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Abstract

A grand challenge of computer vision is to enable machines to “see people”. A solution to
this challenge will enable numerous applications in various fields, e.g., security, surveillance,
entertainment, human computer interaction, bio-mechanics, etc.

This dissertation focuses on two problems in the general area of “looking at people”,
human pose estimation and human action recognition. The first problem is to identify the
body parts of a person from a still image. The second problem is to recognize the actions of
a person from a video sequence. We formulate the solutions to these problems as learning
structured models. In particular, we propose models and algorithms to address the following
structures: (1) human pose estimation as structured output problem. We propose a boosted
multiple tree model for modeling the spatial and occlusion constraints between human body
parts; (2) temporal structure in human action recognition. We present two models based
on the “bag-of-words” representation to capture the temporal structures of video sequences;
(3) human action recognition as classification with hidden structures. We develop a model
based on the hidden conditional random field to recognize human actions. We also propose a
max-margin learning method for training the model. The learning method is general enough
to be applied in many other applications in computer vision, even other areas in computer
science.

Keywords: computer vision; machine learning; human pose estimation; human action

recognition
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Chapter 1

Introduction

The goal of computer vision is to enable computers to see, i.e., to analyze and understand
images and videos. In this dissertation, we are particularly interested in the problem of
enabling computers to see people. Given an image (or a video) containing people, we would
like to have a computer algorithm that can automatically localize persons in the image,
figure out their body poses, and recognize their activities. In computer vision literature,
these problems related to humans are broadly called “looking at people”. There are many
reasons one would like to study people. The most important one is that there are many
real-world applications in computer vision that involve people. Table 1.1 lists some exam-
ple applications that can potentially benefit from computer algorithms that can “see and
understand people” from image/video data. Another reason is that people are typically the
dominant objects in the visual data (images or videos) we encounter everyday, e.g., movies,
TV, news images. We believe understanding images and videos of people is a very crucial
part of understanding the visual world.

Enabling computers to see people is an extremely challenging problem. The general area
of “looking at people” in computer vision comprises many aspects. Most of the research
efforts in the computer vision community have focused on the following subareas: human
detection, human tracking (both blob tracking and kinematic tracking), human pose esti-
mation, human action recognition. Although they have been studied as separate research
problems, these subareas are closely interleaved — the solution of one problem can typically
provide useful information for solving another problem, please refer to some discussions in
Section 1.1. In this dissertation, we limit ourselves to human pose estimation and human

action recognition.
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‘ Application domain ‘ Potential use ‘
security, surveillance automatic monitoring, abnormality detection
human computer interaction human gestures as input devices
sports, entertainment markerless motion capture and sports analysis
Web application movie/video retrieval

Table 1.1: Examples of application domain that can benefit from computer vision systems
that can understand people.

1.1 Background

Human Pose Estimation: Human pose estimation is a problem of identifying the body
parts (or joints) of a person from a still image, see Figure 1.1. Human pose estimation is
closely related to other subareas of “looking at people”. When human poses are estimated
over time (e.g., in a video sequence), the term (kinematic) human tracking is typically used.
When the whole body of a person is perceived as a single object, the problem of human pose
estimation becomes human detection. The output of a successful human pose estimation
system provides valuable information to solve other subareas of “looking at people”. For
example, if we can do human pose estimation reliably, human tracking will become easy—we
can simply run the pose estimation algorithm on each frame individually. Human pose
estimation also provides an automatic way to initialize a tracker. This line of work has been
explored in [81, 82]. The problem of human detection can also greatly benefit from human
pose estimation. For example, the work in [106] demonstrates that even a rough estimate
of body part positions can help improving state-of-the-art human detection systems. The
output from a human pose estimation system can also be used for human action recognition,
e.g., [79, 41]. In this dissertation, we mainly focus on human pose estimation in 2D, although
in the literature, there is also work on human pose estimation in 3D [2], and work on
obtaining the segmentation mask associated with human figures [68].

Human pose estimation is arguably one of the most difficult problems in computer
vision. The difficulties are manifold. The first and probably the most important difficulty
is the huge amount of intra-class variation. Intra-class variation is a challenge that many
recognition problems in computer vision have to deal with. In human pose estimation,
this difficulty is amplified by the fact that humans are articulated objects, and can bend
and contort their bodies into a wide variety of poses. See Figure 1.2 for some examples.

Due to this difficulty, it is extremely difficult to build a model that can generalize to all
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Figure 1.1: The goal of human pose estimation is to identify the body parts from an input
still image.

the possible human poses. Secondly, the parts which make up a human figure are varied
in appearance (due to clothing), which make it difficult to reliably detect them. Thirdly,
parts often have small support in the image or are occluded. Moreover, an image typically
contains a lot of limb-like background clutters — things (e.g., buildings, trees) that look like
body parts.
Human Action Recognition: The goal of human action recognition is to classify a video
clip (or each individual frame of the video) into one of pre-defined categories according to
the action performed by the person in the video, see Figure 1.3. Before we proceed, we first
need to clarify the terminology we are using. In this dissertation, we use the term “action”
to describe simple, atomic movement (e.g., running, walking, hand-waving, etc). We use the
term “activity” to refer a series of atomic actions for achieving a particular goal. For exam-
ple, the “activity” of withdrawing cash from an ATM machine involves several “actions”—
walking to the ATM, inserting the bank card, entering the PIN number, and taking the cash.
An even more complicated problem is to recognize the “group activity” involving more than
one person. These definitions are not unique. In the literature, people sometimes use these
terms interchangeably. In this dissertation, we use the term “human action recognition” to
refer to the problem of classifying simple, atomic “actions”. Recognizing atomic actions is
one important part of the overall hierarchy in understanding human activities.

Human action recognition is also closely related to other subareas of “looking at people”.
E.g., human pose estimation is a very hard problem, but estimating the human pose of a

person performing a particular action (e.g., walking) is relatively easy, since we can build
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Figure 1.2: Examples demonstrating the challenges of the human pose estimation problem.

a pose estimation system specifically tuned to the walking action [51]. If we have access
to a reliable human action recognition system, we can use it as the input to a human pose
estimation algorithm. Similarly, if we know the action being performed by a person, the
problem of human tracking also becomes easy, since we can build an “action-specific” tracker
that exploit the temporal information specifically designed for that action.

Recognizing human actions is also a very challenging problem. The first challenge comes
from the intra-class variations. Consider the “walking” action as an example. People can
walk with different speeds, styles, and strides. They can wear different clothes. The lighting
and environment might be different. A successful human action recognition system needs
to be able to differentiate between different action classes without being affected by all
the nuances. In many real-world scenarios, we also need to cope with camera motions,

background clutters, low resolution images, occlusions, etc.



CHAPTER 1. INTRODUCTION 5

boxing

jogging running walking

Figure 1.3: The goal of human action recognition is to identify the type of action the person
is performing from the video data.

1.2 Contributions

The field of computer vision has been deeply influenced by the rapid growth of the machine
learning techniques in recent years. In fact, many successful stories (e.g., face detection,
object recognition) in computer vision are inevitably associated with some techniques (e.g.,
boosting, SVM) in the machine learning literature.

Despite of the great success, we see a gap between learning and vision. Typical machine
learning techniques aim to learn a mapping function f : X — Y, which maps the input X
to the output space Y. The input X is usually a high dimensional vector, i.e., X € R". The
output Y can be a set of discrete labels in the case of classification, or a continuous number
in the case of regression.

Unfortunately, this elegant mathematical assumption of most machine learning tech-
niques is only a simplified version of the real world. Our visual world is clearly not an
n-dimensional vector. A lot of the vision tasks involve more than just a single number (dis-
crete or continuous) as the output. The inputs and outputs of many vision problems usually
interact in a complex way that involve many latent structures. Many works in computer
vision ignore such meaningful structures and simply “stack up” the image pixels (or other
feature representation) and use some standard machine learning techniques as a black-box
tool. This “black-box” view of machine learning in computer vision has been popular in
the past few years and has achieve a significant amount of successes — a representative one
being the whole body of work on “bag-of-words” approaches in visual recognition. However,

we believe there is a limit on how far we can go with this line of work.
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The major contribution of this dissertation is on learning structured models for solv-
ing vision problems. Instead of feeding our image data into a “magic” black-box machine
learning toolbox, we choose to explicitly model the kind of rich structures inherent in the
problems we are solving. Although we focus on human pose estimation and human action
recognition, most of the techniques developed in this context go beyond the scope of dis-
sertation and can be broadly applied in many other computer vision problems, even other
areas in computer science. In particular, we will address three different structures: struc-
tured outputs, structured latent variables, and temporal structures. We provide a series of

models and algorithms that explicitly exploit these structures for solving our problems.

1.3 Outline

The rest of this dissertation is organized as follows:

Chapter 2 provides an overview of previous work in human pose estimation and human
action recognition that is most relevant to this dissertation.

Chapter 3 focuses on human pose estimation from still images. We formulate the hu-
man pose estimation problem as a learning problem with structured outputs. Many ex-
isting approaches use tree-structured probabilistic models to solve this problem. This is
mainly because there are efficient learning and inference algorithms for these types of mod-
els. However, one limitation of tree-structured models is that they cannot capture certain
constraints between body parts, other than the kinematic constraints. In this chapter, we
develop a boosted multiple tree framework for solving this problem. Instead of using one
tree-structured model, we combine multiple tree models learned in a discriminative way by
boosting. Our final model can alleviate the limitation of previous tree-structured models
used in this area. This work is published as [111, 112].

Chapter 4 focuses on human action recognition using “bag-of-words” representation and
topic models. There has been a lot of work on visual recognition using topic models in
the computer vision literature. The limitation of previous work is that their models are
learned in an unsupervised fashion, and the recognition is achieved using some heuristics.
In this chapter, we propose two models for human action recognition using supervised topic
models. Compared with previous work, our models can naturally exploit the class labels
during training. This work is published as [116, 115].

Chapter 5 proposes a part-based model for frame-based action recognition. Part-based
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models are popular in object recognition. In this work, we demonstrate that they can
also be very useful for action recognition. Our model is based on the hidden conditional
random field for object recognition. As far as we know, this is the first time that part-based
representation is successfully applied for action recognition. This work is published as [113].

Chapter 6 builds upon the work in Chapter 5 and introduces a max-margin learning
method for training the part-based model for action recognition. The learning method
proposed in this chapter is general enough to be used in many other applications in computer

vision and other areas in computer science. This work is published as [114].



Chapter 2

Previous Work

In this chapter, we give a general overview of previous work on human pose estimation (Sec-

tion 2.1) and human action recognition (Section 2.2).

2.1 Human Pose Estimation

Some approaches of pose estimation explicitly specify a model defining what each body
part looks like, and how the body parts are related. Here we call them “model-based
approaches”. They usually consider the human body as an assembly of parts, connected in
some fashion. These approaches specify a model that relates different body parts by various
constraints. The typical constraints used are kinematic constraints between connected parts,
such as torso-upper half-limb connection, or upper-lower half-limb connection. But other
constraints can be used as well, such as appearance constraints, scale constraints, occlusion
reasoning, etc. In this framework, these approaches try to estimate the human pose by
finding the optimal configuration under the model.

Model-based pose estimation can proceed in either top-down or bottom-up fashion. In
a top-down approach, the model as a whole is evaluated on all the possible configurations
in an image. In the bottom-up approach, candidate parts are first detected by some lower-
level part detectors, then assembled together to form a valid body configuration. Since the
solution space of human poses is extremely huge, different approaches have been proposed to
explore this huge space. In this chapter, we try to break down the literature of model-based
pose estimation into three categories: global optimization approaches (Sec. 2.1.1), bottom-

up approaches (Sec. 2.1.2), and sampling-based approaches (Sec. 2.1.3). We should note
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Figure 2.1: Representation of a human body: (a) human body represented as a 10-part
model; (b) corresponding kinematic tree structured model.

that the distinctions between these categories are somewhat arbitrary, and certainly blur at
some point. For example, many bottom-up approaches also use some sampling techniques

to do the learning or inference.

2.1.1 Global optimization

The first class of approaches are characterized by the fact that they set up the problem of
finding human pose as an optimization problem, then try to find the global optimum. They
carefully design the objective function and the structure of the optimization problem, so it

is easily solvable (or at least can be reasonably approximated).

Pictorial structures

The general framework of pictorial structures (PS) dates back to Fischler & Elschlager [33].
Felzenszwalb & Huttenlocher [30] extend this framework for handling the special case of 2D
human pose estimation. In the case of tracking people, it is sometimes called a “cardboard
people” model [46]. In the following, we summarize the main idea of pictorial structures
presented in Felzenszwalb & Huttenlocher [30].

A pictorial structure model for an object is defined by a collection of parts with connec-
tions between certain pairs of parts. It can be naturally represented by a graph G = (V, E)
, where the vertex v; € V' corresponds to the i-th part, and an edge (v;,v;) € E corresponds
to the connection between parts v; and v;.

Under the assumption of a tree-structured graphical model, e.g., the kinematic tree (Fig. 2.1),

the optimal pose L* can be found by solving the following energy minimization problem:
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L* = arg min Z mz(lz) + Z dw(l“l]) (21)

v eV (vivj)eE

Here m;(l;) measures the degree of mismatch of placing part v; at location I; in the
image I. d;;(l;,1;) measures the degree of deformation of the model when placing part v; at
location [; and part v; at location [;, which captures the kinematic constraints.

The energy minimization formulation in Eq. 2.1 can be alternatively viewed in a statisti-
cal formulation. Let 6 be the set of parameters in the model, I be an image, and L = {l; };cv
be a configuration of all the parts of the object. The distribution P(L|f) measures the prior
probability of the possible locations of L without seeing an image. The distribution P(I|L, )
defines the image likelihood, i.e., the probability of seeing the image I given the fact that
the locations of object parts are captured by L. Finally, we are interested in the proba-
bility P(L|I,0), which captures the probability of object configuration L given the model

parameters 6 and the image observation I. P(L|I,#) can be calculated using Bayes’ rule:

P(L|I,0)  P(I|L,0)P(L|0) (2.2)

The model is parameterized by 0 = (u, F,c), where u = {u;};cy are the appearance
parameters for each part v;. FE is the set of edges indicating the connection of parts.
¢ = {c¢;j|(vi,vj) € E} are the parameters on the connections.

In order to make the learning and inference in the model easier, and to avoid the problem
of overfitting, the appearance model P(I|L,#) is usually assumed to take the following

factorized approximation:

n
P(I|L,6) = P(I|L,u) o | [ P(I|L:, us) (2.3)
i=1

This approximation is good if the parts do not overlap. If the parts overlap each other,
this approximation can be bad. For iconic objects (e.g., faces), the prior distribution P(L|6)
can usually enforce the parts not to overlap, by adopting a distribution that is “rigid” (e.g.,
in the case of Gaussian distribution, this means small variance of the Gaussian). But
for articulated objects (e.g., human body), the parts can easily overlap due to less rigid
constraints on the locations of parts. How to handle the overlapping issue properly is
a difficult, yet important research problem in human poses estimation. The particular

form of P(I|l;,u;) depends on the problem domain and features used. Felzenszwalb &
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Huttenlocher [30] use silhouette features, but it is also possible to use edge, gradient, or
other features.

If the edges E form a tree, the prior distribution P(L|#) can be written as:

Py J[ P lile) (2.4)
(vi,vj)GE'

where P(l;,1j|c;j) is a potential function encoding the prior of the relative location of I;
and [;. For example, one could use a Gaussian function over the displacement between

transformed locations:

P(l;,li|eij) o< N (Ti;(L:), Tji(15), 0, Dyj) (2.5)

where T;;, T;; and D;; are parameters encoded by c;;.

Given the statistical formulation Eq. 2.2, there are several problems need to be solved.

e MAP estimation: finding the optimal L* that maximize Eq. 2.2, given the image 1

and the model parameter 6.

e Sampling from posterior: the solution space for pose estimation is usually multi-modal.
In general, the best pose L* does not necessarily solve the whole problem. It is useful
to be able to sample from the posterior probability P(L|I,0), especially when there

are multiple persons in a single image.

e Parameter estimation: this is the problem of learning the model parameters 6 from a
set of training images. The parameters are usually learned using a maximum likelihood
estimation [30]. But recently, other alternative estimations have been proposed, see
Sec. 2.1.1.

MAP estimation: the MAP estimation (or equivalently, energy minimization) is to
find the optimal configuration defined in Eq. 2.1. If E forms a tree, this problem can be
solved by a variant of dynamic programming. The running time of this algorithm is O(nh?),
where n is the number of vertices in the graph (i.e., number of parts), h is the size of all
possible locations for each part. In general, h roughly corresponds to the number of pixels
in an image, which is prohibitively huge. Felzenszwalb & Huttenlocher [30] show that it is

possible to reduce the complexity using a trick called “generalized distance transform”, if
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d;ij(li,1;) is a Mahalanobis distance between transformed locations:
dij(li, 1) = (T () — Ta(la)" My (T (L) — Tya(l) (2.6)

where matrix M;; is diagonal, and the transformed locations Tj;(l;) and Tj;(l;) can be
represented as positions in a grid.

Sampling from posterior: in the case of tree-structured graphical model, sampling
from the posterior distribution P(L|I, ) can be done as follows. First, we choose a vertex
v, in the tree as the root and make a directed tree from the graph structure. Then we can
calculate the marginal distribution P(l,|, ) using the Sum-Product algorithm [7]. Given
the marginal P(l,|I,0), we can generate a sample for [,. Then we can traverse the tree from
the root to the leaves. At each vertex v; (with parent v;), we can calculate the probability
P(l;]l;,1,0), and generate a sample for [; accordingly. After all the vertices in the tree are
traversed, we will obtain a complete sample L = {l;};cv .

Parameter estimation: suppose we are given a set of m training images {I*, I?, ..., I}
and corresponding labeled configurations {L', L2 ..., L™} (we use superscripts to denote
image numbers and subscripts to denote part numbers), we can learn the model parameter

Onrr using a maximum likelihood criterion:
Opr = argmeaxP(Il, U LW e s 1))

m
_ k o1k
= argméleP(I , L"|0)
k=1
m m
— k|irk k
= argmeaxHP(I 1LF,0) [ P(L*10)
k=1 k=1
Since P(I*|L* ) and P(L*|) factorize according to Eq. 2.3 and Eq. 2.4, respectively,
it can be shown that we can independently fit the parameters of each factor, i.e., P(I|l;, u;)
foralli eV, P(li,lj‘cij) for all (Ui,’Uj) e F.
CRF model

In the traditional pictorial structures, the model parameters § are estimated by maximizing

the joint likelihood of a set of training data:

O = P(It, L6 2.
ML mgXlZ[(,\) (2.7)
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where I denotes the t-th training image, and L' denotes the part locations that have
been labeled. However, it has been noticed that the mean pose in a collection of people
images tends to have arms lying along the body. Such a pose may not be useful for pose
estimation, since the arms tend to be confused with the torso. The ML estimate may not be
the best criterion for estimating model parameters, since it is not directly tied to inference.
During the inference, we do not need the most likely pose, but the pose that produces the
best estimate on the testing image. This motivates the condition random field (CRF) [50]
formulation of pose estimation in [83].

In essence, the CRF formulation is very similar to the pictorial structures introduced
before. But instead of maximizing the joint likelihood in Eq. 2.7, the CRF formulation tries

to estimate the model parameters by maximizing the condition likelihood:
Ocr = P(LYI, 0 2.8
cu = g [T P ) (2.8)

Different from 6,1, 8¢ cannot be calculated by closed-form solutions. But it can be esti-
mated by gradient ascent methods. Ramanan & Sminchisescu [83] show that ¢, produces

better estimates than 0p;y,.

Non-tree structured model

Both PS and CRF models assume the human body forms a tree-structured model. Com-
pared with general graphs, tree-structured models have distinct computational advantages
in terms of learning and inference. However, tree-structured models have limitations due
to their conditional independence assumption: the locations of two parts are independent
conditioning on their parent. The tree model simply does not capture the full set of relation-
ships between parts of the body. One example is the color symmetry of clothing, which can
be a very useful cue for pose estimation. This information is not captured by the kinematic
tree model. Another example is the so-called “double-counting image evidence” problem
illustrated in Fig. 2.2. Due to the limitation of tree-structured models, the same piece of
image patch can be used twice to explain two different body parts, and the “wrong pose”
shown in Fig. 2.2(b) could have a higher posterior probability than the “correct pose” shown
in Fig. 2.2(c) under the model.

There has been some work in the literature to address the limitations of tree-structured

models. Lan & Huttenlocher [51] propose a common factor model for 2D human pose



CHAPTER 2. PREVIOUS WORK 14

Figure 2.2: Illustration of “double-counting image evidence” problem: (a) original image;
(b) wrong pose; (c) correct pose.
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Figure 2.3: TIllustration of common-factor model: (a) a kinematic “tree” with additional
edges; (b) introducing the common factor variable (labeled “X”) into the model breaks the
large clique into several 3-cliques. The figure is from [51].

estimation. It involves two major steps. First, residual covariance analysis is used to identity
possible additional spatial relations among parts given the locations of their parents. Those
parts whose locations are highly correlated given the locations of their parents are parts that
violate the conditional independence assumption of the tree structured model. Additional
edges are added to these pairs of nodes to capture their spatial constraints (Fig. 2.3(a)).
A problem caused by these additional edges is that they create large cliques in the graph.
Since the complexity of learning and inference algorithms in the graphical model is directly
related to the size of maximum clique in the graph [7], this means adding these additional
edges could potentially makes the algorithm intractable. In order to alleviate this problem,
Lan & Huttenlocher augment the original tree with a common factor vertex, which can
break the large clique into several 3-cliques (Fig. 2.3(b)).

The approach in Lan & Huttenlocher [51] only works in the situations where we know

the activity (e.g., lateral walking) of human figures, it cannot handle human figures in
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unusual poses. Another way to handle the problem shown in Fig. 2.2 is to explicitly model
occlusion relationships between different parts in the model. Sudderth et al. [99] use this
idea for hand modeling. Sigal & Black [94] use a similar approach for modeling human
poses. The basic idea is to introduce an occlusion variable at each pixel in the image to
denotes the probability of that pixel being occluded. Then the image likelihood defined in
Eq. 2.3 is modified accordingly, taking into account of these occlusion variables. Although
this approach solves the double-counting of image evidence to some extent, there are some
limitations as well. First of all, the resulting model becomes extremely complicated, and
various approximations have to be made in both learning and inference. Secondly, extra
care has to be taken to make sure those occlusion variables are consistent. Neither of [99, 94]
provides an easy and principled solution for this problem. Thirdly, due to the complication
of the model, both of [99, 94] assume the relative depth ordering of parts is known. It is
not clear how this method performs in more general cases.

There are other approaches that explore classes of graph structures that leverage the
tradeoff between representational power and computational cost. Song et al. [97] propose
the decomposable triangulated graph model (Fig. 2.4) for human motion. Crandall et al. [20]
propose k-fan model (Fig. 2.5) for object recognition.

All of the above-mentioned non-tree structured models try to capture additional spatial
constraints between non-connected body parts. It is also possible to surpass the limitations
of tree models with respect to the color symmetry cue. One such example is Ramanan [78].
Although technically the graphical model used in [78] is still tree-structured, it achieves
representational power beyond trees, so we will list it here. The method in Ramanan [78§]
proceeds by firstly running a tree-structure CRF model on a test image. Then it samples
candidate locations from the posterior, builds a color histogram for each model part using
the color information from these candidate part locations, and runs the color histogram
model to re-infer the part locations. The color symmetry can be enforced by learning a

single color histogram model for the left/right limbs.

2.1.2 Bottom-up approach

The search space of pose configurations is usually extremely huge. The global optimiza-
tion approach tries to find the optimal configuration by essentially evaluating all possible
solutions in the whole space. Those approaches usually have to make some particular as-

sumptions about the problem formulation (e.g., the particular form of d;;(l;,l;) in PS)
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Figure 2.4: Two examples of decomposable triangulated graphs for human body. This figure
is from [97].

in order to make the algorithm computationally feasible by using various computational
tricks (e.g., distance transform [30], convolution [20, 83, 78]).

Alternatively, we can adopt a bottom-up approach by pruning unreasonably configura-
tions early on. These approaches usually first detect candidate parts in the image, then
combine them into a valid full-body configuration.

Candidates from segmentation: one possible way to find candidate body parts is
through image segmentation. It is observed in Mori et al. [68] that salient half-limbs often

pop out as a single segment in image segmentation, as shown in Fig. 2.6. Mori et al. [68] learn

|-fan 2-fan 3-fan

Figure 2.5: Examples of k-fan models. This figure is from [20].
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Figure 2.6: Tllustration of using image segmentation for finding candidate limbs: (a) original
image; (b) result of Normalized Cuts segmentation [93] with 40 segments. Note some of the
segments correspond to half-limbs. This figure is from [68].

a classifier to find half-limbs and the torso from these segments, and try to assemble them
together. Mori [65] uses a representation called “superpixels” (Fig. 2.7), which essentially
are over-segmentations of the image. The joints of half-limbs are approximated to be the
centers of these superpixels, and the half-limbs are assumed to be composed of superpixels.
Then these superpixels are assembled together to form half-limbs, and further to whole body
configurations.

Candidates from parallel lines: body parts in the 2D image can also be approxi-
mated by parallel line segments. loffe & Forsyth [43] and Ren et al. [84] find parallel line
segments as candidate parts in an image, then try to assemble them into full body config-
uration. Similarly, Ramanan & Forsyth [80] find parallel line segments in a video sequence
as candidate parts, then try to assemble a full body from them by exploiting both temporal
and spatial coherence.

Bottom-up approaches can be applied in an incremental, hierarchical fashion. Ioffe &
Forsyth [43] use a hierarchical pyramid of classifiers shown in Fig. 2.8, where each node in
the pyramid corresponds to a classifier. The classifiers at the leaves take all the parallel line
segments as inputs. All the other nodes take the outputs of their children as the inputs.

The root node output the complete assemblies of human body.
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Figure 2.7: Examples of “superpixels”: (a) original image; (b) superpixel representation
created by over-segmentation. This figure is from [65].

1\ output

segments

Figure 2.8: A pyramid of classifiers used in [43]. This figure is from [43].
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Figure 2.9: Sampling assemblies S1, Sa, ..., Sg incrementally. This figure is from [44].

2.1.3 Sampling-based approaches

The third class of approaches explore the solution space of human poses using sampling-
based methods. The basic idea is to approximate the whole space of human poses by a finite
number of “particles”. Examples of such approaches include Ioffe & Forsyth [43], Sigal &
Black [94], etc.

In Toffe & Forsyth [43], the image likelihood for a nine segment assembly is represented
by a set of 41 geometric features f;(i = 1,2,...,41). These features are chosen in a way so
that they can be assumed to be independent. Then the image likelihood of an assembly A
containing nine body segments, the likelihood of A can be written as L(A) = H?il d;(f),
where d;(f;) is the corresponding one-dimensional marginal likelihood. Fixing a permu-
tation (l1,...,lg) of labels (e.g., {T,LUA,...}), Ioffe & Forsyth [43] incrementally gener-
ate a sequence (S1,S59,...,59), where Sj represents sample assemblies with k segments
(S115 S1gs -, 81, ). For example, S contains samples s of {torso} segment, while Sy con-
tains samples of (s7,spya) of {torso, left upper arm} segments. Sy will contain samples of
all the nine segments (Fig. 2.9). The samples in Sj are drawn from the marginal likelihood
Ly, .1, (A) =11, di(fi), where the product is over all the features computable from segments
labeled [, ..., 1.

Importance sampling is used to generate Siiq from samples in Sj. Firstly, the set of
sub-assemblies (sy,, 51, ..., 51, ) for all groups (sy, 81,, .., 51,,) € Sk and all choices of s, | are
formed. The first component is a sample from the relevant marginal distribution, but the
second component is not. A re-sampling step is used to correct this bias. It proceeds by
independently drawing N samples, with probability of drawing (s;,, s, ..., 51, ) proportional
to w(sy,, Siy, -5 S1,,) = Lll#’”l;() = [[, di(fi), where the product is over all features that
depend on s, ., and possibly some of s, ..., s, .

Sigal & Black [94] use sampling within the belief propagation inference. In their work, the
configuration of the body parts is represented by a set of latent variables X = { X1, Xo, ..., X/ }.
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The joint probability of { X1, X, ..., Xas} is defined by a pairwise Markov Random Field (MRF)
as P(X) = £ (H(i,j)eE wij(mi,xj)) (II; #i(xs)), where E denotes the set of edges in MRF.
Solving the MRF using belief propagation involves passing messages from x; to x; iteratively
as follows:
mj () / Gij(rg,w)di(x) [ mwiles)da; (2.9)
o KEN(D)\j

where N (7) \ j denotes the set of neighbors of z; excluding z;.

The integration in Eq. 2.9 is usually intractable if x; is a continuous random variable.
Sigal & Black [94] use a Monte-Carlo integration by drawing N particles sf; ~ g;;(-), where
gij(x;) is a so-called importance function. Then the message m;j(x;) can be approximated

by these particles as:

N

) 1

() = < > (s, s5) (2.10)
Zn:l ﬂ-ij n=1

where % o pﬁ\;" (SZ) / gij(s?j) is the importance weight of the n-th particle s,, and pf\;-[ =
Z%j@(l‘i) erN(i)\j i (24).-

Eq. 2.10 essentially provides a way of representing the continuous message m;j(x;) by
a discrete set of particles. And the belief propagation in the discrete case can be easily
computed.

There are approaches that use the output of low-level detectors to construct a good
importance function for drawing samples. For certain body parts (e.g., faces, skin), there
are relatively good low-level detectors available. These approaches try to incorporate the
information provided from these low-level detectors. For example, Lee & Cohen [58] develop
a MCMC approach for inferring 3D human poses, where the proposal distribution in the
MCMC algorithm is guided by the low-level detectors. Hua et al. [39] propose a similar

approach for inferring 2D human poses.

2.1.4 Model-free Approaches

Model-free approaches for human pose estimation do not make any assumptions about
any particular forms on the distributions of possible poses. Instead, they try to learn the
mapping directly from the image features to poses. In this chapter, we review different kinds
of features commonly used in model-free approaches, and two major classes of model-free

learning methods.
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Figure 2.10: Examples of silhouette features. Note in the first two examples, the silhouette
features are similar, and cannot tell whether the person is stepping on left or right leg. This
figure is from [2].

Features

Some of the work [2, 17, 86] in the literature use features based on image silhouettes.
Silhouette features encode some rich information about the pose, are insensitive to clothing
color, textures, etc. These features are be extracted from images when robust background
subtraction or motion-based segmentation is available. But they also have some limitations.
First of all, silhouette features do not have any information about the “interior” of the
human. So they cannot distinguish frontal views from back views, whether a person seen
from the side is stepping the left leg or the right one (Fig 2.10) [2].

Based on the binary silhouette of a human figure, different feature vectors can be ex-
tracted. For example, Agarwal & Triggs [2] use shape contexts [4] on top of the silhouette.
Given a set of points sampled along the silhouette, the shape context for a point is a his-
togram of local silhouette boundary pixels into log-polar bins. A silhouette is characterized
by the distribution of these shape contexts. Agarwal & Triggs [2] also uses a second-level
histogramming that vector quantize the shape context space and use this to reduce the
distribution of each silhouette to a 100D histogram (Fig. 2.12). This is similar to the idea

of “shapeme” [66] used in shape context matching.
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Figure 2.11: Illustration of the silhouette based feature used in [2]: (a) input silhouette;
(b) sampled edge points; (c) local shape contexts computed on edge points; (d) distribution
in shape context space; (e) vector quantization of the distribution into a 100D histogram.
This figure is from [2].

Figure 2.12: Illustration of the gradient-feature in [1]. (a) original image; (b) a grid of cells
where descriptors are computed; (c) descriptors computed at these cells; (d) suppressing
background using NMF bases. This figure is from [1].

Due to the limitations of silhouette features, some people have proposed to use edge
or gradient based features for pose estimation. Mori & Malik [67] use shape context de-
scriptors based on sampled edge points. Shakhnarovich [91] use histograms of multi-scale
edge directions. Edges are detected using Sobel operator and each edge pixel is classified
into one of four direction bins. Then the histograms of direction bins are computed within
sliding windows of varying sizes placed at multiple locations in the image. The concatena-
tion of all the histograms becomes the feature vector for the image. Agarwal & Triggs [1]
use a similar feature based on image gradients, where they compute histograms of gradient
orientations in small spatial cells. They also use an additional step of non-negative matrix

factorization (NMF') bases to suppress the gradients in the background (Fig. 2.12).
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2.1.5 Learning methods

Given a feature vector x extracted from an image, model-free pose estimate approaches try
to learn a mapping from x to the pose parameter vector 6. There are two main classes of
learning methods used in the literature: exemplar-based methods (Sec.2.1.5) and regression-
based methods (Sec.2.1.5).

Exemplar-based methods

The first class of approaches are based on exemplar matching. These approaches require
a database of training images {1, z2, ..., z, } with corresponding labeled poses (e.g., joints,
half-limbs, etc) denotes as {61,602, ...,0,}. For a new test image 2/, exemplar-based methods
firstly find one or more images from the training dataset that are most similar to z’, based
on certain distance measurement. Then the pose for the new image z’ is obtained by
transferring the body poses from those matched images. Mori & Malik [67] and Sullivan &
Carlsson [100] use exemplar matching for 2D pose estimation. They try to match the test
image to the best candidate in the training images, then warp the candidate image to more
closely match the test image.

Exemplar matching approaches obviously require a large database of training images.
When the number of training images is too large, searching the best candidate can be
slow. To address this issue, Shakhnarovich [91] adopt parameter-sensitive hashing (PSH)
in exemplar matching. The basic idea is to build a hash table for the training images, such
that the probability of collision is large for examples similar in their parameters and small
for dissimilar ones. Then we can perform approximate matching using this hash table for
speedup.

Since human figures are highly articulated, matching a whole image of a human figure
is challenging due to the range of deformations. Srinivasan & Shi [98] propose a exemplar
matching approach combined with image segmentation. This approach is based on the
following assumption: matching a whole human figure is usually difficult (e.g., the test image
might not be similar enough to any of the training images), but matching partial bodies
is relatively easier. In their approach, candidate partial bodies are obtains by multiple
segmentations of an input image (Fig. 2.13(a)). Their method recursively groups bottom-
up body parts into increasingly larger parts until the whole body is formed. The grouping
process is guided by a parse tree (Fig. 2.13(b)). Each node in the parse tree corresponds to
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Composition Rules

AGrouping

Figure 2.13: Illustration of the idea of multi-segmentation and parse tree in [98]: (a) two
segmentations of an image; (b) body parse tree shown with an exemplar shape from the
training set for each node. This figure is from [98].

a partial body part. The structure of the tree and a set of parse rules define how partial
body parts can be grouped together. At each node of the parse tree, an exemplar matching
method is used to score how well the partial body matches to an exemplar partial body in
the training set. The best pose estimation is obtained by combining the matching scores of
the whole parse tree.
Exemplar-based methods can also be incorporated into a probabilistic framework. Toyama

& Blake [105] propose a probabilistic tracking system using exemplars. They select exem-
plars as representatives of raw training data, then use them to represent probabilistic mixture
distributions of object configurations. The advantage of using exemplars in this framework

is that hand-construction of object models is avoided.
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Regression-based methods

Whereas exemplar matching approaches infer the pose for an image by directly finding the
most similar training image, regression-based methods first learn a smoothed regression
function f(z) — 6 that directly maps the image feature vector z to the pose parameter
vector @, then use the learned regression function f(-) to infer the pose 6 given a new image
x.

Agarwal & Triggs [2] use ridge regression and relevance vector machines (RVM) for 3D
human pose estimation. Ridge regression is a standard regression technique that introduces
a regularization term in the least square regression. RVM is a sparse Bayesian technique
similar to support vector machines (SVM), but RVM is for regression, and SVM is for

classification.

2.2 Human Action Recognition

Recognizing human actions from image sequences is a challenging problem in computer
vision. It has applications in many areas, e.g., motion capture, medical bio-mechanical
analysis, ergonomic analysis, human-computer interaction, surveillance and security, envi-
ronmental control and monitoring, sport and entertainment analysis, etc. A lot of work has
been done in recognizing actions from both still images and video sequences. In this review,
we focus on recognition based on motion cues, although we are aware that other cues (e.g.,

shape cues [100, 61, 104]) have also been used for action recognition.

2.2.1 Motion-based Action Recognition

There are many approaches that perform action recognition by analyzing patterns of motion.
For example, Cutler & Davis [21], and Polana & Nelson [74] detect and classify periodic
motions. Little & Boyd [59] analyze the periodic structure of optical flow patterns for
gait recognition. Efros et al. [24] classify actions by matching motion features based on
optical flows. There is also work using both motion and shape cues. For example, Bobick &
Davis [13] use a representation known as “temporal templates” to capture both motion and
shape, represented as evolving silhouettes. Shechtman & Irani [92] propose a space-time
correlation method that can detect similarity between video segments. Jhuang et al. [45]

apply neurobiological model of motion processing for action recognition using space-time
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gradient and optical flow features. Schindler & Van Gool[88] perform action recognition
by training SVM classifiers based on local shapes and dense optical flows. Rodriguez et
al.[85] propose a template-based method based on a maximum average correlation height

filter that is capable of capturing intra-class variabilities.

2.2.2 Temporal Dynamic Models

There is a line of work on building sophisticated temporal dynamic models for modeling
and understanding activities. The early work of Yamato et al. [119] uses the hidden Markov
model (HMM) for recognizing human actions from image sequences. Feng and Perona [31]
build HMM models from vector-quantized image shapes called “movelets”. Olivera et al. [72]
use a layered HMM to represent office activities. Recently, Xiang & Gong [118] model
complex activities of multiple objects in cluttered scenes using dynamic Bayesian networks.
Ikizler and Forsyth [42] use finite state models to search for complex activities from videos.
Laxton et al. [55] build a dynamic Bayesian network to leverage temporal, contextual and
ordering constraints for recognizing complex activities in video.

Although generative models (e.g., HMM) are popular in sequence modeling, recently
people have also been applying discriminative models for modeling temporal information,
e.g., conditional random fields (CRF) in Sminchisescu et al. [96] and hidden conditional
random fields (HCRF) in Wang et al. [110].

A drawback of these models is that they have to make some assumptions (e.g., the inde-
pendence assumption made by 1-st order HMM) in order to be computationally tractable.
It is also hard to learn these models since there are usually many model parameters to be

set.

2.2.3 Action Recognition with Tracking

Another line of work is to first track the body parts and then perform action recognition
based on the motion trajectories. Ramanan & Forsyth[79] introduce a system for automatic
annotation of everyday movements. They first track the limbs of a human in 2D using a
pictorial structure model. Then they synthesize 3D motion sequence which looks like the 2D
track by lifting the track to 3D and matching them to a library of annotated motion capture
data. The annotation for the underlying video sequence is obtained from the annotations

associated with the synthesized 3D motion sequence. Yilmaz & Shah [120] first obtain a
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set of landmarks on the human body by manual labeling, then perform action recognition
by analyzing the corresponding 4D (z,v, z,t) trajectories of the landmarks. Song et al. [97]
and Fanti et al. [25] first track and detect feature point in each frame of a video, then obtain

various cues (e.g., position, velocity) for learning the human motion.

2.2.4 Interest Point Methods

A popular approach in action recognition is based on spatial-temporal interest points and lo-
cal feature descriptors. For convenience, those local descriptors are usually vector-quantized
to obtain a finite set of “visual words” before they are fed into any classification algorithms.
Laptev and Lindeberg [52] propose a space-time interest point operator that detect local
structures in space-time that image observations have large local variations in both space
and time. Schuldt et al.[90] train an SVM classifier based on this space-time features for
recognizing human actions. Dollar et al. [23] propose space-time interest point detector
based on a set of linear filters, and use these local features with k-nearest neighbor classifier
for action recognition. Ke et al. [47] build a cascade of classifiers based on space-time volu-
metric features for event detection. Nowozin et al. [71] first detect local interest points, then
learn a set of discriminative subsequences for action classification by exploiting the sequence
mining techniques from data mining. Liu & Shah[60] exploit mutual information maximiza-
tion techniques to learn a compact set of visual words. Niebles & Fei-Fei[69] combine shape
information with local appearance features by building a hierarchical model that can be
characterized as a constellation of bag-of-features. Local descriptors extracted from space-
time interest points have also been shown to work well on videos with complex scenes (e.g.,
movies), e.g., Laptev & Pérez [54] and Laptev et al. [53] learn a boosted classifier based on

those local descriptors to do action recognition on movie data.



Chapter 3

Human Pose Estimation

As mentioned earlier, estimating human body poses from still images is a very challenging
computer vision problem. In order to reliably interpret still images of human figures, it is
likely that multiple cues relating different parts of the figure will need to be exploited.

Many existing approaches to this problem model the human body as a combination of
rigid parts, connected together in some fashion. The typical configuration constraints used
are kinematic constraints between adjacent parts, such as torso-upper half-limb connection,
or upper-lower half-limb connection. This set of constraints has a distinct computational
advantage — since the constraints form a tree-structured model, inferring the optimal pose
of the person using this model is tractable.

However, this computational advantage comes at a cost. Simply put, the single tree
model does not adequately model the full set of relationships between parts of the body.
Relationships between parts not connected in the kinematic tree cannot be directly captured
by this model.

The main contribution of the work presented in this chapter is a framework for model-
ing human figures as a collection of trees. We argue that this framework has the advantage
of being able to locally capture constraints between the parts which constitute the model.
With a collection of trees, a global set of constraints can be modeled. We demonstrate that
the computational advantages of tree-structured models can be kept, and provide tractable
algorithms for learning and inference in these multiple tree models. We present two appli-
cations of our framework. The first application uses the multiple tree model framework for
occlusion reasoning. The second application combines multiple deformable trees to capture

a richer set of spatial constraints between body parts. We also provide an analysis of our

28



CHAPTER 3. HUMAN POSE ESTIMATION 29

approach which compares to existing approaches for combining multiple trees [63, 109].
The rest of this chapter is organized as follows. Section 3.1 introduces how to model
the human body using a single tree-based model. Section 3.2 describes our multiple tree
approach and how to apply it to model spatial constraints beyond those captured by a single-
tree model. Section 3.3 describes how to apply this multiple tree approach for modeling
occlusion relationships between body parts. Section 3.4 presents our experimental results.

Section 3.5 concludes this chapter.

3.1 Modeling the Human Body

In our method we use a combination of tree-structured deformable models for human pose
estimation. The basic idea is to model a human figure as a weighted combination of several
tree-structured deformable models. The parameters of each tree model are learned from
training data in a discriminative fashion.

We first describe how we model the human body, and then demonstrate how this model
of multiple trees can be used for modeling spatial constraints and occlusion reasoning. We
also relate the pictorial structures [30] defined with pixel likelihoods and the CRF model [78]
defined with patch likelihoods. This connection turns out to be useful when we develop our

occlusion reasoning scheme in Section 3.3.

3.1.1 Single Tree-structured Deformable Body Models

Consider a human body model with K parts, where each part is represented by an oriented
rectangle with fixed size. We can construct an undirected graph G = (V| E) to represent
the K parts (Fig. 3.1(a)). Each part is represented by a vertex v; € V, and there exists
an undirected edge e;; = (v;,v;) € E between vertices v; and v; if v; and v; has some
dependency. Let l; = (z;,v;,0;) be a random variable encoding the image position and
orientation of the ¢-th part, we denote the configuration of the K part model as L =
(I1,19,...,lx). Given the model parameters © and assuming no occlusions, the conditional

probability of L in an image I can be written as:

P(LIL6) o P(LI®)PI|L,6) = P(Ll) [ P(IIL:. ) (3.1)

where we explicitly decompose P(L|I,©) into the prior term P(L|a) and the product of
several likelihood terms P(I|l;,3;). Each P(I|l;,[3;) is a local likelihood for the part i.
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Assuming pixel independence, we can write each local likelihood as:

P(Il;, 3;) = Py (F(IL) Py (F(1)) o RUIONASOY
uel;l (1:) ! T_l;[(li) ) uelf_zl(:li) Pbg(u)(f(Iu))

In the above equation, we have used the following notation. u is a pixel location in the

(3.2)

image I, I, is the image evidence at pixel u. In our work, we use binary edges as our image
evidences. f(I,) is a function returning 1 if I,, is an edge point, and 0 otherwise. Q(I;) is
the set of pixels enclosed by part ¢ as defined by ;. T is the set of all pixels in the whole
image. P}, (,) is a binomial distribution indicating how likely the pixel u is an edge point

under the part l;. Pyg(,) is a binomial distribution for the background.

Let % exp(Bi(u) f(1u)), we will have:
P(1\l;,3;) o H exp (Bi(u)f(lu)) = exp Z Bitu) f (Lu) (3.3)
ueQ(l;) ueQ(l;)
= exp (8] fi(1(1))) (3.4)

where f;(I(l;)) is the part-specific feature vector extracted from the oriented image patch
at location [;. In our case, it is a binary vector of edges for part i. (3; is a part-specific
parameter that favors certain edge patterns for an oriented rectangle patch I(l;) in image
I. In our formulation, §; is simply the concatenation of {S;w) }ucnq,)- We visualize §; in
Fig. 3.1(d).

Following previous work [78], we assume the prior term P(L|«) is defined in terms of

the relative locations of the parts as follows:

P(Lla) occexp | > b(li — 1) (3.5)

(i.j)eE
Most previous approaches use Gaussian shape priors ¢(l; — ;) oc N'(l; — Uj; pi, ;) [30].
However, since we are dealing with images with a wide range of poses and aspects, Gaus-

sian shape priors seem too rigid. Instead we choose a spatial prior using discrete bin-

ning (Fig. 3.1(c)) similar to the one used in Ramanan [78]:
V(i — ;) = ol bin(l; — 1) (3.6)

bin(-) is a vector of all zeros with a single one for the occupied bin. «; is a parameter that
favors certain spatial and angular bins for part ¢ with respect to its parent j. This spatial

prior captures more intricate distributions than a Gaussian prior.
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Figure 3.1: Representation of a human body: (a) human body represented as a 10-part
model; (b) corresponding kinematic tree structured model; (c) discrete binning for spatial
prior; (d) visualization of the learned edge-based appearance model j3; for each body part.
Dark areas correspond to small values of ;, and bright areas correspond to large values of

Bi-

Combining (3.1), (3.4) and (3.5), we obtain the following formulation:

K
P(LIL,0©) ocexp [ D w(li = 1)+ Y _o(l) (3.7)
(i,j)€E =1
where ¢(l;) is a potential function that models the local image evidence for part ¢ located
at l;. ¢(l;) is defined as ¢(1;) = B fi(1(L;)).

Equation (3.7) is exactly the same Conditional Random Field (CRF) formulation of
human pose estimation problem in Ramanan [78]. This shows the two different formula-
tions (pictorial structures [30] and CRF [78]) of human pose estimation problems are in
fact equivalent. The only difference is that they use different criteria for model parameter
learning, i.e., maximizing the joint likelihood (ML) or the conditional likelihood (CL). In the
following, we will use the CRF formulation in (3.7). But we will come back to the pictorial
structure formulation of (3.1), when we develop our occlusion reasoning method.

To facilitate tractable learning and inference, G is usually assumed to form a tree T' =
(V,Er) [30, 78]. In particular, most work uses the kinematic tree (Fig. 3.1(b)) as the
underlying tree model.

Inference in a single tree-structured model can be done by message-passing. Using
3D convolution, one can search exhaustively over all part locations in an image without
relying on feature detectors. Learning of the model parameters can be done by closed-form

solutions (ML) or gradient ascent methods (CL). See [78, 111] for details.
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3.1.2 Multiple Tree Models

In our work we model the human body by a collection of multiple tree-structured models. For
example, one can use the two tree models in Fig. 3.4 to model the kinematic constraints and
the occlusion relationships between the legs. One can also use different tree structures (e.g.,
Fig. 3.6) to model the spatial constraints that are not captured in the kinematic tree. The
weighting parameters which combine the multiple tree models can also be learned in a
discriminative fashion using boosting (Section 3.2).

The final form of our model is:
F(L,1;0) =Y wfi(L,I;0) (3.8)
t

where fi(L,I;0) is a single tree model with tree structure 74, w; is the weight associated
with this single tree model. The optimal pose L* can be obtained in our model as L* =
argmaxy, F'(L,1;0). In the next section, we describe the algorithm for learning all the

model parameters © = {w;, ©}.

3.2 Spatial Constraints with Multiple Trees

Our learning algorithm for spatial constraints is based on AdaBoost.MRF proposed in
Truyen et al. [107]. Given an image I, the problem of pose estimation is to find the
best part labeling L* that maximizes F(L,I), i.e. L* = argmaxy F(L,I). F(L,I) is
known as the “strong learner” in the boosting literature. Given a set of training examples

(I',LY),i = 1,2,...,N. F(L,I) is found by minimizing the following loss function Lo:

Lo=Y_ Y exp(F(I',L) - F(I', L)) (3.9)
i L

We assume F(L,I) is a linear combination of a set of so-called “weak learners”, i.e.,
F(I,L) = Y ,wfi(L,I). The t-th weak learner f;(L,I) and its corresponding weight w,
are found by minimizing the loss function defined above, i.e. (f;,w;) = argmaxy,, Lo. In
our case, we choose the weak learner as f(L,I) = logp(L|I). To achieve computational
tractability, we assume each weak learner is defined on a tree model.

If we can successfully learn a set of tree-based weak learners fi(L,I) and their weights

wy, the combination of these weak learners captures more dependencies than a single tree
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Input: i = 1,2,..., D data pairs, graphs {G; = (Vi, E;)}
Output: set of trees with learned parameters and weights
Select a set of spanning trees {7}
Choose the number of boosting iterations T’
Initialize {w; o = 5}, and wy = 1
for each boosting round t = 1,2,...,T
Select a spanning tree 7y
/* Add a weak learner */
©; = argmaxe »_, w;¢—11og Pr,(L;, I;|©)
Jt =log PTt(L|I? ®t)
ift > 1 then
select the step size 0 < wy < 1 using line searches
end if
/* Update the strong learner */
Fy = ﬁthl + e fi
/* Scale down the previous learners’ weights™*/
w;j %, for j =1,2,...,t
/* Re-weight training data*/
Wit X Wy t—1 eXp(_wtfi,t)
end for
Output {7:},{0:} and {w;}, t =1,2,...,T

Figure 3.2: Algorithm of boosted multiple trees

model. At the same time, the inference in this model is still tractable, since each component
is a tree.

Optimizing Lo is difficult, Truyen et al. [107] suggest optimizing the following alternative
loss function: Ly = >, exp (—F(L',I')). It can be shown that Ly is an upper bound of
the original loss function Lo, provided that we can make sure Zj w;j = 1. In Truyen et
al. [107], the requirement »;w; =1 is met by scaling down each previous weak learner’s
=17

;- — wj(l—wy), for j =1,2,...,t—1, so that Zj;l w;+wp =

E;;ﬁ w;i(1—w) +wy = 1, since 23;11 w; = 1. In practice, we find that this trick sometimes

weight by a factor of 1 —w; as w

scales down previous weak learners to have zero weights. So we use a slightly different

method by scaling down each weak learner’s weight up to ¢ by a factor of 1/(1 4+ wy). It can

be shown that we still have Z;Zl w; = 1. Figure 3.2 shows the overall algorithm.
Discussion: Our model is similar to “mixtures of trees” (MoT) [63] at a first glance,

but there are some important differences. MoT is a generative model developed for density
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Figure 3.3: Illustration of “double counting of image evidence” problem: top row shows how
the same piece of image patch is used to explain two body parts, the bottom row shows how
our occlusion reasoning mechanism using multiple trees can alleviate this problem.

modeling problem. It is not designed for classification or prediction. Although one can use
MoT as the spatial prior in a generative fashion, it is not clear how to learn the model
in a discriminative way. Instead, our model is trained discriminatively, and our objective
function is more closely tied to inference.

Another similar work is the tree-reweighted message passing (TRW)[109]. TRW aims to
approximate the partition function in MRF, it does not answer the question of learning a
good model for recognition, i.e., TRW assumes the MRF model is given, and it simply tries
to solve the inference problem. Plus, TRW is an iterative algorithm, and its convergence is

still an unsolved problem.

3.3 Occlusion Reasoning with Multiple Trees

In this section, we apply the multiple tree framework to the “double counting of image
evidence” problem in human pose estimation illustrated in the top row of Fig. 3.3, where the
same image patch is used twice to explain two different body parts. Previous approaches [51]
have focused on using strong priors of body poses to solve this problem. However, these
approaches are limited to the cases of normal poses and known activities. We believe the
proper way to solve this problem is to introduce occlusion reasoning in the model. In
our multiple tree framework, we can define one tree for the kinematic constraint (e.g.,
Fig. 3.4(a)), and a second tree for the occlusion relationships (e.g., Fig. 3.4(b)). In this

section, we discuss how to incorporate occlusion reasoning into the human body model
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introduced in Section 3.1, and how to do inference in a tree model involving occlusion
relationships (see Fig. 3.4(b)). Before we proceed, we first clarify the terminology we are
using. By “occlusion reasoning”, we do not necessarily mean the body parts in the image
are occluding each other, instead we use “occlusion” to refer to the particular problem of
using the same image patch to explain different body parts, as illustrated in Fig. 3.3.
Occlusion-sensitive formulation: The factorization of the global likelihood into local
likelihood terms in Eq. 3.1 is valid only if the local terms P(I|l;,3;) for i € {1..K} are
independent. This assumption holds when there are no occlusions among different parts.
In order to obtain a similar decomposition (hence distributed inference) when occlusions
exist, we augment the configuration I; of part ¢ with a set of binary hidden variables z; =
{Zi(u) fuex, similar to [99]. Note that there is a binary variable z; for each pirel. Let
Zjtwy = 0 if pixel u in the area enclosed by part i is occluded by any other part, and 1
otherwise. If a part is partially occluded, only a subset of these binary variables are zeros.

Letting Z = {#1, 22, ..., 2K }, the local likelihood term (3.2) can be rewritten as:

P(I‘L> Z, @) = HP(I“szZaﬁZ) (3.10)
) zi(u)
B 1:[%1;[ < Pog(u)( (u))) (3:11)
= H H exp ( ﬂi(u)f(Iu)))Zi(U) (3.12)
i weQ(l;)

It is important to note that if all the occlusion variables z; are consistent, the global
likelihood P(I|L, Z,0) truly factorizes as (3.12). Similar to [99], we enforce the consistency

of the occlusion variables using the following function:

(Ui 2o ) = 0 if [; occludes I;, u € Q(x;), and 2,y = 1
T 1 otherwise

The consistency relationship of occlusion variable z; and z; can be enforced by the
following potential function:
wo(liuzhajjazj Hn Zy, Z(u ) (J:U ]( ) Jj]) (313)
ueY
Letting £o be the set of edges corresponding to pairs of parts that are prone to occlusions,

and defining Ppo(L,Z) H(” cco 1/) (lz,zz,lj,z]) we obtain the final occlusion sensitive
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version of our model:

Occlusion-sensitive message passing: Now we discuss how to do message passing
that involves occlusion variables z;. Similar to previous work [99, 94], we assume that
potentially occluding parts have a known relative depth in order to simplify the formulation.
In general, one could introduce another discrete hidden variable indicating the relative depth
order between parts and perform inference for each value.

Our inference scheme is similar to [99]. It is based on the following intuition. Suppose
part j is occluding part ¢ and we have a distribution of P(l;), we can use P(l;) to calculate
an occlusion probability P[z;,) = 0] for each pixel u. Then we can discount the image
evidence at pixel u according to P[z;) = 0] when we use that image evidence to infer the
configuration of l;. If P[z;(,) = 0] is close to 1, it means pixel u has a higher probability of
being claimed by part j. In this case, we will discount more of the image evidence at u. In
the extreme case of P[z;(,) = 0] approaches 0 for all {u : u € T}, it is equivalent to inference
without occlusion reasoning.

Consider the BP message sent from [; to (l;,2;) in message passing. At this point, we
already have a pseudo-marginal P(l}\[ )) (it is the true marginal P(l;|I) if the underlying
graph structure is a tree, and the message is passed from the root to the leaves). If I; lies
in front of I; (remember that we known the depth order), the BP message j; ;) (%)) is
uninformative. If I; is occluded and [; is the only potentially occluding part, we firstly
determine an approximation to the marginal occlusion probability v,y ~ Prlzjw) = 0]. If
we think of P(l} 1) as a 3D image (,y, 0), V;(,) (which can be thought as a 2D image) can be
efficiently calculated by convolving P(l;- |I) with rotated version of a uniform rectangle (with
size proportional to the size of [;) filter, then summing over § dimension. Then the BP

approximation to [; can be written in terms of these marginal occlusion probabilities (see [99]
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for the rationale behind (3.15)):

[Vi(w + (1= Vi) <7Pli(u)(f(lu)) )] (3.15)

P(Il;) o ue];{li) Proar (F(7)

= JI [Fiw + 0= vig) exp (Bigw) f ()] (3.16)
ueQ(l;)

~ I lexp (1= viw) Biw f ()] (3.17)
ueQ(l;)

= exp | Y. ((1=vi) Biw f (1)) (3.18)

ueQ(l;)
= exp (Bigi(1(Li), vi)) (3.19)

where g;(I(l;),v;) is a function similar to f;(I(l;)), but instead of returning 1, it returns a
fractional number (1 — v;(,)) at pixel u if I, is an edge point. The approximation in (3.17)
is based on the fact that absolute values of B;, are usually small (e.g., less than 0.6 in
our experiments). When |z| is small, exp(z) can be approximated by 1 + z based on the
truncated Taylor expansion of exp(z).

Unlike previous methods [99, 94] which handle occlusion reasoning using sampling, our
final result (3.19) has a surprisingly simple form. It can be efficiently calculated by first
getting ¢;(I(l;),v;) through a simple dot-product between f(I) (a binary 2D edge map of
the whole image I) and (1 — v;) (a 2D image of occlusion marginals), then convolving
g; with rotated versions of ;. The dot-product has the nice intuition of discounting the
image evidences by their occlusion variables. Our method can be applied efficiently and
exhaustively over all the image pixel locations. This is due to the convolution trick. However,
if the structure of the graphical model is not a tree, one has to use loopy belief propagations.
In that case, the convolution trick is no longer valid, since the message stored at a node is
no longer in a simple form that allows the derivation of (3.19) to go through. This further

justifies the advantage of using tree-structured models.

3.4 Experiments

CMU MoBo dataset: We first test our algorithm on the rescaled versions of side-view
persons of CMU mobo dataset [36] for the occlusion reasoning. Since people’s right arm in

this dataset is almost always occluded, we only try to infer one arm. We use the background
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Figure 3.4: Two tree structures used on CMU Mobo dataset. We use dashed lines to indicate
occlusion relationships, rather than spatial constraints.

subtraction masks that come with this dataset to remove the edges found in the background.

We use the two tree structures shown in Fig. 3.4. The first tree captures the kinematic
spatial constraint. The second tree captures the occlusion relationships between the left
and right legs. Inference in the second tree uses the message passing algorithm described in
Sect. 3.3. Learning the model parameters is a bit tricky. If we use CMU mobo dataset for
training, we will probably end up with a strong spatial prior specifically tuned to side-view
walking. Instead, we learn the model parameters © = {«a;, 3;} using the same training set in
our second experiment (see below). That dataset contains images of people with a variety
of poses. We manually set the weights of these two trees to be equal, since we do not have
appropriate datasets with ground truths, and we do not want to learn the parameters from
the mobo dataset. In principle, this parameter can be learned from some labeled dataset
where the relative depth order of parts is known.

Some of the sample results are shown in Fig. 3.5. We can see that the single tree
model tends to put the legs on top of each other. But our method correctly infers the
configurations of both legs. To quantify the results, we manually label 300 mobo images
as ground truths and measure their perplexity (or negative log-probability [78]) under the
learned model. Instead of measuring the perplexity for the whole body pose L, we measure
them separately for each body part ;(i = 1,2, ..., K) to emphasize the effect of occlusion
reasoning between two legs. As shown in Table 3.1, our method achieves lower perplexity
on the lower and upper right legs. The perplexities for other body parts are not shown in
the table since they are the same for both methods. This is because we have only modeled

the occlusion relationships between the legs.
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Figure 3.5: Sample results on the CMU mobo dataset: (a) original images; (b) results of
using one kinematic tree; (c) results of using multiple trees for occlusion reasoning.
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| Part [| Perplexity(two trees) | Perplexity(one tree) |

ru-leg 32.4939 33.9706
rl-leg 26.7597 33.6693

Table 3.1: Quantitative measurement on mobo dataset for the right upper and lower legs.
Smaller perplexities mean better performance.
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Figure 3.6: Three tree structures used on the people dataset.

People dataset: We test our algorithm on the people dataset used in previous work [78].
This dataset contains 305 images of people in various poses. First 100 images and their
mirror-flipped versions are used for training, and the remaining 205 images for testing. We
manually select three tree structures shown in Fig. 3.6, although it will be an interesting
future work on how to automatically learn the tree structure at each iteration in an efficient
way. We visualize the distribution P(L|I) as a 2D image using the same technique in [78],
where the torso is rendered as red, the upper-limbs as green, the lower-limbs and the head as
blue. Some of the parsing results are shown in Fig. 3.7. We can see that our parsing results
are much clearer than the ones using the kinematic tree. In many images, the body parts
are almost clearly visible from our parsing results. In the results of using the kinematic
tree, there are many white pixels, indicating high uncertainty about body parts at those
locations. But with multiple trees, a lot of these white pixels are cleaned up. It is plausible
that if we sample the part candidates [; according to P(l;|]) and use them as the inputs
to other pose estimation algorithms (e.g., Ren et al. [84]), the samples generated from our

parsing results are more likely to be the true part locations.
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Figure 3.7: Sample results on the people dataset: (a) original images; (b) results of using
one kinematic tree; (c) results of using multiple trees.
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3.5 Summary

We have presented a framework for modeling human figures as a collection of tree-structured
models. This framework has the computational advantages of previous tree-structured mod-
els used for human pose estimation. At the same time, it models a richer set of constraints
between body parts. We demonstrate our results on side-walking persons in CMU mobo
dataset, and a challenging people dataset with substantial pose variations.

Human pose estimation is an extremely difficult computer vision problem. The solu-
tion of this problem probably requires the symbiosis of various kinds of visual cues. Our
framework provides a flexible way of modeling dependencies between non-connected body

parts.



Chapter 4

Topic Models for Action

Recognition

Various visual cues (e.g., motion [21, 24, 59, 74] and shape [100]) can be used for recognizing
actions. In this chapter, we focus on recognizing the action of a person in an image sequence
based on motion cues. We develop two novel models for human action recognition based on
the “bag-of-words” paradigm.

Our models are motivated by the recent success of “bag-of-words” representations for
object recognition problems in computer vision. The common paradigm of these approaches
consists of extracting local features from a collection of images, constructing a codebook
of visual words by vector quantization, and building a probabilistic model to represent the
collection of visual words. While these models of an object as a collection of local patches
are certainly not “correct” ones, for example, they only model a few parts of objects and
often ignore many structures, they have been demonstrated to be quite effective in object
recognition tasks [27, 35, 56].

In this chapter we explore the use of two similar models for recognizing human actions.
Figure 4.1 shows an overview of our “bag-of-words” representation. In our models, each
frame of an image sequence is assigned to a visual word by analyzing the motion of the
person it contains. The unordered set of these words over the image sequence becomes
our bag of words. As with the object recognition approaches, some structures have been
lost by moving to this representation. However, this representation is much simpler than

one that explicitly models temporal structures. Instead we capture “temporal smoothing”

43
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Figure 4.1: The processing pipeline of the “bag-of-words” representation: (a) given a video
sequence, (b) track and stabilize each human figure, (c) represent each frame by a “motion

word”, (d) ignore the ordering of words and represent the image sequences of a tracked
person as a histogram over “motion words”.

via co-occurrence statistics amongst these visual words, i.e., which actions tend to appear
together in a single track. For example, in a single track of a person, the combination of
“walk left” and “walk right” actions is much more common than the combination of “run
left” “run right” “run up” “run down”. We note that there has been previous work (e.g.,
Yamato et al. [119], Bobick & Wilson [14], Xiang & Gong [118]) that tries to model the full
dynamics of videos using sophisticated probabilistic models (e.g., hidden Markov models,
dynamic Bayesian networks). The problem with this approach is that those sophisticated
models impose too many assumptions and constraints (e.g., the independence assumption of
hidden Markov models) in order to be tractable. It is also hard to learn those models since
there are usually a large number of parameters that need to be set. Instead, our methods can
be considered as a way of imposing a “rough” constraint on the overall temporal structures of
videos, without worrying about the detailed temporal information between adjacent frames.
In this chapter, we provide evidence that this simple representation can be quite effective
in recognizing actions.

Our models are based on the Latent Dirichlet allocation (LDA) model [12] and the
Correlated Topic Model (CTM) [10]. Topic models, such as, LDA, CTM, probabilistic
Latent Semantic Analysis (pLSA) [38], and their variants, have been applied to various
computer vision applications, such as scene recognition [15, 28], object recognition [32, 87,
95], action recognition [70], human detection [8], etc.

Despite the great success achieved, there are some unsolved, important issues remaining
in this line of research. First of all, most of the previous approaches use their models

for some specific recognition problem, say object class recognition. However, there is no
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guarantee that the latent topics found by their algorithms will necessarily correspond to
object classes. Secondly, the features used in these approaches are usually SIFT-like local
features computed at locations found by interest-point detectors. The only exceptions are
histogram of oriented gradients in Bissacco et al. [8] and multiple segmentations in Russell et
al. [87]. Features based on local patches may be appropriate for certain recognition problems,
such as scene recognition or object recognition. But for human action recognition, it is not
clear that they can be sufficiently informative about the action being performed. Instead,
we use descriptors that can capture the large-scale properties of human figures, and compare
these results to approaches using local patches.

In this chapter, we attempt to address the above mentioned issues in two aspects. First
of all, we introduce a new “bag-of-words” representation for image sequences. Our repre-
sentation is dramatically different from previous ones (e.g., Niebles et al. [70]) in that we
represent a frame in an image sequence as a “single word”, rather than a “collection of
words” computed at some spatial-temporal interest points. Our main motivation for this
new representation is that human actions may be better characterized by large-scale fea-
tures, rather than local patches. For example, consider the image in Fig. 4.2, it is very
easy to see that the large scale motion descriptors (described in Section 4.1.1) capture some
important characteristics of this motion, e.g., the movements of the legs. It is not obvious
that one can recognize this action by just looking at several small patches in the image. Sec-
ondly, we propose two new topic models called Semi-Latent Dirichlet Allocation (S-LDA)
and Semi-latent Correlated Topic Model (S-CTM), respectively. The major difference be-
tween our models and the traditional latent topic model (e.g, LDA and CTM) is that some
of the latent variables in LDA and CTM are observed during the training stage in S-LDA
and S-CTM. We show that by naturally pushing the information provided by class labels
of training data directly into our model, we can guide the previously latent topics to be our
class labels, and consequently achieve much better performance. We notice that the idea of
adding supervision to the LDA model has been applied in various ways in other work, e.g.,
supervised topic models [11], labeled LDA [34].

There are other alternative methods to train an action recognition system. For example,
one can train a discriminative classifer (e.g., SVM) to recognize the action of each frame
individually. But this approach ignores the contextual information provided by different
frames in a video. We will demonstrate experimentally that our approach performs better

than this alternative.
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The contributions the work presented in this chapter are three-fold. First, we propose a
novel bag-of-words representation for video sequences. Second, we introduce two semi-latent
topic models in which class labels of the frames in a video are naturally exploited in the
learning process. Third, we present extensive experimental results to show that the proposed

models achieve state-of-the-art recognition accuracies on a large variety of datasets.

4.1 Our Approach

Our approach follows the bag-of-words framework. But our models are different from pre-
vious bag-of-words models (e.g., Niebles et al. [70]) in two major aspects. First of all, our
method represents a frame as a single word, rather than a collection of words from vec-

tor quantization of space-time interest points. In other words, a *

‘word” corresponds to a
“frame”, and a “document” corresponds to a “video sequence” in our representation. Sec-
ondly, our model is trained in a supervised fashion. We will show that by utilizing the class
labels, we can greatly simplify the training algorithm, and achieve much better recognition

accuracy.

4.1.1 Motion Features and Codebook

We use the motion descriptor in Efros et al. [24] to represent the video frames. This motion
descriptor has been shown to perform reliably with noisy image sequences, and has been
applied in various tasks, such as action classification, motion synthesis, etc.

To calculate the motion descriptor, we first need to track and stabilize the persons in a
video sequence. We use an automatic human detection method in some of our experiments.
But any tracking or human detection methods can be used, since the motion descriptor we
use is very robust to jitters introduced by the tracking.

Given a stabilized video sequence in which the person of interest appears in the center
of the field of view, we compute the optical flow at each frame using the Lucas-Kanade [62]
algorithm. The optical flow vector field F' is then split into two scalar fields F, and Fy,
corresponding to the x and y components of F'. F, and F), are further half-wave rectified
into four non-negative channels .\, F,", F;\, F,, so that F, = F,t —=F, and F, = F,} —F".
These four non-negative channels are then blurred with a Gaussian kernel and normalized
to obtain the final four channels Fb;,Fb, ,Fb; ,Fb, (sce Fig. 4.2).
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Figure 4.2: Construction of the motion descriptor. See Section 4.1.1 for details.

The motion descriptors of two different frames are compared using a version of the
normalized correlation. Suppose the four channels for frame 7 of sequence A are a1, as, ag
and a4, similarly, the four channels for frame j of sequence B are by, bs, b and by, then the

similarity between frame A; and frame B; is:

4
$(ALB) =525 S it )b (o, y) (4.1)
teT c=1 ,yel

where T and I is the temporal and spatial extent of the motion descriptors. We choose
T = 10 in all of our experiments. The final dimensionality of the feature vector is 4 x T x [I.
To construct the codebook, we randomly select a subset from all the frames, compute
the affinity matrix on this subset of frames, where each entry in the affinity matrix is
the similarity between frame ¢ and frame j calculated using the normalized correlation
described above. Then we run k-medoid clustering on this affinity matrix to obtain V
clusters. Codewords are then defined as the centers of the obtained clusters. In the end,
each video sequence is converted to the “bag-of-words” representation by replacing each

frame with its corresponding codeword and removing the temporal information.
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4.1.2 Latent Topic Models

Our models for video sequences are based on latent topics models, in particular, the Latent
Dirichlet Allocation (LDA) [12] model and the Correlated Topic Model (CTM)[10]. In the

following, we briefly introduce both of them using the terminology in our context.

Latent Dirichlet Allocation

Suppose we are given a collection D of video sequences {wi,ws,...,wyr}. Each video se-
quence w is a collection of frames w = (wq, wy, ..., wy ), where w; is the motion word repre-
senting the i-th frame. A motion word is the basic item from a codebook (see Section 4.1.1)
indexed by {1,2,...,V'}.

The LDA model assumes there are K underlying action labels (i.e., topics) according
to which video sequences are generated. For example, a typical video sequence can be

3

composed of frames with labels “walking left”, “running left”, ’standing still’, etc. Each
action is represented by a multinomial distribution over the V motion words. The “motion
words” can be thought of as a set of “prototypes” obtained by clustering all the frames in
the training set. See Fig. 4.4 for an illustration. A video sequence is generated by sampling
a mixture of these actions, then sampling motion words conditioning on a particular action.
The generative process of LDA for a video sequence w in the collection can be formalized

as follows (see Fig. 4.3(a)):

1. Choose 6 ~ Dir(«a)
2. For each of the N motion words w,:

(a) Choose an action label (i.e., topic) z, ~ Mult(f);

(b) Choose a motion word w, from w, ~ p(wy|z,,), a multinomial probability

conditioned on z,.

The parameter 6 indicates the mixing proportion of different action labels in a partic-
ular video sequence. « is the parameter of a Dirichlet distribution that controls how the
mixing proportion 6 varies among different video sequences. 3 is the parameter of a set of

multinomial distributions, each of them indicates the distribution of motion words within a
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Figure 4.3: Graphical representation of: (a) LDA model, adopted from Blei et al. [12]; (b)
S-LDA for training. Note the difference from LDA is that z is observed in this case.
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Figure 4.4: Tllustrations of topic models. Left: examples of clustering frames into “motion
words”, where each cluster (denoted by a color ellipse) corresponds to a “word”. The
red and blue clusters roughly correspond to two types of “running left”, while the green
and pink clusters roughly correspond to “running right”. Right: examples of multinomial
distributions (i.e., the parameter ) on words for two difference action labels. For the
“running left” action, the multinomial distribution has large components on the red and
blue components, while the distribution for “running right” has large components on the
green and pink components.
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particular action label. The probability of a video w = {w1, wa, ..., w, } is:

N
p(wla, 8) = / p(6]) (H Zp<zn\e>p<wn|zn,ﬁ>> do

n=1 zn

Given a collection of video sequences D = {wi,wa,...,wjs}, learning a LDA model
involves finding the model parameters o and g that maximize the log likelihood of the data
o, B) = (]1”: 1 log P(wg|a, 3). This parameter estimation problem can be solved by the
variational EM algorithm developed in Blei et al. [12].

Correlated Topic Model

Blei & Lafferty [10] point out that the Dirichlet prior on topic proportions 6 ~ Dir(«) in LDA
does not properly model the correlation of different topics in the documents. To address
this limitation, they propose a new topic model called the Correlated Topic Model (CTM).
CTM uses the logistic normal distribution, rather than the Dirichlet distribution, as the

prior distribution of the topic proportions. The generative process of CTM is as follows:

1. Choose n ~ N (u,X)
2. For each of the NV motion words w,,:

(a) Choose an action label (i.e., topic) z, ~ Mult(6), where 6; = expn;/>_; expn;;

(b) Choose a motion word w, from w,, ~ Mult(3,,)

This generative process is identical to that of LDA except that the topic proportions
are now drawn from a logistic normal rather than a Dirichlet distribution. The parameter

estimation problem in CTM can be solved by the variational EM algorithm [10].

4.1.3 Semi-Latent Topic Models for Training

In the original LDA or CTM, we are only given the words (w1, ws, ..., wy) in each video
sequence, but we do not know the topic z; for the word w;, nor the mixing proportion 6
of topics in the sequence. In order to use LDA for classification problems, people have
applied various tricks. For example, Blei et al. [12] use LDA to project a document onto
the topic simplex, then train an SVM model based on this new representation, rather than

the original vector representation of a document based on words. Although this simplex
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Figure 4.5: Graphical representation of: (a) CTM model, adopted from Blei et al. [10]; (b)
S-CTM for training. Note the difference from CTM is that z is observed in this case.
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is a more compact representation for the document, the final SVM classifier based on this
new representation actually performs worse than the SVM classifier trained on the original
vector representation based on words. Sivic et al. [95] use a simpler method by classifying
an image to a topic in which the latent topics of this image is most likely to be drawn from.
There are two problems with this approach. First of all, there is no guarantee that a “topic”
found by LDA or CTM corresponds to a particular “object class”. Secondly, it is not clear

how many “topics” to choose.

Semi-Latent Dirichlet Allocation (S-LDA)

We are interested in the action classification problem, where all the frames in the training
video sequences have action class labels associated with them. In this case, there is no reason
to ignore this important information. In this section, we introduce a modified version the
LDA model called Semi-Latent Dirichlet Allocation (S-LDA). S-LDA utilizes class labels by
enforcing a one-to-one correspondence between topics and class labels. Since we use a word
wj to represent a frame in a video sequence w = (w1, ws, ..., wy ), the topic z; for the word
w; is simply the class label of w;. The graphical representation of S-LDA model is shown
in Fig. 4.3(b). We should emphasize that the model in Fig. 4.3(b) is only for training (i.e.,
estimating o and (). In testing, we will use the same model shown in Fig. 4.3(a), together
with estimated model parameters o and S3.

Our model has several major advantages over previous approaches of using a topic model
for classification problems. First of all, the training process of the S-LDA model is much

easier than the original LDA. Secondly, we can achieve much better recognition accuracy by
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taking advantage of the class labels (see Section 4.2). In addition, we do not have to choose
the number of latent topics in S-LDA, since it is simply the number of class labels.

In LDA (see Fig. 4.3(a)), the parameters a and 3 are coupled, conditioning on the
observed words w. In that case, the model parameters (o and ) have to be estimated
jointly, which is difficult. Various approximation approaches (e.g., sampling, variational
EM, etc) have to be used. However, in S-LDA (Fig. 4.3(b)), the parameters o and (3 become
independent, conditioning on observed words w and their corresponding topics (i.e., class
labels) z. So we can estimate a and (3 separately, which makes the training procedure much
easier. In the following, we describe the details of how to estimate these parameters.

The parameter § can be represented by a matrix of size K x V, where K is the number
of possible topics (i.e., class labels) and V' is the number of possible words. The i-th row
of this matrix (f;) is a V-dimensional vector that sums to 1. f; is the parameter of a
multinomial distribution, which defines the probability of drawing each word in the i-th
topic. The maximume-likelihood estimate of ; can be calculated by simply counting the
frequency of each word appearing together with topic z;, i.e., ;; = n;;j/n;., where n;. is the
count of the i-th topic in the corpus, and n;; is the count of i-th topic with j-th word in the
corpus.

The Dirichlet parameter o can be estimated from a “Dirichlet-multinomial’ distribu-
tion (or Polya distribution), which is a compound distribution where 6 is drawn from a
Dirichlet and then a sample of discrete outcomes z is drawn from a multinomial with prob-
ability vector 6. The resulting distribution over z is p(z|o) = [, p(2]0)p(0]a)df. Given
a set of {z1,22,...,2m}, the maximum-likelihood estimate of a can be calculated using

Newton-Raphson iterations [64].

Semi-latent Correlated Topic Model (S-CTM)

We can modify the CTM model in a similar way to obtain the Semi-latent Correlated Topic
Model (S-CTM) for training. The graphical representation of S-CTM is shown in Fig. 4.5(b).

Similarly, the training algorithm of S-CTM is much simpler than CTM, due to the fact
that the parameters y and Y are decoupled from the parameters 8. The maximum likelihood
estimation of 3 is identical to that in S-LDA. Given a set {z1,z2, ..., zMm }, the parameters

p and ¥ can be estimated using the EM algorithm [40].
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Figure 4.6: Graphical representation of the variational distribution for LDA

4.1.4 Classification of New Video Sequences

Given a new video sequence for testing, we would like to classify each frame in the sequence.
Suppose the testing video sequence is represented as w = (wq, wa, ..., wy), i.e., there are N
frames in the sequence, and the n-th frame is represented by the motion word w,. Then,
we need to calculate p(z,|w) (n =1,2,...,N). The frame w, is classified to be action class
k if k = argmax; p(z, = j|w,a,3). Notice that we use p(z,|w) instead of p(z,|w,) for
classification. This reflects our assumption that the class label z, not only depends on its
corresponding word wy,, but also depends on the video sequence w = (wy, wa, ..., wy) as a

whole.

Inference of S-LDA

To calculate p(z,|w, a, 3) in S-LDA, we use the variational inference algorithm proposed in
Blei et al. [12]. The basic idea of the variational inference is to approximate the distribution
p(0,z|w, a, 3) by a simplified family of variational probability distributions ¢(6,z) with the
form ¢(0,z) = q(6]v) HnN:1 q(2zn|én). The graphical representation of ¢(0,z|v, ¢) is shown in
Fig. 4.6.

In order to make the approximation as close to the original distribution as possible,
we need to find (v*,¢*) that minimize the Kullback-Leibler (KL) divergence between the
variational distribution ¢(0,z|y, ¢) and the true distribution p(0,z|w, o, 3), i.e., (v*,¢*) =
argmin(, 4) D(q(0, 2|y, ¢)||p(0, z|w, o, 8)), where D(:|-) is the KL divergence. Finding (v*, ¢*)
can be achieved by iteratively updating (v, ¢) using the following update rules (see Blei et
al. [12] for detailed derivations):
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K
Sni o< Bivexp(U(y:) = ¥(D 7)) (4.2)
i=1
N
§i o= it Y bni (4.3)
n=1

Several insights can be drawn from examining the variational parameters (v*(w), ¢*(w)).
First of all, (v*(w), ¢*(w)) are video-specific. Also notice that Dir(~*(w)) is the distribution
from which the mixing proportion 6 for the video sequence w is drawn. We can imagine that
if we draw a sample 6 ~ Dir(y*(w)), 6 will tend to peak towards the true mixing proportion
0* of actions for the video w. So the true mixing proportion 6* can be approximated by the
empirical mean of a set of samples #) drawn from Dir(y*(w)). The second insight comes
from examining the ¢,, parameters. These distributions approximate p(zy|w,). The third
insight is that, since the topic z, is drawn from Mult(0*), 6* is an approximation of p(z,).
Then we can get p(2,|W) o p(2n|0%)p(2n|wn) = 035 ¢, w, This equation has a very appealing
intuition. It basically says the class label z, is determined by two factors, the first factor
07 tells us the probability of generating topic 2, in a document with mixing proportion
0*, the second factor ¢, ., tells us the probability of generating topic z, conditioning on
a particular word w,. We can classify frame n according to p(z,|w). If we know the video
w only contains one action, the classification label for the entire video can be obtained by

majority voting.

Inference of S-CTM

For S-CTM, the probability p(z,|w, u,>) can be similarly calculated using a variational
inference algorithm [10]. For fixed model parameters {3, i1, 3}, the log probability of a new

document w = {wy, ..., w,} can be bound using Jensen’s inequality:

= lng(w1:N|N7E7ﬂ)
> Eyllogp(8|p, )]

N N
+ ) B0z + Y Eyllog p(wnlzn, 8)] + H(g)
n=1 n=1

N K
+ 2 ( — M) Blexp{i}]) + 1 - log(C)) (4.4)
=1

n=1

where H(-) is the entropy of a distribution, E4(-) is the expectation with respect to a
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Figure 4.7: Graphical representation of the variational distribution for CTM

variational distribution ¢(6,z). The variational probability distribution ¢(6,z) is chosen
to have the form ¢(6,z) = Hfil q(0;|\i, v?) HiV:1 q(zn|én), where q(zp|dp) is a multinomial
distribution, and ¢(6;|\;, ?) is a univariate Gaussian distribution with mean \; and variance
v?. The graphical representation of the variational distribution is shown in Fig. 4.7.

For fixed model parameters {3, u, X}, the optimal values for the variational parameters
{\*,v*,(*} can be found using coordinate ascent, repeatedly optimizing (4.4) with respect
to each parameter while holding others fixed.

Maximizing (4.4) with respect to ¢ and ¢,, gives the following update rules:

K

(= exp{hi+17/2} (4.5)
=1

bni o< exp{Ai}Biw,, ie{l,.. K} (4.6)

Maximizing (4.4) with respect to A; and v? does not yield analytic solutions, but conju-

gate gradient algorithms can be used with derivatives (see [10] for detailed derivations):

dr al
T =S O = m+ ) dna — (N/Qexp{A+02/2}
n=1
dl -1 2 2
ko =X /2 = N/2Cexp{A + v /2} + 1/(207)

After obtaining (y*(w), ¢*(w)) for the video w, we can compute p(z,|w) using the same
technique used in S-LDA, i.e. p(z,|w) o< p(2,|0%)p(zn|wn) ~ 0% ¢.,w,, Where 6% is the
empirical mean of a set of samples () drawn from Dir(y*(w)). The frame n is classified
according to p(z,|w). For single-action videos, the classification label of the entire video can
obtained by majority voting. Of course, this is not the optimal way to obtain the per-video

classification from the per-frame classification — one can build a much more sophisticated
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model for this purpose. But this work focuses on per-frame classification, so we prefer a
simple and straightforward method to obtain the class label of the whole video. We will

show experimentally that this simple method already gives very good results.

4.2 Experiments

We test our algorithm on five datasets: KTH human motion dataset [90], Weizmann human
action dataset [9], hockey dataset [61], soccer dataset [24], and a new ballet dataset [26].
See Fig. 4.8 for sample frames from each dataset. Since the first three datasets (KTH,
Weizmann, hockey) only contain single-action video sequences, and most of the previously
published results are on per-video classification, we will focus on per-video classification (us-
ing majority voting described in the previous section) on these three datasets. The video
sequences in the last two datasets (soccer, ballet) contain multiple actions in a video se-
quence, so we cannot do per-video classification. We will only report per-frame classification
results on them. For each dataset, we perform “leave-one-out” cross-validation. For the first
two datasets (KTH, Weizmann), we leave the videos of one person as test data each time.
And for the last three datasets (hockey, soccer, ballet) we leave one video as test data each
time.

On the KTH and Weizmann datasets, we also show experimental results on using SVM
with large-scale features and compare with previous work that uses SVM with local patch
features. Since the classification algorithm is identical in this case, this will allow us to
compare large-scale features and local patch features directly.

Our approaches are efficient. Most of the computation is spent on the features and
codewords. After the bag-of-words representation is obtained, learning the model usually
takes less than one minute, and inference on a new video only takes a few seconds in our
unoptimized MATLAB implementation combined with existing codes in MATLAB/C [12,
10, 64, 40].

KTH dataset: The KTH human motion dataset contains six types of human ac-
tions (walking, jogging, running, boxing, hand waving and hand clapping) performed sev-
eral times by 25 subjects in four different scenarios: outdoors, outdoors with scale variation,
outdoors with different clothes and indoors. Representative frames of this dataset are shown
in Fig. 4.8. We first run an automatic preprocessing step to track and stabilize the video

sequences, so that all the figures appear in the center of the field of view. The confusion
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matrix for per-video classification of S-LDA on the KTH dataset using 1050 codewords is
shown in Fig. 4.9(a). We can see that the algorithm correctly classifies most actions. Most
of the mistakes the algorithm makes are confusions between “running” and “jogging” ac-
tions. This is intuitively reasonable, since “running” and “jogging” are similar actions. On
all of our datasets, the confusion matrices (per-frame or per-video) of S-LDA and S-CTM
have similar patterns, so we will only show one confusion matrix on each dataset.

We also test the effect of the codebook size on the overall accuracy for both per-frame and
per-video classification. The result is shown in Fig. 4.9(b). The best accuracy is achieved
with 1050 codewords for both S-LDA and S-CTM, but the results are relatively stable. We
compare our results with previous approaches on the same dataset, as shown in Table 4.1.
Performances on KTH and Weizmann (see below) datasets are saturating — state-of-the-art
approaches achieve near-perfect results. Also we should note that different methods listed
in Table 4.1 have all sorts of variations in their experiment setups, e.g., different splits of
training/testing data, whether some preprocessing (e.g., tracking, background subtraction)
is needed, with or without supervision, whether per-frame classification can be done, whether
a method handles multiple action classes in a video, etc. The results of our methods are
comparable to other state-of-the-art approaches,although we emphasize that this is not a
precise comparison due to the variations in the experiment setups mentioned before.

The KTH dataset only contains single-action videos. If one only needs per-video classi-
fication, the simplest approach is to train a discriminative classifier based on the large-scale
features. In order to see how the large-scale features would perform in this case, we build a
histogram representation based on the visual words computed from the large-scale features
for each video, then train an SVM classifer based on the histogram. This is similar to what
has been done in object recognition [121]. Using a linear SVM with the trade-off parameter
C = 1000, the best per-video classification performance is 83.31%, which is much better
than a similar approach in Schuldt et al. [90] that uses SVM based on histograms of visual
words obtained from local patches. We have tried other different values for the parameter
C'. The results are relatively stable (within ~ 3%). This demonstrates that the large-scale
features outperform local patch features. However, using the same large scale features, our
approach (S-LDA /S-CTM) still outperforms SVMs.

Weizmann dataset: The Weizmann human action dataset contains 83 video sequences
showing nine different people, each performing nine different actions. We track and stabi-

lize the figures using the background subtraction masks that come with this dataset. Some
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methods accuracy (%)
S-LDA 91.20
S-CTM 90.33
Liu & Shah[60] 94.16
Schindler & Van Gool[88] 92.70
Wong et al. [117] 91.60
Jhuang et al. [45] 91.70
Nowozin et al. [71] 87.04
Niebles et al. [70] 81.50
Dollér et al. [23] 81.17
Schuldt et al. [90] 71.72
Ke et al. [47] 62.96

Table 4.1: Comparison of different reported results (per-video) on KTH dataset. There
are many variations in terms of experiment setups among different methods, so a precise
comparison between these methods is not possible.

sample tracked frames are shown in Fig. 4.8. Fig. 4.10(b) shows how our per-frame and
per-video classification accuracies change as we vary the codebook size. S-LDA achieves a
result of 100% per-video classification and 98.91% per-frame classification with 650 code-
words. S-CTM achieves 100% accuracies for both per-frame and per-video classifications.
In Fig. 4.10(a), we show the confusion matrix for per-frame classification of S-LDA with
650 codewords. We do not show the confusion matrix for per-video classification, since
it is simply a perfect diagonal matrix. We compare our results with previous methods in
Table 4.2. Again, we accept the fact that the comparison to Niebles & Fei-Fei [69] is not
completely fair, since their method does not require any tracking or background subtraction.
Also notice that [9] classifies space-time cubes. It is not clear how it can be compared with
other methods that classify frames or videos.

Again, we conduct another experiment using an SVM classifier with the large-scale
features for video classification. The per-video accuracy is 98.8% (linear SVM with C' =
1000), which is inferior to our approaches (S-LDA/S-CTM).

Hockey dataset: The hockey dataset contains 70 tracks of hockey players performing
eight actions (skate down, skate left, skate leftdown, skate leftup, skate right, skate right-

down, skate rightup, skate up). The action labels we obtained from the authors of [61] are
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per-frame(%) | per-video(%) | per-cube(%)
S-LDA 98.91 100 N/A
S-CTM 100 100 N/A
Fathi & Mori [26] 99.9 100 N/A
Jhuang et al. [45] N/A 98.8 N/A
Niebles & Fei-Fei [69] 55 72.8 N/A
Blank et al. [9] N/A N/A 99.64

Table 4.2: Comparison of classification accuracies (per-frame, per-video, and per-cube) with
previous methods on Weizmann dataset.

per-frame(%) | per-video (%)
S-LDA 85.43 87.50
S-CTM 77.43 76.04

Table 4.3: Classification accuracies (per-frame and per-video) of S-LDA and S-CTM on the
hockey dataset.

slightly different from what they used in [61]. Some sample frames are shown in Fig. 4.8.
The confusion matrix of per-video classification of S-LDA is shown in Fig. 4.11(a). Again,
most of the mistakes are intuitively reasonable, e.g., “skate leftdown” is confused with
“skate down”, “skate rightdown” is confused with “skate down”, “skate rightup” is confused
with “skate up”, etc. In Fig. 4.11(b), we show how per-frame and per-video classification
accuracies vary with different codebook sizes.

We compare the result of S-LDA and S-CTM in Table 4.3. The KNN method based
on HOG features in Lu et al. [61] achieves a per-frame classification accuracy of 76.37%.
However, since Lu et al. [61] use different class labels (they only have four class labels instead
of eight) and experiment setup (~4000 frames for training, ~1000 frames for testing, frames
from a single video could be in both training and testing sets), a direct comparison with
their approach is impossible.

Soccer dataset: The soccer dataset contains several minutes of digitized World Cup
football game from an NTSC video tape. A preprocessing step is taken to track and stabilize
each human figure. In the end, we obtain 35 video sequences, each corresponding to a person
moving in the center of the field of view. We flip the sequences and get 70 video sequences

in total. All the frames in these video sequences are hand-labeled with one of 8 action
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labels: “run left 45°”, “run left”, “walk left”, “walk in/out”, “run in/out”, “walk right”,
“run right”, “run right 45°”. Representative frames of a single tracked person are shown
in Fig. 4.8. The confusion matrix of S-LDA using 950 codewords is shown in Fig. 4.12(a).
The overall accuracy is 77.81%. The overall accuracy of S-CTM is 78.64%. A previously
reported result is in [24], which uses a k-nearest neighbor classifier based on the temporally
smoothed motion feature vectors. However, the comparison with [24] is a bit tricky, since
[24] only flips some sequences, and there is no way to figure out which sequences are flipped
in their experiment. In order to do a fair comparison, we re-run the KNN algorithm in [24]
using their own implementation on our dataset. Table 4.4 shows the overall accuracy and
the main diagonals of the confusion matrices of our methods, compared with KNN|[24]. We
can see that our methods perform better by a large margin. A lot of the mistakes made
by our algorithm make intuitive sense. For example, “run left 45°” is confused with “run
left” and “run in/out”, “walk right” is confused with “walk in/out” and “run right”, etc.
Fig. 4.12(b) shows the effect of codebook size on the accuracy. The best accuracy peaks at
around 950 codewords for both S-LDA and S-CTM.

We can visualize the learned parameter . Since there is a § parameter for each video,
we cannot show all of them. In Fig. 4.13, we show the 6 parameter of two different videos in
the dataset learned by S-LDA. Tt is obtained as the empirical mean of samples drawn from
Dir(v) (see Sec. 4.1.4 for more details). It is obvious that the learned 6 correctly captures
the topic proportions (i.e., the proportion of actions) in each video.

Ballet dataset: Finally, we test our algorithm on a ballet dataset we collected from an
instructional ballet DVD. This dataset has been used in Fathi & Mori [26]'. We obtain 44
tracks using a simple tracking algorithm based on color histograms. We manually label each
frame with one of the eight action labels: “left-to-right hand opening”, “right-to-left hand
opening”, “standing hand opening”, “leg swinging”, “jumping”, “turning”, “hopping”, and
“standing still”. Some sample frames are shown in Fig. 4.8. Fig. 4.14(a) shows the confusion
matrix of per-frame classification of S-LDA. Our algorithm classifies most actions correctly.
The only exception is “standing still”. The reason is because it is difficult to reliably obtain
optical flow features for this action. Fig. 4.14(b) shows how the classification accuracy varies
with different codebook sizes.

We compare our results with Fathi & Mori [26] in Table 4.5. Since Fathi & Mori [26]

!The dataset is available at http://www.cs.sfu.ca/research/groups/VML/semilatent/
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S-LDA | S-CTM | KNN

run left 45° 0.4909 | 0.6208 | 0.3277
run left 0.8273 | 0.9557 | 0.6195
walk left 0.9149 | 0.8821 | 0.7585

walk in/out 0.8552 | 0.8552 | 0.4202

run in/out 0.7712 | 0.7390 | 0.2910

walk right 0.8821 | 0.8821 | 0.7585
run right 0.8076 | 0.8076 | 0.6195
run right 45° || 0.6208 | 0.6208 | 0.3277
Overall 0.7781 | 0.7864 | 0.4923

Table 4.4: Comparison of the overall accuracy (per-frame) and the main diagonal of the
confusion matrix in our method and the k-nearest neighbor (KNN) method in Efros et al. [24]
on the soccer dataset. The result of KNN is obtained by running their own implementation
on our dataset, see the text for details.

per-frame(%)

S-LDA 88.66
S-CTM 91.36
Fathi & Mori [26] 51

Table 4.5: Comparison of the overall accuracy (per-frame) with Fathi & Mori [26] on the
ballet dataset.

use exactly the same experiment setup, the comparison is fair. We can see that our method
performs significantly better.

Remarks: From the above experiments, we can see that both S-LDA and S-CTM
perform quite well. On the KTH and Weizmann datasets, the results of both models are
quite similar. On the soccer and ballet datasets, S-CTM seems to perform better than S-
LDA. This is reasonable, since these two datasets have multiple actions in a video sequence,
S-LDA does not capture their correlations as well as S-CTM. On the hockey dataset, S-LDA
seems to perform much better than S-CTM. We believe it is due to the fact that the size
of the dataset is quite small, and there are no strong correlations among different class
labels (the video only contains single actions). In this case, S-CTM is prone to overfitting

since there are more model parameters to estimate.
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We would like to point out that for single-action videos, one can train a discrimative
classifier (e.g., SVM) to classify the videos. But our experimental results on KTH and
Weizmann datasets show that S-LDA and S-CTM outperform SVM classifiers using the
same large-scale features. The real advantage of our models is that we can deal with multiple
actions in a video. Of course, one can also train a discriminative classifier to classify each
individual frame, e.g., [24, 26], but our experimental results on the soccer and ballet datasets
demonstrate empirically that those approaches perform inferior to ours.

Our experimental results also demonstrate that our approach is not very sensitive to the

codebook size. The accuracy is quite stable in a large range of codebook sizes.

4.3 Summary

We have presented two supervised hierarchical topic models for action recognition based on
motion words. Compared with previous topic models used in visual recognition, our models
are different in several aspects. First, a “visual word” in our models is obtained from large-
scale motion descriptors from a whole frame, rather than small space-time patches. The main
motivation for using large-scale descriptors is that they better capture the characteristics of
human actions. Second, the “latent topics” in our models directly correspond to different
action categories. And class labels in the training data are naturally exploited in the learning
process. On five different datasets, our methods consistently achieve superior results — either
comparable to, or significantly better than other state-of-the-art results.

Of course, our method has its own limitations. For example, it requires a preprocessing
stage of tracking and stabilizing human figures. However, we believe this is a reasonable
assumption in many scenarios. In fact, all the video sequences in our experiments are pre-
processed by off-the-shelf tracking/detection algorithms. The current datasets we use do
not have significant background clutter. It will be interesting to explore the use of our
method on more complicated datasets. As future work, we would like to collect and try our

approach on more difficult datasets.
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soccer dataset ballet dataset

Figure 4.8: Sample frames from our datasets. The action labels in each dataset are as follows.
(1) KTH dataset: walking, jogging, running, boxing, hand waving, hand clapping; (2)
Weizmann dataset: running, walking, jumping-jack, jumping-forward-on-two-legs, jumping-
in-place-on-two-legs, galloping-sideways, waving-two-hands, waving-one-hand, bending; (3)
hockey dataset: skating down, skating left, skating leftdown, skating leftup, skating right,
skating rightdown, skating rightup, skating up; (4) soccer dataset: run left 45°, run left,
walk left, walk in/out, run in/out, walk right, run right, run right 45°; (5) ballet dataset:
left-to-right hand opening, right-to-left hand opening, standing hand opening, leg swinging,
jumping, turning, hopping, standing still.
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Figure 4.9: Results on KTH dataset: (a) confusion matrix for per-video classification of
S-LDA using 1050 codewords (overall accuracy=91.2%). Horizontal rows are ground truths,
and vertical columns are predictions; (b) classification accuracy (per-frame and per-video)

vs. codebook size.
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Figure 4.10: Results on Weizmann dataset: (a) confusion matrix for per-frame classification
of S-LDA using 700 codewords (overall accuracy=98.83%); (b) classification accuracy (per-

frame and per-video) vs. codebook size.
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Figure 4.11: Results on hockey dataset: (a) confusion matrix for per-video classification of S-
LDA using 200 codewords (overall accuracy=87.5%); (b) classification accuracy (per-frame
and per-video) vs. codebook size.

run left 4510.49° 0.07 0.00 0.15 024 0.00 0.00 0.05

run leff 0.06 0.02 0.01 0.00 0.00 0.00

walk left 0.00 0.03 0.00 0.00

walk infout 0.00 0.00 0.00 0.00

run infout 0.00 0.10 0.01 0.03

accuracy(%)

walk right 0.00 0.00 0.00 0.06 0.00 0.06 0.00

runright 0.00 0.00 0.00 0.02 0.15

runright 45 0.00 0.00 0.00 0.15 0.13

U Y, %/4
%, . Yo
Oy (7

i
i
Yy, My, W 2 Uy Ny |
N 0y Yy, ey S, ",
(S S 7 T
fzqs % g “ony Oty g/”<’s 200 400 600 800 1000 1200

number of codewords

(a) (b)

Figure 4.12: Results on soccer dataset: (a) confusion matrix for per-frame classification of S-
LDA using 950 codewords (overall accuracy=77.81%); (b) per-frame classification accuracy
vs. codebook size.
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Figure 4.13: Visualization of § parameters for two different videos in the soccer dataset: (a)
a video with all the frames labeled as action 2(“run left”); (b) a video with all the frames
labeled as action 1 (“run left 45°”) or 2 (“run left”).
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Figure 4.14: Results on ballet dataset: (a) confusion matrix for per-frame classification
of S-LDA using 350 codewords (overall accuracy==88.66%), see the text for descriptions of
these actions; (b) per-frame classification accuracy vs. codebook size.



Chapter 5

HCRF for Action Recognition

In this chapter, we develop a discriminatively trained hidden part model to represent human
actions. Our model is inspired by the hidden conditional random field (hCRF) model [76]
in object recognition.

In object recognition, there are three major representations: global template (rigid,
e.g. [22], or deformable, e.g. [6]), bag-of-words [28, 35, 56, 95|, and part-based [30, 29]. All
three representations have been shown to be effective on certain object recognition tasks. In
particular, recent work [29] has shown that part-based models outperform global templates
and bag-of-words on challenging object recognition tasks.

A lot of the ideas used in object recognition can also be found in action recognition.
For example, there is work [9] that treats actions as space-time shapes and reduce the
problem of action recognition to 3D object recognition. In action recognition, both global
template [24] and bag-of-words models [70, 23, 71] have been shown to be effective on certain
tasks. Although conceptually appealing and promising, the merit of part-based models has
not yet been widely recognized in action recognition. The goal of this work is to address
this gap.

Our work is partly inspired by a recent work in part-based event detection [48]. In that
work, template matching is combined with a pictorial structure model to detect and localize
actions in crowded videos. One limitation of that work is that one has to manually specify
the parts. Unlike Ke et al. [48], the parts in our model are initialized automatically.

The major contribution of this work is that we combine the flexibility of part-based
approaches with the global perspectives of large-scale template features in a discriminative

model. We show that the combination of part-based and large-scale template features

67
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improve the final results.
The rest of the chapter is organized as follows. Section 5.1 gives details of our model.
Section 5.2 describes how we do learning and inference in the model. We present experi-

mental results in Section 5.3 and conclude in Section 5.4.

5.1 Model

Our model is based on the hidden conditional random field (hCRF) model [76] proposed
for object recognition. Objects are modeled as flexible constellations of parts conditioned
on appearances of local patches found by interest point operators. The probability of the
assignment of parts to local features is modeled by a conditional random field (CRF) [50].
The advantage of the hCRF is that it relaxes the conditional independence assumption
commonly used in the bag-of-words approaches in object recognition.

Similarly, local patches can also be used to distinguish actions. Figure. 5.1 shows some
examples of human motion and the local patches that can be used to distinguish them. A
bag-of-words representation can be used to model these local patches for action recognition.
However, it suffers from the same restriction of conditional independence assumption that
ignores that the spatial structures of the parts. In this work, we use hCRF to model the
constellation of these local patches.

There are also some important differences between objects and actions. For objects,
local patches could carry enough information for recognition. But for actions, we believe
local patches are not sufficiently informative. In our approach, we modify the hCRF model
to combine local patches and large-scale global features.

We use the same optical flow features proposed by Efros et al. [24]. See Section 4.1.1 for
details.

We use the hidden conditional random field (hCRF) [76] to model the images. Let
I be a frame in a video sequence, x be the motion feature of this frame, and y be the
corresponding class label of this frame, ranging over a finite label alphabet ). Our task
is to learn a mapping from x to y. We assume each image I contains a set of salient
patches {I1, Is, ..., I, }. we will describe how to find these salient patches in Sec. 5.2.2. Our
training set consists of labeled images (x!, ") (as a notation convention, we use superscripts
to index training images and subscripts to index patches) for t = 1,2, ...,n, where y* € Y

t .t t)xt_

and x' = (2t 2b...,2t)). 2l = xt(I;:) is the feature vector extracted from the global motion
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Figure 5.1: Examples of local discriminative patches. Each image shows a different human
action. Each square indicates a local patch that is discriminative. See Sec. 5.2.2 for details
about how these patches are obtained. In our model, we combine these local patch features
with large-scale global features that capture the actions of the whole person.
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feature x! at the location of the patch I;:. For each image I = {3, I, ..., I,,}, we assume a
vector of “part” variables h = {hy, ha, ..., by }, where each h; takes value from a finite set
of possible set H of parts. Intuitively, each h; assigns a part label to the patch I;, where
i =1,2,...,m. For example, for the action “waving-two-hands”, these parts may be used
to characterize the movement patterns of the left and right arms. The values of h are not
observed in the training set, and will become the hidden variables of the model.

We assume there are certain constraints between some pairs of (h;, hy). For example,
in the case of “waving-two-hands”, two patches h; and hy, at the left hand might have the
constraint that they tend to have the same part label, since both of them are characterized
by the movement of the left hand. If we consider h;(i = 1,2, ...,m) to be vertices in a graph
G = (E,V), the constraint between h; and hy, is denoted by an edge (j,k) € E. See Fig. 5.2
for an illustration of our model. Note that the graph structure can be different for different

images. We will describe how to find the tree structure E in Section 5.2.2.

class label LA
m ()
m ()

m ()

hidden parts

1mage

Figure 5.2: Illustration of the model. Each circle corresponds to a variable, and each square
corresponds to a factor in the model.

Given the motion feature x of an image I, its corresponding class label y, and part labels

h, a hidden conditional random field is defined as follows:
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exp(¥(y, x, h; 0))
dey ZﬁgHm exp(¥(7, x, fl; 0))
where 6 is the model parameter, and ¥(y, h,x;6) € R is a potential function parameterized
by 6. It follows that

p(y,hlx;0) = (5.1)

> henm €xp(¥(y, h,x;0))

p(ylx;0) = p(y, hlx;0) = - (5.2)
hezH:m dey ZheHm exp(¥(7,h,x;0))
We assume VU (y, h, x) is linear in the parameters 6 = {«, 3,v,n}:
U(y,hx;0) = > ol -y hy)+ Y 8oy, hy)
JjeVv jev
T , T
+ > A"y by ) 0" w(y, x) (5.3)
(.k)EE

where ¢(-) and ¢(-) are feature vectors depending on unary h;’s, 9(-) is a feature vector
depending on pairs of (h;, hi), w(-) is a feature vector that does not depend on the values

of hidden variables. The details of these feature vectors are described in the following.

Unary potential ol - ¢(z;,h;) :

This potential function models the compatibility between z; and the part label h;, i.e., how

likely the patch x; is labeled as part h;. It is parameterized as

o d(aj hy) =D ol gy ey - [ (2)) f2())] (5.4)

ceEH
where we use [f*(x;) f*(z;)] to denote the concatenation of two vectors f*(x;) and f*(z;).
f%(z;) is a feature vector describing the appearance of the patch z;. In our case, f¢(z;) is
simply the concatenation of four channels of the motion features at patch z;, i.e., f*(z;) =
[Fbf (x5) Fb, (x;) Fbf(x;) Fb, (5)]. f*(x;) is a feature vector describing the spatial loca-
tion of the patch z;. We discretize the whole image locations into [ bins, and f*(z;) is a
length [ vector of all zeros with a single one for the bin occupied by x;. The parameter al can
be interpreted as the measurement of compatibility between feature vector [f*(x;) f*(x;)]

and the part label h; = c. The parameter « is simply the concatenation of a. for all ¢ € H.
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Unary potential 87 - o(y, h;) :

This potential function models the compatibility between class label y and part label h;, i.e.,
how likely an image with class label y contains a patch with part label h;. It is parameterized

as

BT oy h) =Y Bap - Liyea} - Lin,—t) (5.5)

acY beH
where 3, indicates the compatibility between y = a and h; = b.

Pairwise potential 7 - ¢ (y, hj, hy):

This pairwise potential function models the compatibility between class label y and a pair
of part labels (hj, hy), i.e., how likely an image with class label y contained a pair of patches
with part labels h; and hy, where (j,k) € E corresponds an edge in the graph. It is

parameterized as

Vv g k) =D Y Yawe  Ly—ap - Liny—t) - Lng—c} (5.6)

a€y beH ceH

where 7,5 . indicates the compatibility of y = a, h; = b and hy, = c for the edge (j,k) € E.

Root model ' - w(y, x):

The root model is a potential function that models the compatibility of class label y and

the large-scale global feature of the whole image. It is parameterized as

=D e Ly=ay - 9(x) (5.7)

agy

where g(x) is a feature vector describing the appearance of the whole image. In our case,
g(x) is the concatenation of all the four channels of the motion features in the image,
ie., g(x) = [Fby Fb, Fby Fb,]. n, can be interpreted as a root filter that measures the
compatibility between the appearance of an image g(x) and a class label y = a. And 7 is
simply the concatenation of 7, for all a € Y.

The parameterization of ¥(y,h,x) is similar to that used in object recognition [76].
But there are two important differences. First of all, our definition of the unary potential

function ¢(-) encodes both appearance and spatial information of the patches. Secondly,
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we have a potential function w(-) describing the large scale appearance of the whole image.
The representation in Quattoni et al. [76] only models local patches extracted from the
image. This may be appropriate for object recognition. But for human action recognition,
it is not clear that local patches can be sufficiently informative. We will demonstrate this

experimentally in Section 5.3.

5.2 Learning and Inference

The model parameters 6 are learned by maximizing the conditional log-likehood on the

training images:

* _ t|t.
0* = arg max L(0) = arg max gt log p(y*|x"; 0) (5.8)
— t t.
= argmax Et log ( Eh p(y', hix ,0)) (5.9)

The objective function L(6) in Quattoni et al.[76] also has a regularization term % 110]]2.
In our experiments, we find that the regularization does not seem to have much effect
on the final results, so we will use the un-regularized version. Different from conditional
random field (CRF) [50], the objective function L(#) of hCRF is not concave, due to the
hidden variables h. But we can still use gradient ascent to find 8 that is locally optimal.
The gradient of the log-likelihood with respect to the t-th training image (x!, %) can be

calculated as:

oL (6
00(5 ) = Z [Ep(hj\yt,xt;G)QS(m;v h‘]) - Ep(hj,y|xt§9)¢(x§’ hj):|
JEV
oLt (0
85( ) = Z [Ep(hj\yt,xt;G)QO(hj’ yt) - Ep(hjyy|xi§9)<’0(hj’ y)]
JEV
oL (6
) ( ) = Z [Ep(hj,hk\yt,xt;ﬂ)w(yt> hj’ hk) B Ep(h]-,hk,y\xt;a)l/)(yv hj’ hk)]
7 (k)ER
t
P~ ) - By ) (.10
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5.2.1 Computing feature expectations

In order to calculate the feature expectation needed for the gradient, we need to com-
pute the following conditional marginal probabilities p(h;|xt, y*), p(hj, y|x'), p(hj, hi|xt, y),
p(hj, b, y|x'), p(y|x'). Assuming the edges E form a tree, these conditional marginals can
be calculated exactly in O(|Y||E||H|?) time using belief propagation.

To compute p(h;j|x",y") and p(h;, hi|x', y'), the set of “upstream” messages from part j

to its parent k£ are computed as follows.

mj(hg) o< > exp Yy’ by, he)] - ag(hy) (5.11)
h;
aj(h;) o expla” gz hy)+ BT oy b)) T mahy) (5.12)
iEkide

At the root 7, a, is the true conditional marginal p(h.|x!,y') (up to a proper normal-
ization). Starting from the root, we pass messages downstream from k to j to compute the

remaining marginals. We also simultaneously compute expectations over pairwise marginals:

p(hilx,y") o ai(hy) Y exp (Y (', by he)] p(hilx, ) (5.13)
hy
E((y', hy he)) o< > p(helxt ") Y ey’ hy ) exp (v (' by, he)] ag(hy)
he h;

The marginals p(h;, y|x") and p(h;, hi, y|x") can be calculated simultaneously in a similar
way. We just need to modify the above message passing scheme in two ways. Firstly, we
will maintain and pass the messages separately for each possible value of y. Secondly, the
upstream message for the root node r is modified as following to take into account the root

filter response n? - w(y,x):

mi(y,he) o > exp vy, by, he)] ag(y, by) (5.14)
—

J

aj(y,h;) o exp ol - gz, hy) + BT oy, hy) + 0" w(y,x)] [ maly, hy)
ickids;

All the feature expectations in Eq. 5.10 can be easily obtained once the marginals are

obtained.
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5.2.2 Implementation details

Now we describe several details about how the above ideas are implemented.
Learning root filter 7: Given a set of training images (x¢,y!), we firstly learn the root

filter n by solving the following optimization problem:

. exp (" - w(y', x"))
n* = arg max g log £(y'|x"; 1) = arg max g log (5.15)
no4 | no =y exp (' w(y,x!))

In other words, n* is learned by only considering the feature vector w(-). We then use
n* as the starting point for 7 in the gradient ascent (Eq. 5.10). Other parameters «, 3, v
are initialized randomly.

Patch initialization: We use a simple heuristic similar to that used in [29] to initialize
ten salient patches on every training image from the root filter n* trained above. For each
training image I with class label a, we apply the root filter 7, on I, then select an rectangle
region of size 5 x 5 in the image that has the most positive energy. We zero out the weights
in this region and repeat until ten patches are selected. Figure 5.1 shows examples of the
patches found in some images. The tree G = (V, E) is formed by running a minimum
spanning tree algorithm over the ten patches.

Inference: During testing, we do not know the class label of a given test image, so
we cannot use the patch initialization described above to initialize the patches, since we do
not know which root filter to use. Instead, we run root filters from all the classes on a test
image, then calculate the probabilities of all possible instantiations of patches under our
learned model, and classify the image by picking the class label that gives the maximum of
the these probabilities. In other words, for a testing image with motion descriptor x, we
first obtain |)| instances {x(V,x® . x(¥D} where each x*) is obtained by initializing
the patches on x using the root filter 7. The final class label y* of x is obtained as

y* = arg max, [max{p(y|x;0), p(y|x?;0), ..., p(y[xV; 0)}].

5.3 Experiments

We test our algorithm on the KTH human motion dataset [90] and the Weizmann human
action dataset [9)].
Weizmann dataset: We randomly choose videos of five subjects as training set, and

the videos in the remaining four subjects as test set. We learn three hCRF models with
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Figure 5.3: Confusion matrices of classification results on Weizmann dataset. Horizontal
rows are ground truths, and vertical columns are predictions.

method | root model local hCRF our approach

\H|:6||H\:10||H\:20 \H|:6||H\:10||H\:20
per-frame 0.7470 0.5722 0.6656 0.6383 | 0.8682 | 0.9029 | 0.8557
per-video 0.8889 0.5556 0.6944 0.6111 | 0.9167 | 0.9722 | 0.9444

Table 5.1: Comparison of two baseline systems with our approach on Weizmann dataset.

different sizes of possible part labels, |H| = 6,10,20. Our model classifies every frame
in a video sequence (i.e., per-frame classification), but we can also obtain the class label
for the whole video sequence by majority voting of the labels of its frames (i.e., per-video
classification). We show the confusion matrix with |H| = 10 for both per-frame and per-
video classification in Fig. 5.3.

We compare our system to two baseline methods. The first baseline (root model) only
uses the root filter n” - w(y, x), which is simply a discriminative version of Efros et al. [24].
The second baseline (local hCRF) is similarly to our model, but without the root filter
n’ - w(y,x), i.e., local hCRF only uses the root filter to initialize the salient patches, but
does not use it in the final model. The comparative results are shown in Table 5.1. We can
see that our approach is significantly better than the two baseline systems. We also compare
our results (with |H| = 10) with the results reported in [69] in Table 5.2. Our classification
accuracy is significantly better, although we accept the fact that the comparison is not
completely fair, since Niebles & Fei-Fei [69] does not require any tracking or background
subtraction.

We visualize the learned parts in Fig. 5.4(a). Each patch is represented by a color that
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‘ | per-frame(%) | per-video(%) |
Our method 90.3 97.2
Niebles & Fei-Fei [69] 55 72.8

Table 5.2: Comparison of classification accuracy (per-frame and per-video) with [69] on the
Weizmann dataset.

method | root model local hCRF our approach

\H|:6||H\:10||H\:20 \H|:6||H\:10||H\:20
per-frame 0.5377 0.4749 0.4452 0.4282 | 0.6633 | 0.6698 | 0.6444
per-video 0.7339 0.5607 0.5814 0.5504 | 0.7855 | 0.8760 | 0.7512

Table 5.3: Comparison of two baseline systems with our approach on KTH dataset.

corresponds to the most likely part label of that patch. We also visualize the root filters
applied on these images in Fig. 5.4(b).

KTH dataset: Due to the large size of this dataset, we cannot perform our experi-
ment on the whole dataset because of computation and memory constraints. Instead, we
randomly choose ten frames from each video as our dataset. We randomly split the videos
roughly equally into training and test sets. We make sure videos from the same subject
doing the same action are not present in both training and test sets. The confusion matri-
ces (with |H| = 10) for both per-frame and per-video classification are shown in Fig. 5.5.
The comparison with the two baseline algorithms is summarized in Table 5.3. Again, our
approach outperforms the two baselines systems.

We have not found any previously published results on per-frame classification on KTH
dataset. We can only compare with previous work in terms of per-video classification.
The result is summarized in Table 5.4. We should emphasize that we do not attempt a
direct comparison, since we did not use the whole dataset. In addition, different methods
listed in Table 5.4 have all sort of variations in their experiments (e.g., different split of
training/test data, whether temporal smoothing is used, whether per-frame classification
can be performed, whether tracking/background subtraction is used, etc.), which make it
impossible to directly compare them. We provide the results only to show that our approach

is comparable to the state-of-the-art.
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Figure 5.4: (a) Visualization of the learned parts. Patches are colored according to their most
likely part labels. Each color corresponds to a part label. Some interesting observations can
be made. For example, the part label represented by red seems to correspond to the “moving
down” patterns mostly observed in the “bending” action. The part label represented by
green seems to correspond to the motion patterns distinctive of “hand-waving” actions;
(b) Visualization of root filters applied on these images. For each image with class label
¢, we apply the root filter 7.. The results show the filter responses aggregated over four
motion descriptor channels. Bright areas correspond to positive energies, i.e., areas that are
discriminative for this class.
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Figure 5.5: Confusion matrices of classification results on KTH dataset. Horizontal rows
are ground truths, and vertical columns are predictions.

‘ methods H % ‘

Our method 87.60
Jhuang et al. [45] || 91.70
Nowozin et al. [71] || 87.04
Niebles et al. [70] || 81.50

Dollar et al. [23] 81.17
Schuldt et al. [90] || 71.72
Ke et al. [47] 62.96

Table 5.4: Comparison of per-video classification accuracy with previous approaches on
KTH dataset.
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5.4 Summary

We have presented a discriminatively learned part model for human action recognition.
Unlike previous work [48], our model does not require manual specification of the parts.
Instead, the parts are initialized by a learned root filter. Our model combines both large-
scale features used in global templates and local patch features used in bag-of-words models.
Our experimental results show that our model is quite effective in recognizing actions. The

results are comparable to the state-of-the-art approaches.



Chapter 6

MMHCREF for Action Recognition

In this chapter, we develop a max-margin learning framework for solving various classifica-
tion problems involving hidden structures. In particular, we apply our learning method to
learn the HCRF model for action recognition in Chapter 5.

Many problems in computer vision can be formulated as classification with structured
latent variables. Consider the following three vision tasks. (1) Pedestrian detection: it
can be formulated as a binary classification problem that classifies an image patch x to be
+1 (pedestrian) or -1(non-pedestrian). The locations of the body parts can be considered
as latent variables in this case, since most of the existing training datasets for pedestrian
detection do not provide this information. These latent variables are also structured — e.g.,
the location of the torso imposes certain constraints on the possible locations of other parts.
Previous approaches [29, 106] usually use a tree structured model to model these constraints.
(2) Object recognition: this problem is to assign a class label to an image that contains the
object of interest. If we consider the figure/ground labeling of pixels of the image as latent
variables, object recognition is also a problem of classification with latent variables. The
latent variables are also structured, typically represented by a grid-structured graph. (3)
Object identification: given two images, the task is to decide whether these are two images
of the same object or not. If an image is represented by a set of patches found by interest
point operators, one particular way to solve this problem is to first find the correspondence
between patches in the two images, then learn a binary classifier based on the result of the
correspondence [5]. Of course, the correspondence information is “latent” — not available in
the training data, and “structured” — assuming one patch in one image matches to one or

zero patches in the other image, this creates a combinatorial structure [103].

81
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One simplified approach to solve the above-mentioned problems is to ignore the latent
structures, and treat them as standard classification problems, e.g., Dalal & Triggs [22] in
the case of pedestrian detection. However, there is evidence [29, 77, 106, 113] showing that
incorporating latent structures into the system can improve the performance.

One way to solve problems of classification with structured latent variables is to use the
HCRF model presented in Chapter 5. However, the difficulty of applying HCRF is that
the training algorithm involves summing over all the latent variables. If the latent variables
form certain structures (e.g. trees), this summation can be done exactly. But for a lot of
interesting structures, this summation turns out to be a computational bottleneck. In this
chapter, we propose a max-margin learning framework for training classifiers with structured
latent variables that can be applied in a wider range of structures. We introduce an efficient
learning algorithm based on the cutting plane method and decomposed dual optimization.
We apply our proposed model to recognize human actions from video sequences, where we
model a person by a root template and a constellation of several “parts”, similar to the
HCRF model in Chapter 5. We call our approach the Maz-Margin Hidden Conditional
Random Field (MMHCRF). We show experimentally that the MMHCRF achieves better
performance than the HCRF. More importantly, the max-margin learning allows us to deal
with more complex latent structures (e.g., matching/correspondence mentioned before).

In this chapter, we only consider latent structures that form a tree-structured model,
and we restrict ourselves to the application domain of human action recognition. But the
proposed framework is quite general and can be applied in other domains that involve highly
complex latent structures.

MMHCREF is closely related to the hidden conditional random field (HCRF) model [77].
The basic idea of HCRF in object recognition is to model an object as a constellation of
“parts” conditioned on local observations found by an interest point operator. For each ob-
ject class, the probability of assigning part labels to local features is modeled by a conditional
random field (CRF) [50]. The parameters of a HCRF model are learned by maximizing the
conditional likelihood of the training data. The limitation of HCRF's is that the training in-
volves summing over all the possible labelings of the latent variables. If the latent variables
form certain graph structures (e.g. trees, graphs of low tree-width), this summation can be
done analytically. For latent structures of general graph topology, HCRFs have to resort
to various approximations (e.g. loopy belief propagation, mean-field variational methods,

etc.) for training. For even more complicated structures (e.g. matching/correspondence), it
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is not even clear how to approximate the computation. Compared with HCRFs, our model
can handle a much wider range of latent structures. This is in analog to the advantage of
the max-margin Markov network (M3N) [102, 103] over the CRF in the structured-output
learning literature.

Another closely related work is the latent SVM (LSVM) [29]. The LSVM is proposed
for object detection (binary classification). It models an object as a global coarse template
covering an entire object and several higher resolution part templates. The positions of the
root template and the parts are latent in LSVMs. LSVMs learn the model parameters using
a max-margin discriminative training method. Our work is different from LSVMs in several
directions. First of all, our model directly handles multi-class classification. Unfortunately,
unlike LSVMs, the resultant optimization problem is not in a standard form that can be
solved by off-the-shelf SVM solvers (e.g., SVMLight). We propose an efficient algorithm
based on the cutting-plane method and the decomposed dual optimization. Our learning
algorithm is intuitive and easy to implement. It is also quite general — one only needs to
change a small component of the algorithm in order to handle different latent structures.
The potential functions and parametrization of our model are also significantly different
from those used in LSVMs. In our model, a hidden variable corresponds to a “part label”,
while in LSVMSs, a hidden variable corresponds to the location of a part. The parts in our
model can have a variety of constraints, while in the model used in LSVMSs, the parts only

have constraints with respect to a root filter.

6.1 Model

Our approach uses the same motion features used in Chapter 4 and Chapter 5. Please refer
to Section 4.1.1 for details. We model a frame in a video in a similar way to the HCRF
model presented in Chapter 5. For completeness, we briefly review the model in this section.
A frame is represented by a global motion feature extracted from the whole frame and a
set of salient local patches. Our model consists of a root filter and a constellation of several
hidden parts. The root filter models the compatibility of the action label and the global
motion feature of the whole frame. A hidden part assigns a latent “part label” to a local
patch. Intuitively, those “part labels” correspond to local motion patterns that are useful
for discriminating different actions. Figure 6.1 shows some sample frames and the learned

hidden part labels. The constraints among the patches are captured by pairwise potential
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functions defined in the model.

Let I be a frame in a video sequence. We assume I contains a set of salient patches
{1, 12,....,I,}. Let z be the feature vector extracted from the frame I, and y € ) be a
class label, with discrete domain ). We assume z has the form of 2 = (sq, s1, ..., S ), where
S0 is the motion feature vector extracted from the whole frame, and s;(i = 1,2,...,m) is
the motion feature vector extracted from the patch I;. We assume [ is associated with
a vector of hidden variables of the form h = (z1, 29, ..., 2;,), where z; takes values from a
discrete set ‘H of possible “part” labels. Intuitively, z; assigns a “part label” to the patch I,
where a “part label” corresponds to certain motion patterns distinctive of certain actions.
For example, one “part label” might corresponds to the “moving down” pattern commonly
observed in “bending” action, another “part label” might correspond to the motion pattern
distinctive of “hand-waving” action. See Figure 6.1 for examples of learned part labels. In
our model, there are certain constraints between some pairs of (2, 2z,). We use a undirected
graph G = (V, €) to represent (21, 22, ..., 2m ), where a vertex v; € V corresponds to the part
label z;, and an edge (vj,vy) € € corresponds to the constraint between z; and zj. Similar
to HCRFs [77, 113], £ is assumed to form a tree. The tree structure is obtained by running
a minimum spanning tree algorithm over the salient patches.

The (z,y) pair is scored by a function of the form f,(z,y) = max, w' ®(x,h,y). Here
w is a vector of model parameters and h are the latent variables. The example x is
classified according to y* = argmax, fi,(2,y). The model parameters w have four parts

w = {wg, wi,ws, w3}, and w' ®(x, h,y) is defined as:

w' ®(z, h,y) = wg - do(y,s0) + ZwlT - P1(85, 25)
JEV
+ ws 2y, 5) + D ws - 6a(y, %, %) (6.1)
jev (j.k)EE

The forms of these potential functions and the parametrization are identical to those in
Chapter 5. w] ¢o(y, so) is a root filter that models the compatibility of the class label y
and the large-scale global feature of the whole image. It is parametrized as wg ¢o(y, so) =
> acy wg, - 1(y = a) - g(s0), where g(s) is the concatenation of the motion features Fb},
v, F b;r, Fb, from the patch sg (i.e., the whole image), wg, can be interpreted as a root
filter that measures the compatibility of the class label a and the motion vector g(sg), wp is
a simply the concatenation of wo, for Ya € Y. Similarly, w] ¢1(s;j,2j) = > ep Wi, - L(zj =

c) - g(sj) measures the compatibility of the feature vector g(s;) extracted from the j-th
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walk wavel wave2

Figure 6.1: Visualization of the learned parts. Patches are colored according to their most
likely part labels. Interesting observations can be made. For example, the parts colored
in red, yellow and green seem to be distinctive of “bend” “pjump” and “wave” actions,
respectively. We can also observe the “sharing of parts” among different actions. For

bR

example, the parts colored in blue and light blue are shared by “walk” “run” “jack” actions.
patch and a hidden part label 2; for the j-th patch. wg ¢a(y, 2;) = Dacy Dper Weab Ly =
a) - 1(2; = b) measures the compatibility of the class label y and a hidden part label z; for
the j-the patch. w;¢3(y, Zj, 2) = Zaey Y ober 2ocer Waabe - Ly =a) - 1(z; = b) - L(z, = ¢)
measures the compatibility of a class label y and a pair of hidden part labels (z;, z;) for

a pair of (j,k)-th patches. These constraints defined on edges capture the intuition that

patches with certain hidden part labels tend to appear together for certain actions.
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6.2 Learning

Our learning method is inspired by the success of max-margin methods in machine learn-
ing [3, 19, 29, 102]. Given a learned model, the classification is achieved by first finding
the best labeling of the hidden parts for each action, then picking the action label with the
highest score. The learning algorithm aims to set the model parameters so that the scores
of correct action labels on the training data are higher than the scores of incorrect action

labels by a large margin.

6.2.1 Max-Margin HCRF

A max-margin hidden conditional random field (MMHCRF) is defined as follows. Recall

that an (z,y) pair is scored by a function of the form:
Fulw,y) = maxw' ®(z, h,y) (6.2)

where w is the model parameter and h is a vector of hidden variables. In our work, we
consider the case in which h = (21, 29, ..., 2;,) forms a tree-structured undirected graphical
model, but our proposed model is a rather general framework and can be applied to a wide
variety of structures. We will briefly discuss them in Sec. 6.2.4. Similar to latent SVMs,
MMHCRFs are instances of the general class of energy-based models [57].

Let D = ((z1,91), (z2,92), ..., (xn,yn)) be a set of labeled training examples. The goal
of learning is to learn the model parameter w, so that for a new example x, we can classify
x to be class y* if y* = argmax, f(z,y).

In analogy to classical SVMs, we would like to train w from labeled examples D by

solving the following optimization problem:

)

1
rgi? §\|w|\2 ‘1‘02&
1

§&=>0, Vi (6.3)

where C is the trade-off parameter similar to that in SVMs, and ¢; is the slack variable for

the i-the training example to handle the case of soft margin.



CHAPTER 6. MMHCRF FOR ACTION RECOGNITION 87

The optimization problem in (6.3) is equivalent to the following optimization problem:

1
min o] +CZ&
3

s.t. m}?wa@(xi,h,y) — H}LE,%X’U)T(I)(JZ'i,hlayi)
< 52 - 5(:’/71/2')7 V’L, Vy

{1 ity # y;

where 0(y,y;) = (6.4)

0 otherwise

6.2.2 Semi-Convexity and Primal Optimization

Similar to LSVMs, MMHCRF's have the property of semi-convexity. Note that f,(x,y) is
a maximum of a set of functions, each of which is linear in w, so f,(z) is convex in w. If
we restrict the domain of A’ in (6.4) to a single choice, the optimization problem of (6.4)
becomes convex [16]. This is in analog to restricting the domain of the latent variables
for the positive examples to a single choice in LSVMs [29]. But here we are dealing with
multi-class classification, our “positive examples” are those (z;,y) pairs where y = y;.

We can compute a local optimum of (6.4) using a coordinate descent algorithm similar
to LSVMs [29]:

1. Holding w, ¢ fixed, optimize the latent variables b’ for the (x;,y;) pair:
hivyi = arg InhE}X /wT(I)(xia hla yl)

2. Holding h; 4, fixed, optimize w, { by solving the following optimization problem:

5

. 1 9
min | +C§;§z
T T
s.t. m}?xw O (4, h,y) —w' P(zi, hiy,, i)

It can be shown that both steps always improve or maintain the objective [29].

The optimization problem in Step 1 can be solved efficiently for certain structures of
I (see Sec. 6.2.4 for details). The optimization problem in Step 2 involves solving a quadratic
program (QP) with piecewise linear constraints. Although it is possible to solve it directly

using barrier methods [16], we will not be able to take advantage of existing highly optimized
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solvers (e.g., CPLEX) which only accept linear constraints. It is desirable to convert (6.5)
into a standard quadratic program with only linear constraints.

One possible way to convert (6.5) into a standard QP is to solve the following convex
optimization problem:

1
min ]| +CZ&

)

s.t. wT(I)(xia hv y) - wT(I)(mi) hi,yi) yz)
<& — (Y, vi)s Vi, Vh,Vy (6.6)

It is easy to see that (6.5) and (6.6) are equivalent, and all the constraints in (6.6) are
linear. Unfortunately, the optimization problem in (6.6) involves an exponential number of
constraints — for each example x; and each possible labeling y, there are exponentially many
possible h’s.

We would like to perform optimization over a much smaller set of constraints. One
solution is to use a cutting plane algorithm similar to that used in structured SVMs [3]
and CRFs [101]. In a nutshell, the algorithm starts with no constraints (which corresponds
to a relaxed version of (6.6)), then iteratively finds the “most violated” constraints and
adds those constraints. It can be shown that this algorithm computes arbitrarily close
approximation to the original problem of (6.6) by evaluating only a polynomial number of
constraints.

More importantly, the optimization problem in (6.6) has certain properties that allow
us to find and add constraints in an efficient way. For a fixed example x; and a possible

label y, define h; ,, as follows:
hi, = arg max w' ®(z, h,y)
Consider the following two set of constraints for the (x;,y) pair:

W (x4, hiy,y) — w' @(24, hiy,, i)

<& =0y, vi) (6.7)
wT@(l‘i, h, y) — wT‘I)(xi, hi,yiv yl)
<& —0(y,yi), Vh (6.8)

It is easy to see that (6.7) and (6.8) define the same set of constraints, i.e., (6.7) implies
(6.8) and vice versa. This suggests that for a fixed (x;,y) pair, we only need to consider the

constraint involving h; .
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Putting everything together, we learn the model parameter w by iterating the following

two steps.

1. Fixing w, £, optimize the latent variable h for each pair (z;,y) of an example z; and a
possible labeling y:

h;, = arg max w' ®(z;,h,y)

2. Fixing h;, Vi, Vy, optimize w,{ by solving the following optimization problem:

1
121? §Hw|\2+cz&
A
st w! ®(z;, hiy,y) — w' O(z, iy > Yi)

Step 1 in the above algorithm can be efficiently solved for certain structured h (Sec. 6.2.4).
Step 2 involves solving a quadratic program with N x |)| constraints.

The optimization in (6.9) is very similar to the primal problem of a standard multi-class
SVM [19]. In fact, if h;, is the same for different y’s, it is just a standard SVM and we can
use an off-the-shelf SVM solver to optimize (6.9). Unfortunately, the fact that h;, can vary
with different y’s means that we cannot directly use standard SVM packages. We instead

develop our own optimization algorithm.

6.2.3 Dual Optimization

In analog to classical SVMs, it is helpful to solve the problem in (6.9) by examining its dual.
To simplify the notation, let us define V(x;,y) = (4, hiy,y) — P(xs, hiy,,yi). Then the

dual problem of (6.9) can be written as follows:
1
max Z > iy by, yi) - 5” Z D iy Ua,y)l)?
% Y ? Y
s.t. Z QG y = C, Vi
y
ajy >0, Vi, Vy (6.10)

The primal variable w can be obtained from the dual variables « as follows:

w= - Z Z ai,yqj(djh Y)
Y

i
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Note that (6.10) is quite similar to the dual form of standard multi-class SVMs. In fact,
if h; 4 is a deterministic function of z;, (6.10) is just a standard dual form of SVMs.
Similar to classical SVMs, we can also obtain a kernelized version of the algorithm by

defining a kernel function of size N x || by N x |)| in the following form:
R A T /
K(z?yajvy)_qj(xiay) ‘Il(xjay)

Let us define a as the concatenation of {a;, : Vi Vy}, so the length of o is N x |)|.
Define A as a vector of the same length. The (i,y)-th entry of A is 1 if y # y;, and 0

otherwise. Then (6.10) can be written as:
T L T
max, o A——a' K«

s.t. Z iy = C, Vi
y

iy >0, Vi, Vy (6.11)

Note the matrix K in (6.11) only depends on the dot-product between feature vectors
of different (z;,y) pairs. So our model has a very intuitive and interesting interpretation —
it defines a particular kernel function that respects the latent structures.

It is easy to show that the optimization problem in (6.10) is concave, so we can find its
global optimum. But the number of variables is N x |)|, where N is the number of training
examples, and || is the size of all possible class labels. So it is infeasible to use a generic
QP solver to optimize it.

Instead, we decompose the optimization problem of (6.10) and solve a series of smaller
QPs. This is similar to the sequential minimal optimization (SMO) used in SVM [19, 73]
and M3N [102]. The basic idea of this algorithm is to choose all the {a;, : Vy € Y} for a
particular training example z; and fix all the other variables {ay , : Vk : k # i,Vy' € Y} that
do not involve z;. Then instead of solving a QP involving all the variables {«;, : Vi, Vy},
we can solve a much smaller QP only involving {«;, : Vy}. The number of variables of this
smaller QP is |Y|, which is much smaller than N x |)|.
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First we write the objective of (6.10) in terms of {«;, : Yy} as follows:
L({eiy :Vy})
1
= Z ai,y(s(yu yl) - 5 [H Z ai,y‘ll(x’h y)‘ |2
y y

-

2(Yaitey) (X2 ak,y/wk,y'))]
y k:k#i y'

+other terms not involving {a; , : Vy}

The smaller QP corresponding to (z;,y;) can be written as follows:

max  L({aiy :Vy})

Qi y VY
s.t. Z QG y = C
y
iy >0, Yy (6.12)
Note ki Dy Wy V(7k, y') can be written as:

—w =Y iy U, y)
Yy

So as long as we maintain (and keep updating) the global parameter w and keep track of
a;y and U(z;,y) for each example (x;,v;), we do not need to actually do the summation
> kikti Oy When optimizing (6.12). In addition, when we solve the QP involving a;,y for
a fixed ¢, all the other constraints involving oy, where k # ¢ are not affected. This is not
the case if we try to optimize the primal problem in (6.9). If we try to optimize the primal
variable w by only considering the constraints involving the i-th examples, it is possible
that the new w obtained from the optimization might violate the constraints imposed by
other examples. There is also work [18] showing that the dual optimization has a better

convergence rate.

6.2.4 Finding the Optimal h

The alternating coordinate descent algorithm for learning the model parameter w described

in Sec. 6.2.2 assumes we have an inference algorithm for finding the optimal h* for a fixed
(z,y) pair:

h* = arg max w'! ®(x, h,y) (6.13)
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In order to adopt our approach to problems involving different latent structures, this is the
only component of the algorithm that needs to be changed.

If h = (21,29, ..., 2, ) forms a tree-structured graphical model, the inference problem in
(6.13) can be solved exactly, e.g., using the Viterbi dynamic programming algorithm for
trees. We can also solve it using standard linear programming as follows [103, 108]. We
introduce variables (14 to denote the indicator 1(z; = a) for all vertices j € V and their
values a € H. Similarly, we introduce variables fijqp to denote the indicator 1(z; = a, 2, =
b) for all edges (j,k) € £ and the values of their nodes, a € H, b € H. We use 9;(z;)
to collectively represent the summation of all the unary potential functions in (6.1) that
involve the node j € V. We use 91 (%;, z) to collectively represent the summation of all the
pairwise potential functions in (6.1) that involve the edge jk € £. The problem of finding

of optimal ~A* can be formulated into the following linear programming (LP) problem:

01;132(1 Z Z ujal/)j(a) + Z Z Z ,Ujkab¢jk(av b)

T JjeVaeH JkEE acH beH
s.t. Z Hja = 1, VjeVy
aeH
Z Zujkab =1, Vjkeé&
acH be'H
> ljkas = pre, ik €E, VbeH
aeH
> ljkab = pja, VikE€E, VaeH (6.14)
beH

If the optimal solution of this LP is integral, we can recover h* from u* very easily. It
has been shown that if £ forms a forest, the optimal solution of this LP is guaranteed to
be integral [103, 108]. For general graph topology, the optimal solution of this LP can be
fractional, which is not surprising, since the problem in (6.13) is NP-hard for general graphs.
Although the LP formulation does not seem to be particularly advantageous in the case of
tree-structured models, since they can be solved by Viterbi dynamic programming anyway;,
the LP formulation provides a more general way of approaching other structures (e.g.,

Markov networks with sub-modular potentials, matching [103]).

6.2.5 Comparison with HCRF

MMHCRFs are closely related to HCRFs. The main difference lies in their different learning

criteria — maximizing the margin in MMHCRFs, and maximizing the conditional likelihood
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in HCRFs. As a result, the learning algorithms for MMHCRFs and HCRF's involve solving
two different types of inference problems — maximizing over h, versus summing over h.
From the computational perspective, if h has a tree structure and |H]| is relatively small,
both inference problems (max vs. sum) can be solved exactly, using dynamic program-
ming and belief propagation, respectively. But the inference problem (maximization) in
MMHCRFs can deal with a much wider range of latent structures. Here are a few exam-

ples [103] (although these problems are not addressed in this dissertation):

e Binary Markov networks with sub-modular potentials, commonly encountered in fig-
ure/ground segmentation [49]. MMHCRFSs can use LP [103] or graph-cut [49] to solve
this problem. For HCRFs, this problem can only be solved approximately, e.g., using

loopy BP or mean-field variational methods.

e Matching/correspondence. This structure can be solved by MMHCRFs using LP [89,
103]. It is not clear how HCRF's can be used in this situation, since it requires summing

over all the possible matchings.

e Tree-structures, but each node in h can have a large number of possible labels (e.g.,
all the possible pixel locations in an image), i.e., |H| is big. If the pairwise potentials
have certain properties, distance transform [30] can be applied in MMHCRF's to solve
the problem. This is essentially what has been done in [29]. This problem can also be
solved by HCRFs using convolution. But distance transform (O(|H|)) is more efficient
than convolution (O(|H|log |H])).

From the modeling perspective, we believe MMHCRF's are better suited for classification
than HCRFs. This is because HCRF's require summing over exponentially many hA’s. In
order to maximize the conditional likelihoods, the learning algorithm of HCRFs has to try
very hard to push the probabilities of many “wrong” labelings of h’s to be close to zero.
But in MMHCRFSs, the learning algorithm only needs to push apart the “correct” labeling
and its next best competitor. Conceptually, the modeling criterion of MMHCRFs is easier
to achieve than that of HCRFs. A more rigorous analysis of these two different learning

criteria will be an interesting and important future work.
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Figure 6.2: Confusion matrices of classification results on Weizmann and K'TH dataset. The
confusion matrix of per-video classification on the Weizmann dataset is not shown, since it
is simply a perfect diagonal matrix.

6.3 Experiments

We test our algorithm on the Weizmann human action dataset [9] and the KTH human
motion dataset [90]. Performance on these benchmarks is saturating — state-of-the-art
approaches achieve near-perfect results. We show our method outperforms the HCRF
model [113] and is comparable to other state-of-the-art approaches. In order to do a fair
comparison with [113], we use the same split of training/testing data. We also use the same
patch initialization technique in [113] to find ten salient patches in each image. We set
C =1 in all the experiments.

Weizmann dataset: Similar to the experiments in Chapter 5, we learn our model with
different sizes of possible part labels, |H| = 6,10,20. During testing, our model performs
per-frame classification, then obtains the class label for the video by majority voting.

The comparison with the HCRF model [113] is shown in Table 6.1. Our model outper-
forms HCRF in all three cases. The comparison with other approaches is summarized in
Table 6.2. We should emphasize that we do not attempt a direct comparison, since Niebles
& Fei-Fei [69] does not require stabilization, and Blank et.al [9] uses a different measure-
ment (per-cube accuracy). We show the confusion matrix of our approach with |H| = 10
for per-frame classification in Fig. 6.2(a). The confusion matrix for per-video classification
is omitted, since it is just a perfect diagonal matrix.

KTH dataset: Similarly, we learn the model with |H| = 6, 10,20 on the KTH dataset.

The confusion matrices of our approach (with |H| = 10) for both per-frame and per-video
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| method [| [H[=6 | [H|=10 | [H]=20 |
0.8682 | 0.9029 | 0.8557
HCRF 0.9167 | 0.9722 | 0.9444
O anoroncl || 0-8996 | 0.9311 [ 0.8891
PP 0.9722 | 1.0000 | 0.9722

95

Table 6.1: Comparison of our approach with the HCRF model [113] on the Weizmann
dataset. The first number in each cell is the accuracy of per-frame classification. The
second number is the accuracy of per-video classification.

‘ method H per-frame ‘ per-video ‘ per-cube ‘
Our method 0.9311 1.0000 N/A
Wang & Mori [113] 0.9029 0.9722 N/A
Jhuang et al. [45] N/A 0.9880 N/A
Niebles & Fei-Fei [69] 0.5500 0.7280 N/A
Blank et al. [9] N/A N/A 0.9964

Table 6.2: Comparison of classification accuracy with previous work on the Weizmann
dataset.

classification are shown in Fig. 6.2(b,c). The comparison with the HCRF model is summa-
rized in Table 6.3. Again, our approach outperforms the HCRF model.

The comparison with other approaches is summarized in Table 6.4. Again, we would
like to emphasize that this is not a direct comparison, due to all sorts of variations of the
experiment setups in different methods listed in Table 6.4. We only show the results to

demonstrate that our approach is comparable to other state-of-the-art methods.

| method [| [H[=6 | [H|=10 | [H]=20 |
0.6633 | 0.6698 | 0.6444
HCRF 0.7855 | 0.8760 | 0.7512
O aoronct, || 0-7064 | 0.7853 | 0.7486
PP 0.8475 | 0.9251 | 0.8966

Table 6.3: Comparison of our approach with the HCRF model on the KTH dataset. The
first number in each cell is the accuracy of per-frame classification. The second number is
the accuracy of per-video classification.
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‘ method H accuracy ‘

Our method 0.9251

Liu & Shah [60] 0.9416
Jhuang et al. [45] 0.9170
Wang & Mori [113] 0.8760
Niebles et al. [70] 0.8150
Dollar et al. [23] 0.8117
Schuldt et al. [90] 0.7172

Table 6.4: Comparison of per-video classification accuracy with previous approaches on the
KTH dataset.

6.4 Summary

We have presented the max-margin hidden conditional random field — a learning framework
for training multi-class classifiers with structured latent variables. We propose an efficient
learning algorithm based on the cutting plane method and decomposed dual optimization.
Our proposed model is quite general and can be applied in a wide range of latent structures,
as long as we have an algorithm for solving the inference in Sec. 6.2.4. For a lot of vision
applications, this inference is easier than computing the summation over all the latent
variables, which is required by HCRF training. Our experimental results show that the max-
margin learning achieves better performance than the conditional likelihood learning, which
is consistent with similar findings in the structured output learning literature [3, 102, 103].

As future work, we would like to apply our model in various vision problems that in-
volve latent structures, and to derive efficient approximation algorithms for general graph
structures, of which exact inference is intractable. We also plan to further investigate the
theoretical differences between the max-margin and the conditional likelihood learning cri-

teria.



Chapter 7

Conclusion and Future Work

In this dissertation, I have presented a series of models and algorithms for solving two im-
portant problems in the general area of “looking at people”, namely, human pose estimation
and human action recognition. A common theme of the proposed approaches is that they
all involve learning structured models. In particular, I have proposed methods for modeling
structures outputs for human pose estimation, structured latent variables for part-based
action recognition, and temporal structures for sequence-based action recognition.

The line of work presented in this dissertation leads to many interesting and exciting
directions for future research. In the following, I will briefly highlight several directions for
future research.

Structured Output-Structured Hidden Variables: The first obvious direction for fu-
ture work is to consider problems involving more complex structures, i.e., both the outputs y
and hidden variables h are structured. Many problems in computer vision can be formulated
using this setting. Consider the following example. Suppose we have a collection of images
x with associated tags y. Let us assume y have certain structures. One particular form of
such structures is a MRF model where the edges are formed by examining the co-occurrence
statistics of pairs of tags in a corpus [75] — if two tags appear together frequently (e.g., “car”
and “road”), an edge in the MRF models the correlation of these two tags. If an image z is
segmented into several regions, we can assume that each tag is associated with one or more
regions in the image. Of course, the correspondence between tags and image regions are not
observed in the training data, so we can consider this information as hidden variables. If we
can successfully learn a model that combines all these inputs (images), outputs (tags) and

hidden variables (correspondence between tags and images regions), we can use the model

97
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for a lot applications, e.g., auto-tagging images, image retrieval, etc. There are many other
exciting applications in computer vision that can be formulated into this setting.
Weakly Supervised Learning: We can extend the framework to the case where the
hidden variable h is observed in some of the training data. This line of research is related to
our previous work [37] on learning with incomplete information. The hope is that observing
h on some training data will make it easier to train the model and to learn semantically
meaningful hidden structures.
Multiple Tasks: Thirdly, instead of having one layer of hidden variable h and one layer
of output y, we can extend to more complicated models involving multiple layers of h and
y. Different layers of y (multi-class or structured-output) correspond to different high-level
tasks. Different layers of h correspond to different aspects of the assumptions, e.g., in the
object recognition case, we can have one layer of hidden variables h; for the figure/ground
labeling, another layer of hidden variables hy for the object bounding box. h; and hy can
both interact with each other. The hope is that different tasks and different hidden variables
will reinforce each other and provide different views of the data.

I believe structured models open the door to many exciting research problems. They will

allow us to explore vast amount of visual data in which rich structures are ubiquitous.
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