start 0% 33% SR 15% 30% 11%

50% 50% 45%
29%

0%

38%

Stop

Figure 46 Comparing the effects of grid size and N value on the SVM performance for a non-neutral action.
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The third comparison in Figure 47 shows the effect of the dimensionality to reduce to with PCA and shows
the effects on the same non-neutral action as in Figure 46. The effect is very strongly visible. A lower
dimensionality has more difficulties classifying non-neutral segments correctly, a higher dimensionality is no
longer able to classify any neutral segment correctly anymore. The ideal dimension to reduce to seems to be
20 in this particular example. Note that this dimensionality is unfortunately not the same as the ideal
dimensionality used for the classification of actions in the offline case. Also, it might also not be the best
dimensionality for action recognition in the online case. However, multiple separate mappings might be
performed if the recognition rate would be affected too much, although this would come at the cost of
additional computational cost, unfortunately.

After having reviewed the outcomes for all the actions, unfortunately, automatic labeling of the segments did
not look like a good solution, mainly due to the somewhat arbitrarily chosen value of N=3 or 4. Although the
automatic labeling method the advantage that no manual labor was needed, the accuracy of the entire action
recognition framework would most likely deteriorate too much by the performance of the SVM. Another option
would be automatic labeling with the help of movement cues to determine the action start and stop position
in the sequence, but because of issues with noise this idea did not seem plausible.

Two hand wave, effects of different PCA

Expected ideal result Reduced dim =5 Reduced dim =20 Reduced dim =40 Reduced dim =80

%eneut %nonneut  %neut %enonneut  %neut Y%nonneut  %neut %nonneut  %neut Ynonneut
0%
0%
0%
0%
0%

7% 15% 30%
45% 50% 50%
50% 29%

19%

0%
14%

start 0%

0%
0%
0%
0%
0%

38%

Stop

Figure 47 Comparing the effects of dimensionality on the SVM performance for a non-neutral action

6.2.2 Results obtained using manual labeling for various parameters

The findings from the previous paragraph justified the tedious job of manually labeling the segments. Therefore
a small program was written to allow quick insight in the situation and do the manual labeling in the most
efficient way. This led to the results as visible in Figure 48, where it can be seen that there are on average
only minor differences with the ground truth; in fact the accuracy was 98.1%. Finally, a comparison with
earlier expectations is shown: there are differences with the ground truth, but the manual labeling seems to
be justified.

Ground truth action 1 Test results action 1 Ground truth action 10 Test results action 10 Expected action 10

Yaneut %nonneut  %neut %nonneut | %neut %nonneut  %neut %nonneut  %neut %nonneut

start 0% 1% 9% 7% 0%
0% 0%
0% 0%
0% 0%
0% 0%
0% 0%
0% 0%
0% 0%
. 0% 0%
Stop 0% 0%

Figure 48 Comparing ground truth and test results for the neutral action 1: ‘stand still’, and a comparison with the ground truth for
action 10: two hand wave, with its test data and the results that were expected earlier. Dimensionality was set to 20, grid to 10x10x10.
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Although the average accuracy was over 98%, it is still a good idea to check in more detail which segments
were misclassified, to be able to give an estimation of the impact on the overall classification. Upon reviewing
multiple action sequences of subjects, it is very likely correct to assume that the misclassifications made by
the SVM will have a minimal effect. The reason for this is that the misclassifications all take place at the
boundaries of the actual action, meaning that most of the action is covered in the non-neutral action sequence.
Because of the nature of the online action recognition method used, the action graph, it should not be a
problem at all that one of the segments at the start, end or both of an action sequence are missing. On top of
that it is questionable how wrong exactly the misclassification was, as the ground truth for ambiguous
sequences is subjectively determined.

Stand still Sit down Sit still Tie shoelaces

Ground Neutral
truth Non neutral
Differences
SVM Neutral
result Non neutral
Stand up Bend to pick up Reach sideways to pick up
Cround Neutral
truth Non neuntral
Differences
SVM Neutral
result Non neutral
Wave with one arm Two hand wave Point up Point down
Ground Neutral
truth Non neutral
Differences
SVM Neutral
result Non neutral

1| §

neutral non neutral non neutral non neutral neutral

Figure 49 Neutral pose classification result of one entire series of actions performed by test person 5. Note: these are NOT the PCA-
MHSTP features but instead only a silhouette of the person performing the action is shown for visualization purposes.
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6.3 Results of online action recognition framework

With the segments now marked as neutral and non-neutral by the neutral pose SVM classifier, the set of
segments that is most informative to the action can now be fed to the third phase of the action classification
framework, which does the actual classification of the observed action sequence using an action graph. In this
paragraph the results of the action graph classification method are given and the effects of the different
parameters on the obtained results are shown. The effects of the following parameters on the recognition
performance were studied: size of the reduced dimensionality, amount of salient poses to estimate and grid
size. Note that it is tried to obtain the results for a wide range of variables, but that the computational power
and memory demand formed a hard limit to obtain some results. The performance of the following classification
modes is tested:

1. Global Viterbi using EM clusters, with global prior and transitional probability matrices.

2. Global Viterbi using EM clusters, with action specific EM passed prior and transitional probability
matrices.

3. Global Viterbi using EM clusters, with global prior and transitional probability matrices, and a second
stage classifier to cope with the unknown classifiers.

Similar to the offline case, the evaluation of the action is performed using three different tests

1. 33% training samples, cross instance test.
2. 66% training samples, cross instance test.
3. 50% training samples, cross subject test.

Test 1 and 2 are performed in three folds, to allow all instances to become part of training and the test data.
Every fold is performed 10 times to compensate for the small variations in performance that the (most likely
non-optimal) clustering algorithm introduces as clustering features to salient poses is a very important part of
the action recognition framework. In test 1, the training set is created from all data corresponding to one of
the three instances per sample, and the test set to the other two instances. In test 2, the training set is created
from all data corresponding to two of the three instances. For test 3, five different sets of 5 subjects are chosen
randomly. The other subjects are used as test set. This is performed in 5 folds and every fold is ran 10 times
to limit influences of clustering algorithm as indicated for test 1 and 2.
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6.3.1 Preliminary performance and dependence of variables tested

As an explorative test as performed in the offline recognition case, a subject cross validation test is performed
as this is the most challenging task. All data samples of the 10 non-neutral classes were used for this test. The
reduced dimensionality is varied from 5..40 and the number of salient poses is varied from 5..75 poses. The
grid dimensionality of the MH-STP is set to 10x10x10. The results are shown in Figure 50. The training data
contained 8 out of the 9 subjects and the test data consisted of the single subject left. Results were averaged
over three folds in case of cross instance validation and all different subjects in the cross subject test.

Looking at the dimensionality, a familiar connection can be observed as in the offline result overviews: a lower
dimensionality deteriorates the result (missing information), while a dimensionality that is too high also makes
results worse (noise / redundancy). The amount of salient poses (or states) that form the nodes in the action
graph also shows a strong relation to the recognition result. Too few nodes in the action graph means there is
not enough possibility to capture the variance in the sequential nature of all different actions. Using too many
nodes in the action graph leads to much less misclassifications as now the sequences can be captured better.
However, the amount of observations that cannot be classified (unknown) increases with the amount of
different nodes in the action graph, as more nodes requires more training data and increases risk on bias.

From the figure, it seems that the combination of reducing the dimensionality of the MH-STP to 15 and using
45 nodes as salient poses in the action graph leads to the best performance in this particular case: a successful
recognition rate of 83%. The case where 65 salient nodes is used performs equally well, but might be a bit less
suitable since the higher amount of nodes requires more computing power.

Finally, in the preliminary test it was also determined that the use of a 20x20x20 grid instead of the 10x10x10
grid did not improve results much at the expense of an 8 times higher processing load, making this an
unsuitable alternative. Therefore the 10x10x10 grid is preferred for further research.

Misclassifications % of unknown actions Total classification issues

dims dims dims

states| 5 | 10| 15| 20| 25| 30| 35| a0 states| 5 | 10 | 15| 20| 25 ] 30| 35| a0 states| 5 | 10| 15 | 20| 25 ] 30| 35 | a0
5 |65 ee% s2% e2% se% 57 8% Ac% s |o% o% o% o% 0% o0% 0% 0% 5 | 65% 63% 53% 62% S6% S7% 58% A%
10 | 57% 43% 36% 36% 6% 36% 30% 36% 0 |o% 1% 2% 1% 1% 1% 1% 1% 10 | 57% 44% 38% 37% 38% 38% 31%  37%
15 41% 40% 35% 24% 23% 30% 34% 25% 15 2% 2% 3% 3% 3% 4% 4% 3% 15 43% 42% 38% 27% 25% 34% 39% 29%
20 33% 24% 18% 26% 25% 30% 21% 27% 20 2% 5% 4% 4% 6% 4% 7% 2% 20 35% 29% 22% 30% 31% 34% 28% 29%
25 22% 29% 18% 21% 18% 28% 17% 21% 25 T% 5% 3% 4% 7% 7% 6% 6% 25 29% 34% 21% 25% 26% 35% 23% 27%
30 27% 18% 15% 17% 16% 19% 23% 16% 30 5% 7% 4% 4% 6% 9% 2% 10% 30 32% 24% 20% 22% 23% 28% 31% 26%
35 24% 17% 13% 13% 18% 14% 17% 13% 35 6% 6% 10% 6% 8% 9% 13% 14% 35 29% 23% 22% 19% 25% 23% 30% 27%
40 21% 19% 15% 13% 15% 16% | 13% 12% 40 % 6% 9% 10% 6% 12% 16% 13% 40 28% 25% 24% 23% 21% 29% 29% 24%
45 | 18% 22% [11% ]| 15% 12%  15%  16% | 10% a5 | 10% 12% 10% 10%  19% 16% 20% a5 | 28% 34% 4% 2% M% 2% 30%
50 20% 13% 11% 8% 13% 14% 15% 13% 50 13% 10% 13% 17% 12% 17% 17% 18% 50 33% 23% 24% 25% 24% 31% 32% 3%
55 18% 15% 12% 12% 9% 10% 55 10% 12% 14% 11% 11% 15% 55 27% 27% 26% 23% 20% 24%
60 18% 13% 9% 9% 11% 11% [ 14% 12% 11% 13% 14%  21% 60 31% 25% 20% 22% 25% 31%
65 | 21% 12% 10% 6% 7% 65 | 7% 14% 20% 18% 2% 65 | 28% 26% 3% 4% 28%
70 | 15% 1% 13% 7% 8% 6% 70 | 15% 19% 16% | 23% 15% 17% 70| 30% 31% 29% 0% 23% 4%
75 | 19% 13% 5% 5% u% 7% 75 | A7% 1%  19%  17%  21%  19% 75 | 35% 28% 4%  23%  33%  27%

Figure 50 Preliminary classification results using a cross subject validation with 1 subject as test and 8 as training data. Averaged over
all 9 subjects.
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6.3.2 Mode 1: Action recognition using global salient poses & global transfer matrices

In this mode of the action recognition framework, the salient poses (clusters within the feature space) are
globally determined. Transfer and prior matrices are determined using this global dataset directly, without
searching for optimal transfer and prior matrices in an action specific manner. This has as benefit that it
requires relatively low amounts of processing power compared to the per-class optimized counterpart.

From the preliminary tests, it seems that the minimum dimension to reduce to should be 15. More than 25
increases the risk of ‘unknown’ actions, plus it directly affects the computational demand of the entire action
recognition framework. About the amount of salient nodes can be said that the minimum amount should be
no less than 35, to prevent a higher rate of misclassifications. The maximum amount should be 65. More nodes
increases the risk of observed sequences to be classified as ‘unknown’ too much and directly increases the
required computational power. Using the estimated best parameters (10x10x10 grid for the short MH-STP,
dimensionality 15, 45 salient poses) from the preliminary test, the following results are obtained:

Classified as Total classification

Misclassification .
Unknown issues

Cross instance / 33%
training

Cross instance / 66%
training

Cross subject / 50%
training

Table 9 Average obtained results (10x10x10 grid for the short MH-STP, dimensionality 15, 45 salient poses).

. o Classified as Total classification
Misclassification !
Unknown issues
Cross instance / 33%
training

Cross instance / 66%
training

Cross subject / 50%
training

Table 10 Best obtained results (10x10x10 grid for the short MH-STP, dimensionality 15, 45 salient poses).

Looking at the results in Table 9 and Table 10 on page 96 the misclassification rate is low, even when only
33% training data is used a recognition rate of 91% is achieved on average (max 94%). However, the action
recognition framework regularly fails to classify observed sequences leading to a high rate of observations
classified as unknown. In the maximum case even 30% of the sequences were classified as unknown. As
discussed earlier, this is likely related to the amount of available training samples, as difference between the
33% training data (average 23% unknown) and 66% training data (average 11% unknown) tests shows. In the
cross subject test the amount of sequences classified is similar to the 33% cross instance test: although the
cross subject test has more training data the introduced subject variance seems to have an effect on a good
positioning of the salient poses.
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One question that arises is which actions are most often classified as unknown actions. Table 11 shows the
relative percentages of observed actions classified as unknown per type of test. The framework is remarkably
often not able to classify actions 4 (tie shoelaces), 2 (sit down) and 6 (stand up) to a certain class. On the
other hand, action 10 is almost always classifiable. The most likely explanation for the behavior on action ‘tie
shoelaces’ is that this action contains the most skeleton noise of all the classes. By bending over from the chair
to tie the shoelaces the skeleton representation often misaligns with the person. This might lead to
representations and thus features being generated for salient poses that are mostly based on noise.

A possible explanation for the behavior of the classification framework on the pair of actions ‘sit down’ and
‘stand up’ is that the biggest part of the action is classified as neutral since both sitting and standing are
neutral positions. This might lead to very short non-neutral sequences and only limited path possibilities
directly after global trained. If any other salient pose is used in a test sequence, transfer probabilities will go
to 0 easily.

Lastly, the very good performance of action 10 (two hand wave) is likely caused by the fact that this is a very
clear movement that is perfectly captured by the skeleton and easily distinguishable from the other actions
visually. On top of that, many non-neutral short MH-STP exist in sequences from this class as most actors
performed the action rather slowly. Note that the action recognition framework also detected a two-hand wave
that was performed three times in one recorded sequence: there was no problem to recognize the action as the
action graph allows the detection of these cyclic movements.

Action

33%ci a. a. 4% 12% 10% 8%

66% ci a. a. 4% 15% 8% 6%

50% cs a. a. 9% 11% 9% 6%

Table 11 Distribution of observed sequences that cannot be classified and therefore result in an ‘unknown’ classification. Total per cross
instance (ci) and cross subject (cs) test sums up to 100%.

Another useful view on the obtained results is shown in the confusion matrices in Figure 51. In all tests, action
11 (point up) is often mistaken for action 12 (point down). Confusion between pointing up and down can be
caused by the fact that the action of pointing up fully overlaps the action of pointing down; only the end
position differs. This introduces the risk that the salient poses as determined by the clustering algorithm are
positioned in such a way that the different end position MH-STP representations result in the same salient
pose. This might lead to misclassification.

Also, the point upward is often mistaken with action 9 (right arm wave) and action 5 (drink while sitting)
just as 6 (stand up) is sometimes mistaken for 4 (tie shoelaces). One possible explanation is that the MH-STP
grid size is of too low dimension, causing the MH-STP representations of point upwards and wave (with right
arm) to look too much like one another. The same reasoning might explain the other misclassifications.
Increasing the grid dimension to e.g. 15x15x15 or 20x20x20 might solve this issue but will demand both
additional training samples and an increased computational demand.
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Mode 1, 33% training data cross instance test Mode 1, 66% training data cross instance test

estimated class
estimated class

2 4 6 8 10 12 2 4 6 8 10 12
real class real class

Mode 1, 50% training data cross subject test

estimated class

2 4 6 8 10 12
real class

Figure 51 Confusion matrices for all three tests in classification mode 1. Darker red means more actions are classified correctly.

6.3.3 Mode 2: Action recognition with global salient poses & action specific transfer matrices

The percentage of observations that cannot be classified (and thus remain unknown) in the results in Table 9
and Table 10 are caused by the unknown salient pose transitions. To prevent the occurrence of these salient
pose transitions that are not trained for in any of the action graph models (p(sy, Sy, ..., Sp|) = 0 for all Y)
a second action recognition mode of the action recognition framework is evaluated.

All the transitional probabilities in all action specific transition matrices that are 0 after the initial training
phase are replaced with a very low transitional probability to allow them to be updated. Then a secondary
optimization will update the action specific transition and prior matrices while keeping the clustering of salient
poses unchanged and equal to the global set. As this secondary optimization run needs to be performed on
each individual class it might be less suitable in case the amount of distinguishable actions grows as it does
require quite some processing power.

The results in Table 12 and Table 13 of the three different test shows a drastic overall improvement. The
large portion of the action sequences that could not be classified in mode 1 is now no longer there. For instance,
the cross subject classification improved from 39% total classification issues to 16%, while keeping the
misclassifications equal. In the cross instance tests however, a small deterioration in misclassifications is visible
unfortunately; which is likely caused by the possibility that action sequences that were previously not
classifiable might be somewhat more difficult to classify correctly.
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Classified as
Unknown

Total classification
issues

Misclassification

Cross instance / 33%

" 14% (+5%)
tralnlng

0% (-23%) 14% (-18%)

Cross instance / 66%

- 12% (+4% 0% (-11% 12% (-7%
training 0 ( 0) ° ( 0) 0 ( 0)

Cross subject / 50%

% (469 % (-189 0 (-129
training 16% (+6%) 0% (-18%) 16% (-12%)

Table 12 Average obtained results (10x10x10 grid for the short MH-STP, dimensionality 15, 45 salient poses) and the performance delta
to results obtained in testing mode 1.

Classified as
Unknown

Total classification
issues

Misclassification

Cross instance / 33%

o 9% (+3%)
training

0% (-18%) 9% (-15%)

Cross instance / 66%

0% (+10 % (-6 0% (-50
training 5% (+1%) 0% (-6%) 5% (-5%)

Cross subject / 50%
training

11% (+4%) 0% (-12%) 11% (-8%)

Table 13 Maximum obtained results (10x10x10 grid for the short MH-STP, dimensionality 15, 45 salient poses) and the performance
delta to results obtained in testing mode 1.

In this mode, the confusion matrices in Figure 52 shows similar results to the confusion matrices obtained
from the tests performed in mode 1. This is particularly true for both cross instance tests. No major differences
can be found; only a small amount of sequences from action 5 (drink while sitting) is now also classified as
action 2 (sit down).

The cross subject confusion matrix shows stronger differences to the one obtained in mode 1. Most interesting
is the increased misclassification of action 2 (sit down). The reason for this might be that this action had the
most sequences classified to unknown in mode 1. This might also confirm the thought that actions previously
not classifiable in mode 1 might be harder to classify correctly.
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Mode 2, 33% training data cross instance test Mode 2, 66% training data cross instance test

estimated class
estimated class

2 4 6 8 10 12 2 4 6 8 10 12
real class real class
Mode 2, 50% training data cross subject test Mode 1, 50% training data cross subject test

estimated class
estimated class

2 4 6 8 10 12 2 4 6 8 10 12
real class real class

Figure 52 Confusion matrices for all three tests in classification mode 2. Darker red means more actions are classified correctly. The
lower part shows a comparison of cross subject obtained confusion matrixes obtained mode 1 and 2 for clarity.

6.3.4 Mode 3a: Two-step action recognition with super positioned short MH-STP

The third mode of the action recognition framework is using a two-stage classification method that exploits
the nature of the MH-STP representation by super positioning the short MH-STP features into a feature that
spans the entire non-neutral part of the action. The unique point is that it keeps the action graph models
working on a global dataset which is therefore easily expandable and (re)trainable with minimal effort while
at the same time guaranteeing high recognition rates. As second stage classifier the straightforward cosine
distance classifier is used as discussed in Chapter 4, with its results published in Chapter 5.

The results as shown in

Table 15 should be interpreted as shown in Figure 53; B is the portion of all tested samples A that are
misclassified directly at stage 1. D is the misclassified portion of all C tested samples using stage 2 that could
not be classified in stage 1. The total set of misclassified samples is B+D. Note that in the result tables,
percentages are used and these cannot simply be added! The total misclassification percentage is (B + D) /
A.
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A first glance at the results learns that the proposed novel two stage classifier easily outperforms mode 1 and
even outperforms mode 2, which is the ‘standard’ method as proposed in the work of Li et al. [25] and used
in the STOP article [27]. Misclassification in stage 1 and the amount of actions not classifiable by the system
are roughly equal to the results obtained in mode 1, but the misclassification percentage in stage 2 seems to
be rather high in comparison with results obtained in the offline setting. This is most likely caused by the fact
that the full MH-STP used in this second stage classification method is only 10x10x10x1 instead of the
preferred 20x20x20x3 situation as in the optimal offline case, as the online classifier works in 10x10x10
dimensions. Furthermore the full MH-STP in the online second stage case is only containing the non-neutral
information and this might influence the performance of the second stage classifier a bit as well.

The confusion matrices show that the same misclassifications are made, most particularly between the actions
11 (point down) and 12 (point up) but certainly less misclassifications are occurring in comparison to mode 2.
Confusion matrices for the 33% and 66% are very similar. In the cross subject test no performance increase in
comparison with the per-class optimized classification mode 2 is noticeable. However, computational demand
is much less! Also, when comparing the confusion matrix of mode 3 with the one obtained with mode 2, it can
be seen that less mistakes are made within actions 2..6.

Figure 53 Schematic overview that shows how to interpret the results of the two stage classifier.

Misclassification in Classified as Misclassification in Total classification
stage 1 Unknown stage 2 issues + deltas

Cross instance / 33%

o 10% (-22% / -4%)
traini ng

Cross instance / 66%

o 9% 11% 11% 9% (-10% / -3%)
training

Cross subject / 50%
training

10% 18% 20% 12% (-16% / -4%)

Table 14 Average / Maximum obtained results (10x10x10 grid for the short MH-STP, dimensionality 15, 45 salient poses, 2" stage
10x10x10 dimensionality 40). Results are given per test and individual parts of the test. The total classification issues (model / mode2)
are compared with mode 1 and mode 2. A decrease is shown in green and means it is an improvement over the other modes.
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Misclassification in Classified as Misclassification in Total classification
stage 1 Unknown stage 2 issues+ deltas

Cross instance / 33%

8% (-16% / -1%)
training

Cross instance / 66%

o 6% 8% 0% 6% (-4% / 0%)
tralnlng

Cross subject / 50%
training

% 12% 16% 8% (-11% / -3%)

Table 15 Average / Maximum obtained results (10x10x10 grid for the short MH-STP, dimensionality 15, 45 salient poses, 2™ stage
10x10x10 dimensionality 40). Results are given per test and individual parts of the test. The total classification issues (model / mode2)
are compared with mode 1 and mode 2. A decrease is shown in green and means it is an improvement over the other modes.

Mode 3, 33% training data cross instance test Mode 3, 66% training data cross instance test

13 3
12 12
K E
o o
o o
o o
© ©
£ £
@ @
o @
2 4 6 8 10 12 2 4 6 8 10 12
real class real class
Mode 3, 50% training data cross subject test Mode 2, 50% training data cross subject test

estimated class
estimated class

2 4 6 8 10 12 2 4 6 8 10 12
real class real class

Figure 54 Confusion matrices for all three tests in classification mode 2. Darker red means more actions are classified correctly. The
lower part shows a comparison of cross subject obtained confusion matrixes obtained in mode 2 and 3 for clarity.
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6.3.5 Mode 3b: Two-step action recognition with super positioned short MH-STP and
confidence check

Apart from the possibility to classify action sequences with stage 2 of the action recognition framework that
could otherwise not be classified, the two stage classification method offers the possibility of reclassification.
Reclassification is something to consider in case two or more action graph models return probabilities that lie
very close to one another. In this report, the relative threshold was set to a factor 100. The results as shown
in Table 17 should be interpreted as shown in Figure 55: misclassification in stage 1 is indicated with B,
classified as unknown are all yellow fields and misclassification in stage 2 (D) is taken as the sum of all red
(misclassified) fields at the lower bar. The total classification error is the confident part of the misclassifications

Figure 55 Schematic overview that shows how to interpret the results of the two stage classifier that employs a reclassification
possibility.

The results shown in Table 17 show a further improvement in comparison to both mode 2 and mode 3 without
reclassification. The confusion matrices show much better results and the effect of the confidence check and
reclassification is clearly visible, especially for the actions 11 (point down) and 12 (point up). Drilling down
into the reclassification the effect of the confidence check becomes evident. As shown in Table 16 the majority
of samples that were reclassified (regardless of their initial classification) are improved: initial classification
was wrong, secondary stage classification was ok. Note that some samples that were initially classified well
are also reclassified to an incorrect action. This cannot be avoided as it is not known on forehand obviously
what actions are classified correctly.

Amount of test Reclassifications in . . Equal result
Result improved Result deteriorated q

runs all tests runs

Cross instance / 33%

o 4% (716)
training

41% (294) 4% (30) 55% (392)

Cross instance / 66%

0, 0, 0, 0,
— 30 7% (587) 40% (234) 5% (30) 55% (323)

Cross subject / 50%
training

50 5% (959) 36% (344) 7% (69) 57% (546)

Table 16 The effect of reclassification (Using a 10x10x10 grid for the short MH-STP, dimensionality 15, 45 salient poses, 2™ stage
10x10x10 dimensionality 40, factor 100 as relative threshold).
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Unknown / Low
confidence

Misclassification in
stage 1

Cross instance / 33%
training

Misclassification in

Total classification
issues + deltas

stage 2

9% (-5% / -1%)

Cross instance / 66%
training

8% 10%

10% 6% (-6% / -3%)

Cross subject / 50%

- 10% 18%
training

18% 10% (-6% / -2%)

Unknown / Low
confidence

Misclassification in
stage 1

Cross instance / 33%
training

Total classification
issues+ deltas

Misclassification in
stage 2

6% (-5% / -1%)

Cross instance / 66%
training

5% 6%

3% 3% (-2% / -3%)

Cross subject / 50%
training

% 12%

13% 9% (-2% / +1%)

Table 17 Average / Maximum obtained results (10x10x10 grid for the short MH-STP, dimensionality 15, 45 salient poses, 2" stage
10x10x10 dimensionality 40). Results are given per test and individual parts of the test. The total classification issues (mode2 / mode3)
are compared with mode 2 and mode 3 without reclassification. A decrease is shown in green and means it is an improvement.

Mode 3, 33% training data cross instance test

estimated class
estimated class

2 4 6 8 10 12
real class

Mode 3, 50% training data cross subject test

estimated class

2 4 6 8 10 12
real class

Mode 3, 66% training data cross instance test

2 4 6 8 10 12
real class

Figure 56 Confusion matrices for all three tests in classification mode 3 with confidence check. Darker red means more actions are

classified correctly.
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6.4 Comparison of results to the STOP method

The previous Section showed excellent results; especially when using the novel MH-STP representation in the
proposed two stage action recognition setup. But how does this compare to the state of the art STOP[27]
method if this method is applied on the novel dataset? Using the optimal saturation parameter for this method
as shown in Figure 23 as well as a 10x10x10 grid classification is performed. One side note has to be taken
into account: although the neutrality (neutral/non neutral) of the short MH-STP can be classified near 100%
correctly, it is not tested if this is also the case for STOP features. The following STOP tests however are
performed using ground truth neutrality labels so real recognition results of the STOP method on the novel
data set in an online setting could be less optimistic. As dimensionality to reduce to a dimensionality of 30 is
chosen.

The STOP method is tested using the action recognition framework mode 1 (Action recognition using global
salient poses & global transfer matrices) and mode 2 (Action recognition with global salient poses & action
specific transfer matrices). The third mode using the two-step classification method cannot be tested
unfortunately as the STOP method cannot benefit from the superposition property that the MH-STP has,
unless the two step method as used in this report would be adapted. The performance comparison is shown
in Table 18.

STOP Mode 1 STOP Mode 2 MH-STP Mode 1 MH-STP Mode 2 MH-STP Mode 3
confidence checked

Cross instance /
33% training

Cross instance /
66% training

Cross subject / 50%
training

Table 18 Recognition rates per recognition method and test method. Higher % means better result.

These results show very clearly that the novel MH-STP representation, especially in combination with the
two stage classification plus confidence check performs much better than the STOP method that drew state
of the art results on the MSA3D dataset. One possible explanation could be that the reduced dimensionality
to 30 could be of an issue for the STOP method, but the results shown in Figure 57 (limited test) shows hardly
any possible improvement by choosing a higher dimensionality.

Performance of STOP for different dimensions on novel data, cross
instance 66% model
100%
90%
80%
70%
60%
50%
40%
30%
20%
10%

Recognition rate

0%
15 30 45 60 75 920 105 120 135

Reduced dimensionality

Total misclassification

Figure 57 Online STOP recognition rate on the novel dataset in relation to the dimensionality.
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One other explanation could be that the STOP method relies more heavily on the amount of samples that is
available for training; a higher amount of available training samples might lead to better recognition rates.
Looking at the STOP article itself, it can be seen that no results are given for the three different test schemes
as used in the offline case (33%/66% cross instance, 50% cross subject). The only result that was reported for
the online case is a recognition rate of 98.41%, obtained in a 10-fold cross subject test: every test the samples
of one subject are tested while the system is trained using all other subjects. This methodology is mimicked
and applied to the novel dataset (but 9 fold, since only 9 subjects are available in the novel dataset) for
comparison and results are shown in Table 19. The same as in the previous results table can be observed here:
STOP performs considerably less than the MH-STP in the online setting.

MH-STP Mode 3
confidence checked

Cross subject,
10 fold

Table 19 Results of a 10 fold cross subject test.

For completeness, a few confusion matrices belonging to the STOP results are shown. It can be seen that the
STOP method has large difficulties with some actions. Apart from the actions 11 (point down) and 12 (point
up) that also cause the MH-STP a bit of trouble, action 9 (right arm wave) is also a noticeable cause of
misclassification, just as action 5 (drink) is very often misclassified while this rarely happens in the MH-STP

method as proposed in this thesis.

Mode 1, 50% training data cs STOP test Mode 2, 50% training data cs STOP test

estimated class
estimated class

2 4 6 8 10 12 2 4 6 8 10 12
real class real class

Figure 58 Confusion matrices of the obtained STOP results on the novel dataset. Darker red means more actions are classified correctly.
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6.5 Lessons learned about the MH-STP in an online setting

In this chapter the performance of the MH-STP in an online setting was evaluated and compared to the STOP
method that reported state of the art recognition rates. In the online case, the recorded actions are not used
as a whole to generate representations. Short MH-STP representations are generated instead, each constructed
using 5 consecutive frames of one action. One action of 40 frames will therefore lead to the generation of 8
short MH-STP representations. Fewer frames would likely reduce informativeness, more frames would lead to
too few representations generated per action. Features are then extracted after which they are classified using
a neutral pose classifier. This is a very important step, as the transition from neutral to non-neutral and vice
versa marks the start and end of an action and therefore determines greatly the accuracy of the overall online
action recognition setup. The sequence of neutral and non-neutral features belonging to one action can then
be classified using an action graph.

In the online case, the novel data set was used which is discussed in the previous Chapter extensively. However,
although the action classes are known in the dataset, the neutrality labels of the short action pieces was not
known. This work describes the difference in performance for two different methods that can be used to obtain
these labels. One method is using an automated process and the other is using manually labeled samples. This
evaluation required a manual labeling task of over 10.000 samples. However, given the importance of the
neutral pose classifier it is considered to be worth the effort.

The SVM neutral pose classifier with the short MH-STP as representation of choice showed results as expected
in both the automatic as manually labeled case. With the automatic labeling method that marked N frames
at the start and end of an action sequence as neutral, reasonable results were obtained. The effect of the value
N on the results was determined and this indeed showed that if N was taken small, more samples were marked
as non-neutral and vice versa. The cause of this is most likely the mislabeling effect of the automatic labeling
process. When varying the grid size from 10x10x10 to 20x20x20 a similar observation can be seen as in earlier
tests: results deteriorate. Again, the most likely reason for this is that the increased grid size, although it
increases the informativeness, also induces intra action variance.

Luckily far more samples are available, so this effect is less noticeable in the neutrality labeling results then
in the offline action recognition results. The biggest influence in the performance of the SVM neutral pose
classifier turned out to be the dimensionality reduction. If the dimensionality is reduced the SVM tends to
classify too many samples as neutral and when the dimensionality is increased past a certain point the SVM
is no longer able to find any neutral actions. Unfortunately, the ideal dimensionality to reduce to turns out to
be not identical to the dimensionality as determined before. This however should not lead to any problems,
although it might increase required computational times. Finally, manually labeling the neutral poses showed
the true potential of the SVM classification using the short MH-STP representation: an excellent accuracy of
98.1% was achieved and the samples that were misclassified were all constructed from pieces of action that
contained a transition from neutral to non-neutral or the other way around.

With a functional neutral pose SVM classifier and a fully labeled dataset available, the overall performance of
the online action recognition framework was evaluated and the parameters of influence were studied as was
done in the offline action recognition case: the grid dimensionality, the dimensionality to reduce to and the
amount of salient nodes in the action graph. As it is impossible to predict how many salient poses would be a
good value and it was also not known which dimensionality to reduce to would lead to good results, a grid
search is performed. For 5 to 75 salient poses and 5 to 40 feature dimensions the results were determined using
a 10x10x10 grid size. Best results in a 10 fold test were obtained with 45 salient poses and a MH-STP
dimensionality of 15. In only 11% of the cases a misclassification occurred. The grid size was also varied to
20x20x20 as a test. However recognition rates increased only slightly and computational demand increased so
much that this was considered to be non-feasible.
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Evaluating the results in an online setting on the novel data set was again performed with three tests: 33%
and 66% training cross instance and 50% cross subject. Using a 10x10x10 MH-STP grid, dimensionality
reduction to 15 dimensions and 45 salient poses. At first, action recognition was performed using global salient
poses & global transfer matrices, conveniently called ‘mode 1’. Although computational demand in this mode
is minimal and only 10% misclassifications were observed, another 18 % of the samples no classification turned
out to be possible leading to an overall performance of only 72%. This was caused by transitional probabilities
that were zero: a certain path through the global set of salient poses was observed in the testing phase but no
action model has been trained for it.

To solve this issue, a secondary EM pass on the conditional and transitional probabilities of all the action
graphs of the individual classes is performed (mode 2), while keeping the global set of salient poses fixed.
While this leads to an overall performance of 84 %, computational power increased a lot. A secondary, novel
solution was evaluated as well which is the third action recognition mode tested in this work; When comparing
the additional EM method to the two step classification method s proposed in this work, the latter shows an
overall better performance. Although this third online action recognition mode is more memory demanding,
computational demand is much lower while at the same time achieving a better results. In the 50% cross
subject test a recognition rate of 88% was obtained.

Further improvement turned out to be possible by adding a confidence check in the third mode of operation:
not only the samples that cannot be classified in the first stage of classification but also samples that were
classified with a low confidence are (re)classified in the second stage. Using this confidence check, of the
reclassified samples 40% resulted in a correct classification while being classified incorrectly in the first stage
and 7% resulted in a misclassification while being classified correctly in the first stage. This resulted in a total
recognition rate of 90% in the 50% cross subject test.
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Chapter 7

Conclusions

In the past few years, a very large progression in the field of action recognition has been made. Most influential
was the transition from 2D to 3D after the introduction of affordable 3D depth sensors such as Microsoft’s
Kinect. Because of that, one especially useful representation could be used more reliably: the skeleton
representation. From a representation, features can be extracted allowing actions to be classified. Very well
performing classification methods currently available are ‘action points’, ‘bag of points’, ‘Eigen joints’ and
STOP which is an acronym for spatial-temporal occupancy pattern. The results achieved using STOP on
Microsoft’s MSA3D dataset are still the state of the art.

STOP inspired the creation of the novel representation as presented in this work: a motion history spatial-
temporal pattern or MH-STP. It is a combination of the best aspects of three existing methods: motion history
to include additional time information of the movements, a spatial-temporal pattern to preserve space and
time information in the representation, and an intermediate skeleton representation to reduce sources of
variance such as rotation, size and appearance. Looking back at the research question:

Can we create an action recognition system that is capable of recognizing in-home daily actions of persons,
independent of their orientation, posture and appearance, without requiring very large sets of training
data?

The exploration of the motion-history spatial-temporal in this work provided a positive answer

The MH-STP is able to recognize multiple actions of different subjects, at different locations with a 96%
recognition rate. It is invariant to rotation, posture and appearance and it performs well in an online
action recognition framework without using very large data sets of training data

Evaluation was performed using three different test sets: 33% and 66% training cross instance test and a
challenging 50% training cross subject test. The MH-STP performance was first evaluated in an initial test to
determine the viability of the principle. The dataset used was the well-known Microsoft Research action 3D
dataset and initial tests were performed using initially-guessed parameters in an offline setting.

This led to a non-optimized result that was already much better performing (+20%) than one of the more
recent methods as proposed by Li et al: Action recognition based on a bag of 3D points. In comparison with
the STOP method the non-optimized results of the MH-STP method in an offline setting was 84.4% on average
which was 5% lower than the reported state of the art. Maximum recognition rates with the novel method
were achieved in test 2, with an impressive 94% average accuracy.

This initial test proved sufficient ground to continue the exploration of the MH-STP, allowing to determine
optimal offline parameters with respect to both accuracy as computational demand using a novel dataset.
Optimal results were obtained when the motion history data was interpolated between successive frames, a
grid dimension of 10x10x10 with 3 time segments was used with a dimensionality reduction to 40 dimensions.
An average accuracy of 94% is achieved on the novel test set in the challenging 50% cross subject test,
exceeding the STOP method by 5% in the offline setting.
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In the online situation, special care was taken to research the performance of a neutral pose support vector
machine (SVM) when MH-STP was used. After manually labeling 10.000 samples, the SVM classifier was able
to correctly classify 98.1% of the samples to neutral or non-neutral. That said, the 1,9% of the misclassifications
were even doubtful to be misclassified as these were ambiguous samples even when manually labeling them.

The overall recognition rate of the online classifier was unfortunately a bit lower than in the offline case
initially. This was expected, as it is a more challenging task and intra-action induced variance could have
taken its toll here. During an initial explorative test, a recognition rate of > 70% was achieved. However, a
large number of samples could not be classified. This was caused by the fact that the online action recognition
mode was only globally optimized. The risk of this is that individual action graphs are not trained to deal
with all salient pose transitions, which can lead to problems in the during testing phase. To make sure all
samples can be classified two methods, two different approaches are tested.

The first approach is the introduction of a secondary EM pass that is performed on the conditional and
transitional probabilities of all the individual action graphs corresponding to the different actions. This lead
to an improved average recognition rate of 84% but at a high computational price in the training phase. The
second approach was the introduction of a classification framework that implemented a novel two-stage
classification method. This allowed classification with a secondary classification step in case the first failed or
was with low confidence. This resulted in a total recognition rate of 90% in the challenging 50% cross subject
test.

To compare the novel MH-STP and action recognition framework with the state of the art, the method as
described in the STOP[27] was also tested on the novel data. The results of this STOP method were
considerably lower (up to 33% lower) in the cross subject test. Even when a 9 fold cross subject test was
performed the STOP method performed much worse (72% recognition rate) than the novel method as proposed
in this work that acquired a 96% recognition rate. No good explanation can be found to explain the large gap
of performance between the STOP and the novel MH-STP method, especially since the novel MH-STP method
draws similar or only slightly lower results in the offline case on the MSA3D dataset. One possibility is that
the STOP method is biased to the MSA3D dataset but this is of course to be proven

Concluding, the MH-STP representation can draw very high results and copes very well with many sorts of
variance such as rotation, location, size and appearance that can be encountered in the setting of an elderly
home. This holds in both offline and online setting due to the combined properties of the skeleton
representation, the binning nature of the STP and added time information of the motion history. However,
intra-action variance can be introduced easily in case wrong parameters are used. For example, the same
binning nature of the STP can cause two similarly performed actions to lead to completely different
representations if the grid dimensionality is too high. It is therefore advised to use more training data.

Given the above, the MH-STP can be seen as a valuable addition to existing methods. Hopefully, elderly in
the near future can benefit from solutions like the ones proposed in this work, either directly or indirectly,
allowing them to live longer in safer environments.
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Chapter 8

Future work

In this work the possibilities of the MH-STP were shown and discussed elaborately. Hopefully, this research
can be a contribution to the continuous path of research and the development of a household robot or any
system that may prove of value to allow elderly to live in a safer environment.

Unfortunately, this work had to be limited to certain boundary conditions. For instance, as in most researches
the system that acquires data is limited to one viewpoint only as this simplifies matters a lot. In this work it
was limited to three different angles. Reality however might be very different from the situations discussed.
For instance, practical situations could require a system to be using observations from any angle and position.
The system might even be moving while safeguarding the people it should protect. This is a challenging task
as skeleton trackers need to become much more robust, but it is very interesting to implement.

To prevent the introduction of intra-action variance, one possibility would be to not only update MH-STP
cells directly that contain the interpolated points of the limbs, but also update cells that are in the vicinity of
these interpolated points. This would allow the representations of different samples within one action to
‘overlap’ more and thereby likely reduce the chance to introduce intra action variance.

Another point of attention is that datasets are often limited to only a few actions. In this work 12 actions
were used, but in real life situations there are of course many, many more. This has two challenges. The first
challenge is that computational time will increase with every action added to the system as the Viterbi
algorithm and probability estimation need to be applied to more and more actions. This might prove to be a
problem. Perhaps a system could be thought of to preselect the most likely few paths globally, after which
only applicable action graphs are tested.

The second challenge of the limited data sets is that the system can at this point only classify between actions.
If offered an observation sequence from a totally new action it will still try to classify the action as a known
action rather than determining that the action is new. In [109] a method was shown to detect an unknown
action as ‘novel’. It showed very good results and it would be well worth investigating if the MH-STP in
combination with the used classifier would lead to further improved results in this method.

Finally, in order to create an eventual end product that can help elderly people live longer and safer in their
own homes it would be a very good idea to start developing a representative dataset of the target audience.
Although their might be privacy concerns it is in the opinion of the author of this work a crucial factor towards
the development of a successful system as currently all evaluations are performed on non-representative
datasets.
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