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Abstract

Modeling visual scenes is one of the fundamental tasks of computer vision. Whereas
tremendous efforts have been devoted to video analysis in past decades, most prior
work focuses on specific tasks, leading to dedicated methods to solve them. This
PhD thesis instead aims to derive a probabilistic generative model that coherently
integrates different aspects, notably appearance, motion, and the interaction between
them. Specifically, this model considers each video as a composite of dynamic layers,
each associated with a covering domain, an appearance template, and a flow describ-
ing its motion. These layers change dynamically following the associated flows, and
are combined into video frames according to a Z-order that specifies their relative
depth-order.

To describe these layers and their dynamic changes, three major components are
incorporated: (1) An appearance model describes the generative process of the pixel
values of a video layer. This model, via the combination of a probabilistic patch
manifold and a conditional Markov random field, is able to express rich local details
while maintaining global coherence. (2) A motion model captures the motion pattern
of a layer through a new concept called geometric flow that originates from differential
geometric analysis. A geometric flow unifies the trajectory-based representation and
the notion of geometric transformation to represent the collective dynamic behaviors
persisting over time. (3) A partial Z-order specifies the relative depth order between
layers. Here, through the unique correspondence between equivalent classes of partial
orders and consistent choice functions, a distribution over the spaces of partial orders
is established, and inference can thus be performed thereon.

The development of these models leads to significant challenges in probabilistic
modeling and inference that need new techniques to address. We studied two im-
portant problems: (1) Both the appearance model and the motion model rely on
mixture modeling to capture complex distributions. In a dynamic setting, the com-
ponents parameters and the number of components in a mixture model can change
over time. While the use of Dirichlet processes (DPs) as priors allows indefinite
number of components, incorporating temporal dependencies between DPs remains a
nontrivial issue, theoretically and practically. Our research on this problem leads to a



new construction of dependent DPs, enabling various forms of dynamic variations for
nonparametric mixture models by harnessing the connections between Poisson and
Dirichlet processes. (2) The inference of partial Z-order from a video needs a method
to sample from the posterior distribution of partial orders. A key challenge here is
that the underlying space of partial orders is disconnected, meaning that one may
not be able to make local updates without violating the combinatorial constraints for
partial orders. We developed a novel sampling method to tackle this problem, which
dynamically introduces virtual states as bridges to connect between different parts of
the space, implicitly resulting in an ergodic Markov chain over an augmented space.

With this generative model of visual scenes, many vision problems can be readily
solved through inference performed on the model. Empirical experiments demon-
strate that this framework yields promising results on a series of practical tasks,
including video denoising and inpainting, collective motion analysis, and semantic
scene understanding.

Thesis Supervisor: John Fisher
Title: Senior Research Scientist
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playing basketball. While they can be modeled as two dynamic layers,
their behavior are not independent. (c) show a soldier in a battlefield.
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it as a Markov chain may overly simplify the real world complication.
The graphical representation of the layered visual model. As shown
in this figure, the framework is comprised of m layers, each associated
with a motion model, a domain model, and an appearance model.
These aspects are assumed to be independent a priori, and dynamic
evolution of each aspect is assumed to follow a Markov chain. Given the
characterizations of these aspects, a video frame I® can be generated
according to the relative depth order between layers, which is denoted
by Z®. The arrows in blue color highlight the factor that formalizes
the generation of video frames conditioned on latent states of these
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This illustrates an MRF model for image modeling, where each node,
as denoted by z,, and z,, corresponds to a pixel of the image. Edges are
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temporal relations between consecutive states. In addition, under this
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This illustrates the procedure that recursively evaluates the marginals,
as a message passing process. The computation in Eq.(2.17) and
Eq.(2.18) is decomposed into the evalution of two types of messages:
those from variables to factors, denoted using M, and those from fac-
tors to variables, denoted using M’. Note that M,_,pe() is used here

in the place of @, and M’

w—sp 18 used in the place of p,. . . . . . ..
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3-1
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The overall framework of the generative image model. Here, each image
is considered as a combination of a base image that roughly reflects the
smooth lighting variation, and a texture image that captures the local
details. The base image is generated from a prior formulated in the
form of a Gaussian process; while the texture image is generated as
a composite of oriented local patches drawn from the patch manifold.
A Markov random field conditioned on the local patches is introduced
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patches. This figure also illustrates how this model can be applied
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a Bayesian fashion. . . . . . . ... ... ...
This figure compares how well normal distribution and normal inverse-
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The first two rows show the sample patches drawn from the proba-
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last row shows the sample patch generated from the Field of Experts
model [83] with 5 x 5 filter banks, which we obtained using a Gibbs

sampler that runson a 13 x 13 grid. . . . ... .. ... ... . ...

14

89



3-7
3-8

3-9
3-10

3-11

3-12

3-13
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continuity and as such is unlikely to be well explained by the manifold.
Hence, by driving all patches towards the manifold, the MRF favors
coherence across the left, middle and right patches. . . . . ... . ..
The input noisy images (the first column) with the recovered images
obtained with different methods. Only part of the images are shown to
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Figure 3-7). The inputs at different rows are subject to different levels
of noise (¢ =0.1,0.2,0.5). . . .. ... ... o
The clean image underlying the inputs in Figure 3-6. . . . . . . . ..
Each curve shows the median of the PSNR values on all testing images.
The bars below and above each data point are respectively the 25%
and 75% quantiles. . . .. . ... Lo
The clean images underlying the set of additional results. . . . . . . .
The first set of additional results on image denoising. The six columns
from left to right respectively show the noisy input, and the results
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The second set of additional results on image denoising. The six
columns from left to right respectively show the noisy input, and the
results obtained using PW-MRF, BI-FILT, FOE, BR-FOE, and MG-
MRFE. . . e
The results of inpainting on partially observed images with masks of
different widths. From left to right are the masked inputs, and the
results obtained using FOE, TV-MRF, and MG-MRF. . .. .. . ..
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4-1

4-2

4-3

4-4

4-5

4-6

This figure shows the frames respectively captured in three different
dynamic scenes that exhibit obvious persistent motion patterns: the
flow of water in a spring, cars running on a road, and athletes running
along a circular path. . . . . ... ... o
Conceptually, a flow can be obtained in either of the following two
ways: (1) By inspecting the full motion of a collection of points whose
initial locations differ, we get a set of trajectories, or (2) By integrating
the geometric transforms terminating at different times ¢, we get a
continuous transform process, which describes how every point within a
domain moves over time. In this sense, geometric flows unify trajectory
sets and continuous geometric transforms. Conversely, from a flow one

can derive the trajectory starting at z, defined by F®)(t) := F(z,t) or

117

a geometric transform terminated at time ¢, defined by Fy(z) := F(z,t).126

This figure compares two ways to interpolate transforms to generate a
continuous transformation process. The left shows the resultant pro-
cess obtained using linear interpolation, and the right shows the result
obtained using Lie algebra-based interpolation. . . . . . . . .. .. ..
This figure demonstrates the representation of a geometric flow as a
combination of multiple base flows. . . . . ... ... ... ... ...
The illustration of the relation between the decomposition of lows and
the decomposition of the changes along the image orbit. . . . . . . . .
Each pixel in current frame is modeled as generated by moving a source
pixel along the flow to current position. To get its distribution, we first
trace the pixel backward along the flow to obtain the distribution of
source point location, and then map it to the distribution of pixel
values through the image. The additional term o2 is to capture the

j2
measurement noise of pixel values. . . . . ... ... .. .. ... ...
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Here show the flows sampled from two prior models. The left one is
sampled from the GP-prior with cgp = 0. In this case, essentially
no spatial coherence is enforced. The right one is sampled from the
GP-prior with o4, = 300 pixels. For each sample, 400 trajectories are
simulated and shown asred curves. . . . ... ... ... ...
This graphical model incorporates the generative observation model
and the GP-prior of the flows. Here, each observation entry is associ-
ated with a label variable z; that indicates which flow it is generated
from and a binary variable g; that indicates whether it is a valid ob-
servation. The label variables are connected to each other through an
MRF, while the distribution of g¢; is independent, characterized by a
prior confidence ¢;, 7.e. the prior probability of g; =1. . . . . . . . ..
The plot of all extracted local motions from the New York Grand
Central station. . . . . . . . . ... . L oo
Three are three representative flows discovered by the Lie algebra based
flow model. The region that is not covered by the flow is masked. The
blue arrows indicate the flow field, and a subset of persons governed
by the flow is highlighted with red boxes. . . . . .. .. .. ... ...
This figure compares the motion prediction performance of LAB-FM
and JLV-GM on testing samples. The x-axis here is the number of
mixture components, and the y-axis quantity here is the fraction of
observations within given errors from the model prediction. . . . . . .
An example of outlier detected by the flow model. Here, the trajectory
of the person (highlighted with red color) is clearly different from what

the flow model may predict at his location. . . . . . . ... ... ...
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4-13

This figure shows the motion analysis results obtained from a scene
with cars moving on a road. The first row shows the results respectively
obtained using optical flow (left) and geometric flow (right), which are
visualized in form of velocity fields. The left picture of the second row
shows a subset of predicted trajectories (the blue curves are yielded
by geometric flows, the red ones are yielded by optical flows, while the
green ones are ground-truth derived by manual labeling. The fourth

picture compares the trajectory-prediction error quantitatively. . . . .

4-14 This figure shows the motion analysis results obtained from a scene

4-15

4-16

with a large group of athletes running on tracks. The first row shows
the results respectively obtained using optical flow (left) and geometric
flow (right), which are visualized in form of velocity fields. The left
picture of the second row shows a subset of predicted trajectories (the
blue curves are yielded by geometric flows, the red ones are yielded by
optical flows, while the green ones are ground-truth derived by manual
labeling. The fourth picture compares the trajectory-prediction error
quantitatively. . . . . . . ...
In this figure, the first column shows the results obtained on modeling
the flowing water in a mountain spring. The second column shows
that on a rotating disc. The bottom row shows two charts, giving
the average fitting errors and generalization errors obtained from the
corresponding example. . . . . ... L
The trajectory prediction errors with different types of observations.
The left and right charts are respectively obtained from the scene with

moving cars and that with running athletes. . . . . ... .. ... ..

4-17 The figure shows the motion patterns of the bottom-right part of the

mountain spring estimated under different settings. From left to right,
the results are obtained by optical flow, geometric flows with Ogp Set

to 0, 100, 10000 respectively. . . . . . . . . ... .. .. ... ... ..
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5-2

5-3

5-5

The graphical representation of a finite mixture model. The mix-
ture comprises K component models, respectively with parameters
f1,...,0x. Data samples are generated independently from this model.
In particular, to generate the i-th sample, 2; is first drawn from 7, and
then the corresponding component G(6,,) is used to generate ;.

The graphical representation of a Gaussian mixture model, which con-
sists of K Gaussian components. Each Gaussian component (say the
k-th one) is characterized by a mean vector py and a covariance matrix

Y. With this model, each data point is drawn independently from a

165

particular Gaussian distribution, chosen from a discrete distribution 7. 165

This figure shows two examples of using Gaussian mixtures to ap-
proximate other distributions: (a) a distribution with three modes is
approximated by a mixture model comprised of three Gaussian com-
ponents. (b) a heavy-tailed distribution is approximated by a mixture
of four Gaussian components with zero mean and different variances
(this is also called a Gaussian scale mizture). . . . . . . ... . ...
This figures show the graphical representation of two topic models un-
der different formulations: (a) is probabilistic latent semantic indexing,
where each document is associated with a document-specific mixture
of topics 6;. (b) is latent Dirichlet allocation, which extends PLSI by
introducing a Dirichlet prior over the topic distributions. In addition
to this, a Dirichlet prior is often incorporated as the prior of the word
distributions. . . . . . ...
This figure shows the graphical representations of the DP mixture
model. (a) Basic formulation: each sample is associated with a pa-
rameter, which is generated from an underlying DP sample D. (b)
An equivalent formulation derived based on the Chinese restaurant
process. Here, an infinitely pool of atoms is independently generated,
and each sample is attached a label drawn from a CRP. This labels

associates the sample with an atom chosen from the pool. . . . . ..
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5-6

5-9

This figure shows an extended DP mixture model, which incorporates
temporal dependency between DPs at consecutive time. In this model,
there is a DP mixture model at each time step. Based on the tem-
poral dependency between them, the DPs together form a Markov
chain. Conditioned on the DP prior at time ¢, the model parameters
041, .. . 0tn, and thus the observations zy., ..., Ty, are independently
generated. . . . ... L. L
This figure shows a realization of a Poisson process whose base measure
u is inhomogeneous over the underlying space, which is a collection of
points. Let A and B denote the two regions marked by red ellipses.
Then Np(A) and Np(B) are respectively the numbers of points therein,
which are are independent variables. . . . . ... ... ... ... .
'This figure illustrates how a Gamma process can be constructed from a
Poisson process over a product space. On the left shows a realization of
a Point process II* over the product space Q2 x R*, where each point is a
pair (0, wy). Converting each such point to a term wydy and combining
them to form a series, we obtain a random measure as in Eq.(5.34).
In particular, when IT* ~ PP(u x 7), £* is a Gamma process that has
T TP(p). o,
This diagram shows the high-level idea behind our approach. Rather
than directly working with the DPs directly, we do the construction in
the Poisson domain, obtaining a new Poisson process via the operations
that preserve complete randomness. Then, we can derive a DP from

the resultant Poisson process, based on their intrinsic connections. . .
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5-10

5-11

5-12

5-13

6-1

This figure compares the performance between D-DPMM and D-FMM
with differing numbers of components. The upper graph shows the
median of distance between the resulting clusters and the ground truth
at each phase. The lower graph shows the actual number of clusters
as a function of time. Clearly, the performance of dynamic FMM is
inferior to that of dynamic DPMM, when the pre-set number of clusters
does not match the true number. . . . . ... .00
The simulation results under different settings: (a) shows the perfor-
mance of D-DPMM with different values of acceptance probability,
under different data sizes. (b) shows the performance of D-DPMM
with different values of diffusion variance, under different data sizes.

The experimental results on people flow modeling. This figure shows
the timelines of the top 20 flows. On the right is the snapshot of two
such flows, with the velocity fields overlain on the images. (Only the
parts covered by the flow domain are visible). . .. ... .. ... ..
The experimental results on PAMI topic analysis. On the left are
the timelines of the top 10 topics. On the right are the two leading

keywords for these topics. . . . . .. . ... oo

This illustrates how two Markov chains are bridged. In the joint chain over
X UY, each z € X has a probability bQp(z,y) to transit to y € Y, and

each y has a probability fQp(y,z) to transittoz. . . . . . . .. ... ..
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6-2

6-3

6-4

6-6

6-7

(a) shows the hierarchically bridging Markov chain on a simple problem:
x1,x2 € {0,1} with constraint z; # x9. We use red color for the backward
transitions from children to parents, and green for the transitions from par-
ents to children. (b) illustrates a typical transition path. We use numbered
circles to indicate the transition order. In this process, the bridges (0, —)
and (—, —) are constructed upon the backward transition from a child state.
When (—, —) is instantiated, the right branch has not been visited, and the

forward probability value for that branch is set with an optimistic estimate,

encouraging the chain to visit that branch. Upon seeing (1,0), the forward

probabilities of its parents will be updated accordingly. . . . . . . . . ..
Each curve shows the mean energy values (—logp(z)) as a function of
elapsed iterations. Since Relaxed-GS and HBMC may yield states that
are not in €2, we use the energy of the last valid state as the energy value
for an iteration. This also shows bars at 10% and 90% quantiles for 100
repeated TUNS. . . ... L L L L
The energy auto-correlation function. . . . .. . .. ... ... ... ..
The correlations between the empirical distributions of the collected samples
and the true distribution. Note that the y-axis is at log-scale. . . . . . . .
An illustrative example: (a) synthetic image with markups (this image +
noise of o = 0.2 is the input), (b) ground-truth (HBMC obtains this in most
cases), (c) a result via MRF, (d) aresult via BLK. . . . ... ... ...
The average ratios of error labels on both test regions and hard regions over
all 200 synthetic images, obtained using four methods under different levels
of noise and model bias. . . . . ... ... ... .. . L.
The inferred partial orders of vehicles in 4 frames of a video (interval = 3
sec). Vehicles are marked with transparent rectangles in different colors.

Below them are opaque blocks that illustrate their Z-orders. . . . . . . . .

22

246

255

256

257

258

258



C-1 This graph illustrates the relations of subgroups of the Affine group. In
this graph, Aff represents Aff(n), Aff+ represents Aff*(n), GL repre-
sents GL(n,R), GL+ represents GL™(n, R), 0 represents O(n), SO repre-
sents SO(n), D represents the diagonal group, D+ represents the positive
diagonal group, U.S. represents the uniform scaling group, T represents
the translation group, E represents E(n), E+ represents E*(n). The ar-
rows represent the sub-group relationship, while the symbol x in the

formulas represents the semidirect product factorization. . . . . . . .
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Chapter 1

Introduction

One of the fundamental goals of computer vision is to derive intelligent systems that
can reason about visual scenes, typically captured in the form of images and videos.
The past decades have witnessed tremendous efforts towards this goal, resulting in
great advancement in a wide range of computer vision topics. However, a substantive
amount of prior work is dedicated to specific vision problems, such as object recog-
nition, image segmentation, and motion analysis, leading to substantially different
models for describing different aspects of a scene.

This thesis pursues a different approach. Instead of seeking solutions dedicated to
particular problems, the primary goal of this thesis is to develop a generative model
of dynamic visual scenes that integrates models of different aspects (e.g. appearance
and motion) into a probabilistic framework. This work is driven by our strong desire

to understand the fundamental structures of visual scenes. As Kurt Lewin said,
There is nothing more practical than a good theory.

Whereas problem-oriented approaches can be very successful in accomplishing specific
tasks, our view is the advancement of computer vision ultimately relies on deep un-
derstanding of the visual scenes, as well as effective means to capture their structures.
From a practical standpoint, many applied problems can be readily solved through
the inference performed on an integrated generative model. Moreover, as opposed

to descriptive and discriminative methods, a generative model also provides greater
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flexibility to leverage observations acquired in different ways and take into account
various statistical relations.

However, the use of generative models, as opposed to discriminative methods,
often comes with additional complications in both model formulation and algorithm
design. Therefore, special attention should be paid to making appropriate tradeoffs
in order to achieve the desired expressiveness without significantly increasing com-
putational complexity. Through out the entire thesis, we will see, modeling choices
made with the careful consideration of such balance.

Generally, visual scenes are complex and far beyond the capacity of a thesis to
provide a complete interpretation that takes all relevant aspects into account. This
thesis particularly focuses on three key aspects — appearance, motion, and composition,
and develops a probabilistic framework that integrates these aspects to give a coherent
interpretation of a visual scene. Conceptually, the appearance aspect is about what
the scene looks like; the motion aspect is about how the shapes and positions of the
objects in a scene change over time; the composition aspect, on the other hand, is
about how different parts of a scene are brought together. Generally, these aspects
are closely related. For example, motion will cause dynamic changes of appearance,
and the compositional structure will greatly influence both the appearance and the

perceived motion.

1.1 Questions to be Answered

Towards an integrated model of visual scenes, this thesis tries to address a series of

questions as outlined below:

1. How can we model the appearance? While humans can perceive objects and
regions when looking at an image or a video, what a computer sees is technically
no more than a large matrix of pixel values (i.e. intensities or colors). The spatial
configuration (pattern) of these values constitutes the image’s appearance. The
question here is how to represent these patterns in a way that explains the

inherent structure of the visual scene. Generally, the characteristics of patterns
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at different scales are substantially different, and should therefore be represented

and modeled in different ways.

. How can we model the motion occurring in a dynamic scene? In a dynamié
scene, various phenomena can cause changes in appearance. One of the most
common causes is motion, the change in positions and shapes of objects. There
has been extensive study on motion analysis in past decades, much of which
aims at accurate estimation of local movement of individual objects or points.
However, our sense of motion in many natural scenes is reflected by the changes
over a region or by the collective behavior of a group of objects, which we refer
to as the collective dynamics. Effective analysis of the collective dynamics (e.g.
revealing the underlying coherence between the motion of different objects) is

often the key to the understanding of visual scenes.

. How can we handle concurrent entities in a visual scene? It is not uncommon
in natural scenes that multiple entities (e.g. objects and flows) are observed at
the same time. Each entity may have its own appearance and behavior. When
a natural scene is projected onto an image plane, occlusion may occur. Objects
occluded by others are only partially observed, further complicating analysis. It
is possible to rely on a three-dimensional model to resolve this issue, but doing
so generally requires 3D reconstruction, which in itself is a nontrivial problem.
As we will see, a layered representation, which captures the relative depth order
between objects instead of their 3D positions, is often sufficient to resolve most
of the ambiguities resulting from occlusions, and can be inferred more reliably

and efficiently.

. How can we model the relations between appearance and motion? As mentioned,
a dynamic visual scene is characterized by both the spatial structure and the
temporal dynamics, which are respectively captured by the appearance and the
motion. These two aspects are not completely independent. Instead, they are
closely coupled with each other, and what we see in a video is actually the

compound effect of both. While separate study of each aspect is useful, it is

27



also very important to understand how they relate to each other. Such spatial-
temporal relations can be exploited to improve the analysis of videos and help

other video-related tasks.

5. How can we handle model complexity? Tradeoffs between expressiveness and
complexity has been one of the central themes of machine learning and related
fields such as computer vision. Mixture models, which are often used to capture
complex distributions, are employed in many vision models. An important issue
here is how to determine the number of components in a mixture model (i.e. the
model order). In a dynamic setting (e.g. video analysis), the phenomena of
interest may evolve over time. Modeling such phenomena generally requires a
model which is able to change its order adaptively. Formulating and estimating

models with dynamic complexity is a challenging problem.

1.2 The Overall Scene Modeling Framework

The first step of visual scene modeling is to choose a specific way to construct the
model. In general, dynamic scenes can be very complex. To effectively model such
scenes, we have to make simplified assumptions, emphasizing key aspects, while de-
liberately neglecting the others. First of all, we have to decide the basic structure of

the model. Here, several questions arise:
o What are the basic components?
e How do the components interact?
e How do they evolve over time?

Generally, there are three approaches to scene modeling, with different answers to

these questions, which we will briefly review below.
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1.2.1 Three Approaches to Scene Composition

Existing approaches to scene modeling can be roughly classified into three categories,

according to the ways they model the compositional structure of a scene.

1. Segmentation-based Models. Segmentation is widely used in analyzing im-
ages comprised of multiple regions. Models in this category describe an image as
composed of multiple disjoint regions called segments. The appearance within
each segment has relatively consistent characteristics, while such characteristics

in neighboring regions may be remarkably different.

A segmentation-based model typically comprises a set of appearance models,
each for a particular region, and a model that incorporates prior knowledge
about the segmentation itself (e.g. spatial continuity and the smoothness of the
segment boundaries). Such approaches aim to capture common visual char-
acteristics within each region while allowing substantial variation across the

boundaries.

Despite its utility in image analysis, several fundamental problems limit the
use of segmentation-based approaches in dynamic contexts, especially when
occlusion occurs. First, an object can be divided into disconnected segments in
different ways, sometimes complicating the correspondence between segments
across video frames. Second, segments moving towards each other and then
overlapping would lead to a “conflict of explanation”, while segments moving
away may leave part of the image covered by no region. These problems stem
from the occlusion occurring when a three dimensional scene is projected onto

a two dimensional view.

2. Three Dimensional Models. A three-dimensional (3D) model describes a
visual scene within a 3D coordinate system, and observed images of the scene as
projections onto 2D image planes. By maintaining the 3D positions of objects,
the ambiguities encountered by segmentation-based models can be effectively

addressed.
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Generally, the process of obtaining a 3D visual model from observed images
is called 8D reconstruction, which in itself is nontrivial. It has long been an
active topic in computer vision. Typically, 3D reconstruction requires stereopsis
(a.k.a. binocular vision), or relies on knowledge about the geometric relations
between the scene and the camera to recover the scene structure. However, in
practice, many videos of interest are captured impromptu, or without using a
calibrated camera, making it difficult to obtain a 3D model reliably. In addition,
the computational complexity required to estimate and maintain a 3D model is

often higher than that for methods based on 2D image models.

. Layered Models. The aforementioned difficulties motivate researchers to ex-
plore more effective approaches to generic video modeling. Layered video models,
introduced in Wang and Adelson’s pioneering work [109], have become increas-

ingly popular for dynamic scene modeling.

In general, a layered model describes an observed image of a scene as a super-
position of multiple layers, each corresponding to an object or a set of objects
with coherent behavior. One major difference that distinguishes a layered model
from a segmentation-based model is that a layered model allows different lay-
ers to overlap and explicitly takes into account the occlusion relations between

them.

Instead of trying to estimate the depth map as in methods using 3D models,
a layered model relies on occlusion reasoning, which is generally much easier,

especially when the scene is captured with a single camera.

Based on the considerations above, we chose to construct the model of dynamic scenes

using a layered structure. Next, we will outline the overall formulation of this model,

and identify the key components.

1.2.2 A Layered Model of Dynamic Scenes

A layered model considers a video as a composite of multiple dynamic layers. It is

difficult to characterize a layer in general, as its meaning often depends on specific
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Figure 1-1: This figure shows several cases where the simplified assumptions underly-
ing the layered model are violated. (a) shows a girl behind a boy, while her hands are
in front of him. If we model them as two layers, then there is no definite depth order
between them. (b) shows two kids playing basketball. While they can be modeled
as two dynamic layers, their behavior are not independent. (c¢) show a soldier in a
battlefield. His behavior may be influenced by many factors, and simply modeling it
as a Markov chain may overly simplify the real world complication.

context (e.g. the type of the scene, and the scale at which the analysis is being
performed). Generally, a layer may correspond to an object, a group of objects with
consistent behaviors that are spatially close to each other, or a part of the scene with
coherent dynamics.

The study presented in this thesis is based on the layered video model as described
below. Consider a video with n layers, denoted by L1, ..., L,. Each layer (say the
i-th one L;) is associated with (1) a covering domain D; that specifies sub-region in
the image plane physically covered by the layer, (2) an appearance template A; that
describes the visual content of the layer (or technically, the spatial pattern of the
pixel values in the layer), and (3) a flow F; that describes the motion.

For a dynamic scene, the covering domain, the appearance template, as well as
the flow associated with a layer may each vary over time. To reflect this, we use
D,Et), Az(-t), and Fz-(t) to respectively denote the versions of these components at time
t. The changes occurring in different aspects are related. For example, the changes
in appearance or covering domain may be influenced by motion. To capture such

relations, we formulate the dynamics of these aspects jointly through the conditional
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Motion model

Appearan
model

Layer order

Figure 1-2: The graphical representation of the layered visual model. As shown in
this figure, the framework is comprised of m layers, each associated with a motion
model, a domain model, and an appearance model. These aspects are assumed to
be independent a priori, and dynamic evolution of each aspect is assumed to follow
a Markov chain. Given the characterizations of these aspects, a video frame I®) can
be generated according to the relative depth order between layers, which is denoted
by Z®. The arrows in blue color highlight the factor that formalizes the generation
of video frames conditioned on latent states of these aspects.

distribution as below:

p(Dz(t) ) Aﬁft) ) F;'(t)JD'gt_l)a Agtil): ‘F@(t_l); (I’D, (I)A1 (I)F) =
p(DP D, FED, 8p) - p(AP|AF D, FED, 0,4) - p(FP|FE Y, 85). (1.1)

This formula comprises three factors:

1. The factor p(D,gt)|D£t_1), Fi(t_l}, ®p) describes how the covering domain of the
i-th layer evolves over time. ®p is the parameter for this factor. In general, the

evolution of the domain D; may depend on F}, the motion of the i-th layer.

2. The factor p(AEt) \A,gt_l), Fi{t_l), ® 4) describes changes in appearance, controlled

by the parameter ® 4. Such changes may also depend on the underlying motion.

3. The factor p(ﬂ(t)|ﬂ(t_l), @) describes how the motion field itself changes over

time. Here, it is assumed that the dynamics of the motion field is independent
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of the appearance a priori.

To establish a complete probabilistic formulation, we also need a prior distribution

over these components for the initial frame, as
p(D;, AD |8, 9%, %) = p(D[”|8)p(A” |20)p(F7|25).  (1.2)

As the motion only affects what we may observe in the next frame, the initial prior
of the covering domain and the appearance does not depend on the motion.

Given all the layers, each observed video frame can be generated through super-
position. Note that the covering domains of different layers can overlap, some regions
may be covered by more than one layer. In such a region, only the layer at the top
is visible, while others are occluded. This model uses a partial order to capture the
relative depth order between layers such that the top layer of each region can be
readily determined. Let Z denote this partial order and x be a pixel location, then

the visible pixel value at z is given by
I9) = LY (2), oz) = maxfi: ¢ € DY (1.3)

Here, «(x) denotes the index of the layer that is visible at z, which is set to be
the maximum among all the layers that cover x. Note that the maximum here is
with respect to the depth order Z, implying that it corresponds to the top layer. In
®

addition, we use L;’(z) to denote the pixel value at  of the layer L; at time ¢. Hence,
following a (partial) depth order, all layers can be combined in a consistent way into
video frames.

We obtain a joint model, as shown in Figure 1-2, by integrating the priors for
individual layers with the factor above that describes how layers combined to produce
observe images. Note that a probabilistic model expressed in form of a graph is often

referred to as a graphical model, for which Chapter 2 provides a detailed treatment.
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1.2.3 Discussion on Modeling Choices

Several simplifying assumptions underlie the model established above.

1. A visual scene can be decomposed into a superposition of several layers, and
that these layers follow a consistent depth order. This model enforces a strong
constraint that precludes some cases, such as those illustrated in Figure 1-1(a),
where part of a layer is below another, while the other part is above. In addition,
the layers are considered to be non-transparent, meaning that the occluded part
of a layer will be completely invisible. It is possible to further extend the model

further to explain such scenes, but this is outside the scope of this thesis.

2. The appearance and dynamics of different layers are assumed to be indepen-
dent. This might seem to be an overly simplified assumption, as behaviors of
objects coexisting in the same scene might interact with each other in various
ways (an example is shown in Figure 1-1(b)). While understanding such inter-
actions might be in the interest of some high-level applications, such as behavior
analysis, it is reasonable to ignore them in constructing a lower-level vision sys-
tems, because the primary goal here is to derive an intermediate representation
of the appearance and motion. For a problem where such interactions play a
crucial role, one can build an interaction model on top of the vision model being

discussed in this thesis.

3. The dynamics of each layer is modeled as a first-order Markov chain. This
assumption ignores some real world complexities where the behavior of an object
may depend on many other factors in addition to how it behaves at the previous
time step, as illustrated in Figure 1-1(c). Again, to keep the model simple,
we chose to focus on the aspects directly pertinent to vision problems. It is
possible to develop higher level reasoning methodologies on top of the framework

developed by this thesis.
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1.2.4 Main Aspects

In the visual modeling formulation outlined above, we can identify several key aspects

and how they relate to each other. These aspects are summarized as follows.

1. Appearance. The appearance model specifies the spatial structure of the vi-
sual scene. In particular, the pixel values in each layer L; are captured by
an appearance template A;. The associated appearance model (with parame-
ter ®4) provides a generative prior p(A;|®4) over such appearance templates,
specifying how the pixels are distributed, how their values relate to each other,

and what the spatial structures are.

2. Motion. The dynamics of a visual scene is mainly captured by the motion
model. At the heart of the motion model is an intermediate representation of
the motion, called flows. Particularly, each layer L; is associated with a flow,
denoted by F;. In addition, the motion model also specifies the prior distribution

of the flows p(Fi(O) |®%) and how flows evolve over time p(ﬂ(t) D).

3. Layer Order. The composition of layers into video frames depends on the
relative depth order between layers. A layer can be occluded by the one above
it when they overlap. This relation between layers can be formalized as a partial

order, over which we can define a prior distribution for Bayesian inference.

Whereas we do not develop a complete interpretation of visual scenes in this
thesis, we view the framework and methodology presented in this thesis as part of an
overall effort towards that ultimate goal. Putting this thesis in a broader perspective
of computer vision research, we acknowledge that some important problems are not
covered by the three aspects above (e.g. the modeling of layer domains, the relations
between layers from different views, and semantic implications of the characterizations
for appearance and motion). Still, this thesis contributes to the advancement of

computer vision in several important ways:

o It demonstrates the utility of generative models in computer vision, and illus-

trates how they can be formulated to solve vision problems through the devel-
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opment of specific models to describe appearance, motion, and layer order.

e The models studied in this thesis can be extended, modified, or adapted to solve
other problems that we do not explicitly consider. For example, the appearance
model can be generalized to describe color images or textures on 3D surfaces,
and the motion model can be adapted by incorporating additional structure
when applied to a specific context. Furthermore, these models can be used in
combination with other vision models to derive more sophisticated frameworks

or to address more complex issues.

e A series of methods, such as dynamic nonparametric models and methods to
sample from combinatorial spaces, has been developed to address specific chal-
lenges in vision problems. The use of these methods, however, is by no means
restricted to the applications discussed in this thesis. They can be applied,
sometimes with modification, to solve other problems, including many outside

the realm of computer vision.

1.3 The Organization of the Thesis

Thus far, a high-level structure of the scene model has been specified. However, many
interesting but challenging questions are yet to be answered: e.g. how to represent
appearance and motion, how to define the prior distribution and conditional distri-
bution, how to estimate the model parameters, and how to perform inference over
this model. Most of the work presented in this thesis tries to answer these questions,
as we shall see in the following chapters.

The remaining part of this thesis is organized as follows. Chapter 2 briefly re-
views the advancement of visual modeling in past decades with an aim to provide a
retrospective view of of ways in which recent progress of this field is influenced by
the prevalent use of probabilistic models. This chapter also covers the basic concepts
for probabilistic modeling, such as Bayesian networks and Markov random fields, as

well as the basic tools for learning and inference, including mean field approximation,
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belief propagation, and Monte Carlo sampling. The materials in this chapter lay the
theoretical foundation for later discussions.

Starting from Chapter 3, we present the vision models in detail. Particularly, this
chapter describes a new image prior for appearance modeling. The development of the
new image model is motivated by the key insight that the effectiveness of an image
model, to a large extent, hinges on its capability of capturing local pixel patterns
and maintaining the coherence of local structures. To improve on these aspects,
we develop a new generative model of images, which integrates a patch manifold to
capture local patterns and a conditional Markov random field to enforce coherence
across patches. We also derive algorithms to estimate the model parameters from a
set of training images. It is important to note that with this model, a set of low-
level vision problems, including image denoising and inpainting, can be readily solved
via the inference performed based on a joint model that combines this prior with a
specific measurement process.

The results obtained by applying this model to image recovery are also be pre-
sented and analyzed.

Chapter 4 discusses motion models. As an important area of computer vision,
motion estimation has been extensively studied. Prior work on motion modeling and
estimation has focused on tracking and optical flow. However, in many scenes, the
overall sense of dynamics is reflected by the collective movement of large groups of
objects/people, or by the motion over a region, which we refer to as the collective
dynamics. The primary goal here is to develop an effective framework to character-
ize and estimate such collective dynamics. In this chapter, we introduce the notion
of geometric flow, a concept originating from differential geometry, which is able to
capture motion patterns that persist (or smoothly evolve) over time. Subsequently,
we derive a vector space of flows by exploiting the intrinsic connection between Lie
groups and Lie algebras. A stochastic flow model is then developed on top of this,
with which flow parameters can be efficiently inferred from different types of obser-
vations, including tracks of key points and continuous changes in image appearance.

Application of the new motion model in several different contexts is also presented in
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this chapter.

In both appearance and motion modeling, mixture models, which bring together
a set of component models to approximate complex distributions, play a crucial role.
Traditional study of mixture models focuses mainly on the task of fitting a mixture to
a given set of data. However, for video analysis, mixture models may need to evolve
over time so as to adapt to the changes of the observed scene. This motivates the
development of tools to construct dynamic mixture models in Chapter 5. Specifically,
this chapter first reviews finite mizture models, which are widely used in practice, and
Dirichlet process mizture models (DPMM) — a new way to construct mixture models
that allow an indefinite number of mixture components. The key challenge of usihg
DPMMs in a dynamic context is to allow the mixtures to evolve while maintaining
strong dependencies between them. To solve this problem, we develop a new ap-
proach to constructing dependent Dirichlet processes, which, unlike classic methods
such as the Chinese Restaurant Processes and Stick Breaking Processes, explicitly
exploits the intrinsic connection between Dirichlet and Poisson process and the con-
cept of complete randomness. Upon this construction, several primitive operations
are derived, allowing the mixture model to change in various ways. In addition to
theoretical analysis, this chapter also demonstrates the utility of this new construc-
tion in flow modeling and video interpretation, as well as applications outside the
vision domain.

Chapter 6 considers the layered structure of the model. As mentioned, layers can
overlap and thus a partial order is needed to keep track of the relative depth order
between them. This chapter studies various properties of a partial order, such as
sufficiency, minimality, and identifiability, and how they relate to visual modeling.
Based on this analysis, we establish an efficient representation using directed graphs.
In this chapter, we also discuss the methods for inferring partial depth order from
observed scenes. Generally, MAP estimation of the optimal partial order is NP-hard,
and the combinatorial constraints on partial orders also lead to great difficulties in
devising sampling schemes (e.g. the underlying space can be disconnected due to the

constraints). To address this problem, we develop a novel method to efficiently sample
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from a constrained combinatorial space by constructing an augmented Markov chain
with improved mixing performance through the introduction of bridging nodes.
Finally, Chapter 7 concludes the entire thesis, summarizing the key aspects of the
dynamic scene model and the probabilistic modeling techniques developed to address
some of the challenges arising therefrom. In this chapter, we discuss several directions

that merit further study.
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Chapter 2

Theoretical Background

The visual scene model developed in this thesis is a Bayesian probabilistic model,
which integrates the models of different aspects, notably the appearance model, the
motion model, and the model of layer orders, into a joint formulation.

The development of these models heavily relies on various tools of probabilistic
modeling and inference, which, in particular, includes graphical models, exponential
family distributions, variational inference, and Monte Carlo sampling.

In this chapter, we first review the basic concepts graphical models, a graphical
representation of joint distributions that indicates dependencies between variables
through edges (or arrows). With a probabilistic graphical model, one can estimate
the most probable value of the variables of interest (or the posterior distributions over
them) through inference, conditioned on the variables whose values are known.

However, performing exact inference over a graphical model can be computation-
ally intractable in practice. In such case, one can resort to techniques that can per-
form the inference approximately with reasonable complexity. This chapter also gives
a brief exposition of these approximate inference techniques, including variational
inference and Monte Carlo sampling.

Note that the contents covered by this chapter are not the contribution of this the-
sis. They are mostly from existing work. Nonetheless, this chapter is indispensable,

as it lays the theoretical foundation for the development in other chapters.
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2.1 Probabilistic Graphical Models

Graphical models, through the combination of graph theory and probability theory,
provides a powerful and elegant means to formulate probabilistic models. The key
idea underlying graphical models is factorization: a joint distribution represented
by a graphical model can generally be factorized according to the structure of the
underlying graph. Through such factorization, model estimation and inference can

often be greatly simplified.

2.1.1 Basic Concepts of Graphical Models

A graphical model defines a family of probabilistic distributions based on graph, of
which each vertex is associated with a random variable and edges are used to indicate
the statistical dependencies between variables.

First of all, we set up the notations. Consider a graph G = (V, E). The random
variable associated with a vertex v € V is denoted by X, which can take values in
some space X,. A lower-case letter (say z, € X)) denotes a particular value assigned
to X,. For a subset of vertices A, X4 denotes the collection of random variables as

X4 := (xy,v € A), and z4 denotes a particular assignment to X 4.

Bayesian Networks

The graphical models associated with an acyclic directed graph (DAG) is often called
a Bayesian network. For such a graph, if there is an edge s — ¢, then s is called
a parent of t, while t is called a child of s. Generally, a vertex may have multiple
parents and multiple children. For a vertex v, the set of its parents is denoted by
m(v), and the set of its children ch(v). A graphical model where each node (except
for the root node) has exactly one parent is called a tree model.

A Bayesian network defines a family of conditional distributions for each vertex
v, as Py(Xy|Tr(v)), which describes the distribution of X, conditioned on the values
assigned to its parents. When v is the root, m(v) = @, this conditional distribution

reduces to a prior distribution as p,(X,).

41



Along the graph, the joint likelihood of all variables associated with the graph can

be factorized into the product of these conditional factors, as

p(xV) = Hp(xv|$7r(v))- (21)

veV

It can be easily verified that with this joint formulation, the conditional likelihood

P(Ty|Tr(w)) is exactly equal to the value given by P(Xy|T ()

Markov Random Fields

The graphical models associated with an undirected graph is often called a Markov
random field (MRF), which factorizes according to cliques. Here, a clique C is
defined to be a fully connected subset of vertices.

Generally, an MRF considers a set of cliques C (C may be a proper subset of all

cliques) and defines a (potential function for each clique C € C, as ¥¢ : ®, . X, —

veC
R*, which maps each particular value assignment of clique C to a nonnegative real
number, which reflects how compatible the assignment is with the model.

With the clique potentials, the joint likelihood of all variables can be written as

pav) = 5 [] velae), (22)

ceC

where Z is a normalization constant, given by

2= [ Tl vetzclusldzy). (23)

vV CceC

Here, po denotes the base measure of the joint space. For continuous variables, it is
the Lebesgue measure; while for discrete variables, it is the counting measure.

For a general MRF, the potential functions ¢ need not be pertinent to any
marginal or conditional distributions over the cliques. The only restrictions to ¥¢ is
that they should be non-negative and their product is integrable (i.e. Z is finite).

The maximum cardinality of a clique is called the order of the MRF. It is easy
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to see that in a first-order MRF, all variables are independent, which is not very
interesting. Second-order MRFs have been widely used in practice, due to its sim-
plicity. A second-order MRF consists of two types of potentials, the ones over single
variables and those over pairs of connected variables. Generally, the formulation of a

second-order MRF can be written in the following form:

plev) = 2 [Jn@) J[ elew ). (2.4

veV {u,wteFE
From Bayesian networks to Markov random fields

It is useful to note that a Bayesian network can be considered as a special case of a
Markov random field.
Specifically, a Bayesian network as formulated in Eq.(2.1) can be treated as a

Markov random field defined on a set of cliques as
C={C,:={viUn(v)jveV}

Here, the potential function associated with the clique C), is simply the conditional
pdf of X, as

d)Cv (xva xw(v)) = p(xv‘xﬂ'(v))a

and the normalization constant Z equals 1. However, in general, MRF cannot be
converted to a Bayesian network (except for some special cases).

From a graph theoretical perspective, this re-formulation turns a directed graph
into an undirected graph, by (1) converting all directed edges to undirected edges,
and (2) adding undirected edges between pairs of parents of each vertex (if they are

not connected). This process is called moralization.

Factor graph

Both Bayesian networks and Markov random fields can be represented uniformly as

factor graphs. Different from a graphical model introduced above, a factor graph is a
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bipartite graph consisting of two types of nodes: variable nodes, each associated with
a random variable, and factor nodes, each associated with a factor (e.g. conditional
pdfs and clique potentials). Each edge in this graph connects between a factor and a
variable involved in that factor.

With a factor graph, the joint distribution over all variables can be written in

form of a product of factors, as
m
plry) = H fi(xs;).
j=1

Here, V' denotes the set of all variable nodes, j is used as the index of factors, and S;
denotes the subset of variables involved in the j-th factor.

As we shall see later, the notion of factor graph will greatly simplify the description
of belief propagation, a general message passing algorithm for computing marginals

over a graphical model.

2.1.2 Conditional Independence

Probabilistic graphical models can also be characterized through conditional indepen-
dence between random variables, also known as the Markov properties.

Here, we briefly review the notion of conditional independence.
Definition 2.1 (Conditionally independent variables). Let X,Y, Z be random vari-

ables, with a joint distribution p(X,Y, Z). If for any assignment z,y, z,

p(z,y|z) = p(z|2)p(y|z),

we call X and Y are conditionally independent given Z (or X and Y are inde-

pendent conditioned on Z ), denoted as X LY|Z.

For a general graphical model defined on a graph G, the conditional independence
is determined by the structure of G. However, the way to determine conditional

independence for Bayesian networks is different from that for Markov random fields.
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Conditional independence between variables of a Bayesian network can be deter-

mined by examining the d-separation.

Definition 2.2 (D-separation). Let G be a directed graph and A, B,C be disjoint
subsets of vertices, any trail p satisfying either of the following conditions is said to

be d-separated by C':
1. p contains a chain u = m — v with m € C;
2. p contains a chain u < m < v with m € C,
3. p contains a fork u < m — v with m € C;

4. p contains an inverted fork u — m < v, where m is neither in C nor a descen-

dant of any vertex in C.

A and B are said to be d-separated by C is any trails between a vertezr in A and a

vertex in B is d-separated.

Proposition 2.1. Given a Bayesian network defined on an acyclic directed graph
G. Let A, B,C be disjoint subsets of vertices. Then X4 L Xg|X¢ if A and B are
d-separated by C'.

Conditional independence between variables of an MRF can be determined much

more easily, by examining normal graph separation.

Proposition 2.2. Given a Markov random field defined on an undirected graph G.
Let A, B,C be disjoint subsets of vertices. Then X4 L Xg|X¢ if any paths between

a vertex in A and a vertexr in B passes through some vertex in C.

Enumerating all possible choices of subsets A, B, and C results in a list of asser-
tions of conditional independence. It can be shown that the collection of conditional
independence obtained by d-separation analysis on a Bayesian network is equal to

that obtained through the analysis on the MRF derived by moralization.
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Equivalence of characterization

We have discussed two characterizations of probabilistic graphical models: factoriza-
tion and conditional independence. The Hammersley-Clifford theorem below, which
is a fundamental result of graphical model theory, establishes the equivalence of these

two characterizations.

Theorem 2.1 (Hammersley-Clifford theorem). Let G = (V, E) be an undirected
graph, of which each vertex v is associated with a random variable X, taking value in
X,. Suppose p(zy) > 0 for every xv € @,y Xy (Positivity condition), then the

following statements are equivalent:

1. p satisfies local Markov property: for each vertex v € V, X, is independent

of all other variables conditioned on its neighbors, as

Xy L X\ (gopunon | X v, (2.5)

where N (v) denotes the set of neighbors of v (excluding v dtself).

2. p satisfies global Markov property: let A, B, and C be disjoint subsets of
vertices, such that A and B are separated by C (i.e. every path between A and
B passes through some vertex in C, or there is no path between A and B), then

X4 L Xp|X.

3. p can be factorized according to the cliques of the graph. Particularly, let C be

the set of all maximal cliques of G, then p can be written as

pev) = [ volo) (2.6)

CeC

A similar result holds for Bayesian networks, where the only modification is using

d-separation instead of graph separation in describing the Markov properties.
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Figure 2-1: This illustrates an MRF model for image modeling, where each node, as
denoted by z, and z,, corresponds to a pixel of the image. Edges are incorporated
to link between neighboring nodes to enforce smoothness among them. In addition,
to account for the measurement noise, it associates each pixel an additional node, as
denoted by Z, and Z,, to represent the actual observation, which are assumed to be
generated from the underlying pixel by adding noise.

2.1.3 Example Applications in Computer Vision

Probabilistic graphical models have been widely used in computer vision in the past
decade. Here, we use two simple examples to illustrate its use in visual modeling:
MRF for image modeling and HMM for dynamic modeling. These examples can be

considered as simplified versions of the models developed in later chapters.

MREF for image modeling

Modeling images has been a central topic of computer vision. A classic approach to
image modeling is to use a Markov random field to capture the local relations between
neighboring pixel values.

Here, we described a classic MRF formulation for image modeling. As shown
in Figure 2-1, this model is comprised of a grid of nodes, where each node X, is a
random variable representing the value of a pixel. In natural images, neighboring

nodes tend to have similar values. To reflect this intuition, edges are introduced
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between neighboring nodes, giving rise to a set of pair-cliques, each associated with
a compatible potential function ¢,,. A popular choice of the compatible potential is
given by

) = exp (~ (o= ) 2.7

Here, the weight 6, reflects how much we think the pixel values z,, and z, should be

close to each other a priori. Combining all these potentials results in an MRF as

1 1 1
p(x|0) = 7 H Oun (T, Tyy) = Z&xp | —5 Z Wy (T, — )2 | (2.8)
{uw}€E {u,v}eE
Here, E' is the set of undirected edges between neighboring nodes.
In practice, the measurement process often introduced noise, and consequently,
the observed value is a noisy perturbation of the actual pixel value z,, which we

denote by z,. Taking this into consideration, we can get a joint formulation that

generates both the actual pixels and the observed pixel values, as follows

p(x,%18) = p(x/6) [ | p(.|.). (2.9)

veV

In vision literatures, it is a common practice to assume the noise added to the pixels

is white noise, as

Ty ~ N(zy, 0?).

Here, o2 is the noise variance.

HMM for dynamic modeling

In modeling dynamic scenes, the temporal relations that describes how things evolve
over time plays a central role. In general, such relations can be captured using a
Hidden Markov model.

Specifically, consider a sequence of video frames, respectively described by fea-
ture vectors zo,x1,...,xp. At each time step, the generation of the feature vector

x; is controlled by an internal state vector z;. The content of z; depends on spe-
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Zt—1 2t Zt+1

Tt—1 Tt Ti4+1

Figure 2-2: This illustrates an HMM model for modeling dynamic scene. The observed
scene x; is associated with an internal state z; that can evolve over time. The directed
edges from each state to the next capture the temporal relations between consecutive
states. In addition, under this model, the observed scenes are completely determined
by the internal states, which are independent from each other, when the internal
states are given.

cific problems, which, for example, may contain shape parameters, kinematic status,
and object locations, etc. A Hidden Markov Model is established based on two

assumptions:

1. The internal states constitute a Markov chain as

T
p(z0,- .., 2r) = p(20) Hp Zt|#2e-1) (2.10)
t=1

2. The observed features are conditionally independent of each other given the

internal states, as
T
p(xo,. . xrl20, . ., 2r) = [ [ el 22). (2.11)
t=0

Together, the joint formulation that generates both internal states and the observed

features can be written as
T T
(o, ...y XT; 20, - - 2T) :p(zo)Hp(zt|zt 1 Hp x| 2t). (2.12)
= t=0

The graphical representation is shown in Figure 2-2, which is a Bayesian network

with tree-structure.
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2.1.4 Exact Inference

Given a probability distribution p defined as a graphical model, one can solve the

following problems:
1. Evaluate the likelihood of observed data,;

2. Compute the conditional distribution p(Xy|zo). Here, O denotes the set of
vertices whose values 2o are known (or observed), and U denotes the set of

vertices of interest.

3. Compute the most probable value of Xy conditioned on zg, i.e. solve &y =

argmax,, p(zy|ro).

The process of solving one or more of these problems is often referred to as prob-
abilistic inference (or simply inference).

Performing exact inference upon a generic graphical model is challenging, and in
most cases, computationally intractable. However, for tree models, including MRFs
on graphs without loops or Bayesian networks of which each vertex has at most one
parent, the inference of marginal distribution of each variable can be solved efficiently
through an algorithm with recursive message passing, which is also known as the sum-

product algorithm.

Sum-product algorithm

Consider an MRF defined on a tree T = (V, E). Clearly, it is a second-order model.
Designating any one vertex s € V' as the root results in a rooted tree, where each of
other vertices (say v) have one parent, denoted by pa(v). Then the joint distribution

can be written as

p(CCV) = ’é‘ H %(%) H Wv(xpa(v)axv)- (213)

veV veV\{s}

To simplify the following discussion, we focus on discrete variables here. For each
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vertex u, we define a function Q,, : X, = R as

Qu ( =1y xu) Z H d}v -Tv H <P xpa(v)7$v (2'14)
ZTpu) ve€D(u) veD(u)
Here, D(u) denotes the set of all descendants of u (excluding u itself). Then, the

marginal distribution of the root variable X, is given by

1 .
Ps(Zs) = EQs(ms), with Z = Z Qs(zs). (2.15)
TsE€EXs
Evaluation of @, directly following Eq.(2.14) is generally intractable. However, this
can be accomplished much more efficiently in a recursive fashion.

First, for leaf vertices (i.e. those without chidren), @, reduces to

Qu(Tu) = Yu(Tw). (2.16)

For other vertices, @, can be written in terms of the function value of u’s children,

as

Qu(my) = P(zu) H Z (T, To) Qo (). (2.17)

vech(u) TvEX,
With this recursive formula, the evaluation of all @, functions can be done, starting
from leaf vertices, recursively upward until @, is evaluated.
When p,(z;) is derived, the marginal distribution of other nodes can be easily

computed through a downward sweep, following the formula below

Dy (xv X % xv Z ppa(v) xu (zu,xv)' (218)

TuEXpa(v)
Belief propagation

The sum product algorithm presented above can be reformulated as a message passing
process along a factor graph, as demonstrated in Figure 2-3. Here, messages are

exchanged between factors and variables. In particular, @, can be considered as the
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1
Mv—»u JL':J X 'U')v 331. H Mw—w(wv
chh('v)

Mv—m(zv)

‘ Mw%u(ﬂ':w)

M:u )1)(-‘"51.'): Z ‘Pw(rvamw)Mw )v(z"w)
TwEXNy

(a) Upward message passing from leafs to root

Mo (20) = D @ulTurTo) Musu(Z)

uC Xy i

Af[l‘:: —v {:E?J )

Mu~>1)($11)

Mv > (fcw)

My (Iw) = %(%)Mi -}v(zv)

{b) Downward message passing from root to leafs

Figure 2-3: This illustrates the procedure that recursively evaluates the marginals,
as a message passing process. The computation in Eq.(2.17) and Eq.(2.18) is decom-
posed into the evalution of two types of messages: those from variables to factors,
denoted using M, and those from factors to variables, denoted using M’. Note that

M, pa(v) is used here in the place of @, and M;,_,, is used in the place of p,.

message from the variable v to the factor (u,v), and p, as the message from the factor
(u,v) to v.

Consider a generic graphical model, which comprises a set of variables V' and a set
of factors F. Let v € V be a variable involved in the factor a € F, then the message

from v to a is

Myso(zo) = [ Miou(@), (2.19)
'€ F(w)\{a)
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where F(v) denotes the set of all factors that involve v. The message from a to v is

a——)v Z fa xSa H Mw——m (220)

Tl 2=, wesa\{v}

Here, S, is the set of variables involved in the factor f,.
For a tree-structured graphical model, after an upward sweep with messages passed
from leafs to the root, and then a downward sweep with messages passed from the

root to leafs, exact marginals can then be computed as

po(m) o [ Mioo(@y). (2.21)
acF(v)

The algorithm described above is called belief propagation. Note that belief
propagation are often applied to graphical models with loops, which is often referred
to as loopy belief propagation. In a loopy belief propagation algorithm, the mes-
sage passing process may run many cycles. Note that unlike the belief propagation
algorithm on trees, which is guaranteed to converge within a finite number of iter-
ations, loopy belief propagation converges only under certain conditions, and even
when it converges, the results may not be the exact marginals. Therefore, it is an

approximate inference technique.

Junction Trees

Given a graph with cycles, exact inference can be performed based on the junction tree
representation, where vertices are clustered to form a tree of cliques. A generalized
message passing algorithm can be applied to perform exact inference over a junction
tree. The computational complexity of this algorithm grows exponentially in the
tree-width, i.e. the size of the maximal clique over all possible triangulations of the
underlying graph.

For many graphical models arising in practice, the tree-width may grow with the
problem scale, rendering the junction tree algorithm intractable even for a problem

of moderate size. In such cases, one may resort to approximate inference techniques.
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2.2 Exponential Family Distributions

The notion of exponential family distributions subsume a board range of probabilis-
tic models, which include many classic distributions (e.g. Gaussian distributions,
multinomial distributions, and Dirichlet distributions, etc) and complex probabilistic
models integrating multiple components. In particular, most models developed in
this thesis, including the patch-based MRF to describe appearance (see Chapter 3)

and the stochastic flow model (see Chapter 4), belong to exponential families.

2.2.1 Basics of Exponential Families

Given a real-valued random vector X taking values in X, and a collection of real
valued functions defined on X as ¢ = (qu)?:l. Then for each x € X, ¢(x) =
(¢;(x) ?:1 is an d-dimensional real vector.

With this notation, the exponential family associated with ¢ is defined to be

a family of parametric distributions, as

p(x) = exp (67p(x) — A(9)). (2:22)

Here, p(x) is the probability density function when X is a continuous variable, or
the probability mass function when X is discrete. In addition, ¢ is called the suffi-
cient statistics, 0 is called the natural parameter (also known as the canonical

parameter, and A is called the log partition function, which is given by

A() = /X exp (67 (x))(dx). (2.23)

Here, v is the base measure (Lebesgue measure for continuous variables and counting
measure for discrete variables).

When there exists a vector 8 € R?® and a real number C such that

0T p(x) = C, a.e.(w.r.t. v),
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then the formulation above is called a overcomplete representation. In this case,
there exists an entire affine subset of parameters associated with the same distribution.
These parameters are unidentifiable from a statistical standpoint.

If the representation is not overcomplete, it is called a minimal representation.
If a minimal representation is used, there is a unique parameter associated with each
distribution in the family. For each exponential family, one can always find a minimal
representation through reparameterization.

Using minimal representation often simplifies theoretical analysis. However, over-

complete representation can be useful and convenient in some practical cases.

Mean Parameterization

The definition above characterizes a exponential family using canonical parameter-
ization. Actually, any exponential family has a dual parameterization, called mean
parameterization, which describes a distribution in terms of the mean of sufficient
statistics. Many statistical computation problems, including marginalization and
maximum likelihood estimation, can be considered as converting parameters from
one form to the other.

Consider an exponential family distribution p associated with the sufficient statis-

tics ¢ = (¢;)7L;. The mean parameter associated with ¢; is defined to be

1y = By [6;(X)] = /X 6, (xX)p(x)(dx).

Together, we get a vector of mean parameters g = (p;)72;. It turns out that un-
der certain conditions, this vector provides an alternative parameterization of the
exponential family.

We let M be the set of all realizable mean vectors, as
ME{peR?| Ipst. Ed(X)] =p}.

Proposition 2.3. For any exponential family, M, the set of all realizable mean
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vectors of sufficient statistics, is convez.

2.2.2 Useful Examples

Next, we consider several probability distributions that will be used in this thesis,
and see how they can be analyzed as exponential family distributions.

Gaussian distribution

A multivariate Gaussian distribution over R has a pdf as below

p(x|p, X) = W exp (—%(X — s (x - I-L)) : (2.24)

With some algebraic manipulation, this can be rewritten as

p(x|p, ) = exp (((2_1;.&)73( — %tr(z_lxxT)> _1 ("= p + dlog(27) + log ]2[)) .

2
(2.25)
Clearly, this is a exponential family distribution, of which the sufficient statistics,

canonical parameters, and log-partition function are respectively given by

#(x) = <x7 —-;—xxT> : (2.26)
6= (""p, =1, (2.27)
A(6) = % (TS + dlog(2) + log [T . (2.28)

Discrete distribution

A discrete distribution over a finite set X is characterized by the probability mass
function f: X — [0,1]. Let £ = (f(z))zeaser be an |X|-dimensional vector comprised

of all the probability mass values. Then the pmf can be written as

p(zlf) = f(z) =L (2.29)
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Here, the sufficient statistics is given by the indicator vector I, the natural parameter
is f, and the log-partition is always equal to zero. Note that this is an overcomplete

formulation, as 171, = 1 always holds.

Dirichlet distribution

A Dirichlet distribution, denoted by Dir(a), is a distribution over the probability
simplex (i.e. the set of all non-negative vectors that sum to 1). The pdf of Dir(a) is
given by

F 1+ . a;—1 ¢
p(x|@) = H(,ZZF(; ]19; . (2.30)

This can be rewritten in an exponential form as

p(x|a) = (o — 1)T log(x <Z log I'(e;) — log T (Z az>) . (2.31)

Here, the sufficient statistics is log(x), the vector formed by entry-wise logarithm, the

canonical parameter is & — 1, and the log-partition is given by

i logI'(a;) — log " (i ai> .
=1 i=1

Ising model

The Ising model, which originates from statistical physics, has been widely used in
computer vision for enforcing smoothness over an indicator map. An Ising model is
typically defined on a grid G = (V, E), where each vertex is associated with a binary

variable taking values in {—1,+1}. The joint formulation is defined as an MRF:

p(x[6) = va 2) [] Suolliz, =2.)). (2.32)

vEV (u,v)eFE

Here, Z is a normalization constant.
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This can be rewritten in an exponential form as follows. Let

0, = (log (1) — logghy(—1))/2, and fuy = (log$(1) —log ¢(0))/2,

then

p(x]0) x exp Z 0y, + Z Oul(zy, = z) | - (2.33)

veV (uw)eE
The re-parameterized formulation above clearly suggests that the Ising model is an

exponential family distribution.

2.2.3 The Log-partition Function

The log-partition function A(8) in itself is an object of particular interest. As stated
by the following proposition, the derivatives of A w.r.t. the canonical parameter are

closely related to the mean parameters.

Proposition 2.4. Consider an exponential family as given in Eq.(2.22), the log-
partition function A has

Vo A(6) = Eq[¢(X)], (2.34)

and
V5 A(8) = Cove[p(X)] = Eg[d(X)p(X)T] — E[d(X)|Ee[p(X)]”. (2.35)

Here, Eg[-] indicates the expectation w.r.t. the distribution in this family with canonical

parameter 6.

As covariance matrix is always semi-definite, Eq.(2.35) immediately leads to the

following corollary.

Corollary 2.1. The log-partition function A is a convez function for any exponential
family. Moreover, if A is associated with a minimal representation, then A is strictly

Convezr.
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From Eq.(2.34), we can see that VA defines a mapping from the set of all valid
canonical parameters, denoted by ©, to M, the set of realizable mean vectors. For

this mapping, we have the following theorem

Theorem 2.2. For an exponential family with minimal representation, the gradient
mapping VA . © — M is one-to-one, and onto the interior of M. Conversely, if

V A is one-to-one, then the associated exponential representation if minimal.

2.2.4 Conjugate Duality

The conjugate dual of the log-partition function A, denoted by A*, is defined to be

A*(p) & 216119) {n"6— A(0)}. (2.36)

Here, p is called the dual variable. The dual function is closely related to the entropy,

as formally stated by the theorem below.

Theorem 2.3. Given an exponential family as in Eq.(2.22). Let @ be a canonical

parameter satisfying the dual matching condition as
Eo [6(X)] = VA(O) = . (2.37)
Then the conjugate dual function A* has

A*([J,) _ —H(pg) (/-" € M)v (2.38)

+o0 (otherwise).

Here, H(pg) is the entropy of a distribution p in this family, with parameter 0.

Note that whereas there can be multiple canonical parameters 0 satisfying the dual
matching condition when the exponential representation is overcomplete, Eq.(2.38) is
well-defined, as all 8 corresponding to the same p gives rise to the same distribution,

and thus the same entropy value.
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Taking advantage of the duality, we further have

Theorem 2.4. Let A* be the dual function of a log-partition function A, then

A(6) = sup {67 p— A(u)} (2.39)

For all 0 € ©, the supremum is attained uniquely at p that satisfies the dual matching

condition.

2.3 Model Estimation and Variational Inference

This section considers the problem of estimating the parameters of an exponential
family model from observed data. Two approaches are discussed here: the frequentist
approach, which pursues the maximum likelihood estimate (MLE) of the parame-
ters, and the Bayesian approach, which considers the parameters as random variables
generated from a prior distribution.

Generally, in the simplest cases where variables generated from a model is com-
pletely observed, the maximum likelihood estimation reduces to the problem of mo-
ment matching. However, when variables are partially observed, one may resort
to Expectation-Maximization (EM) algorithm, which provides a general approach
to solving MLE. The E-steps in an EM algorithm requires evaluation of the mean
parameters, which, for some complex model, can be computationally intractable.
Variational inference based on mean field approximation is a generic methodology to

address this difficulty.

2.3.1 Maximum Likelihood Estimation

Consider a probability distribution p(x|@), whose parameter 8 is unknown and to
be estimated. Let Xi,...,X, be n independent and identically distributed (i.i.d.)

variables, each generated from p.
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Estimation of completely observed models

We first consider the simplest situation, where the values of Xi,...,X,, are com-
pletely observed (or known), which are denoted by x3,...,%,. Then the mazimum

likelihood estimate (MLE), denoted by , is defined to be

0 = argmax X;|0).
g [1pil0)

=1

Taking the logarithm of the likelihood values turns the product into sum, which,
in most cases, would greatly simplify the evaluation. Thus, 6 can be reformulated

equivalently as

0 = argma lo :10). 2.40
g x> logp(xi[6) (2.40)

=1

Let p(x|8) be an exponential family, as
p(x]6) = exp(6” p(x) — A(6)), (2.41)
where 0 is the vector canonical parameters. Then Eq.(2.40) further reduces to
6= arg‘rgnax 07 n — A(@), (2.42)

where p1 is the empirical mean of the sufficient statistics over the observed data, which

is given by

] (243)

Eg [¢(x)] = L. (2.44)

Hence, the problem of maximum likelihood estimation for an exponential family re-
duces to a moment matching problem, which pursues a parameter with which the

expectation of sufficient statistics matches the empirical mean.
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Except for some simple distributions, where analytic solution exists, solving MLE
generally requires the use of numerical optimization methods (e.g. gradient descend).

Note that since A(0) is convex, the optimization problem in Eq.(2.42) is convex.

Estimation of Models with Latent Variables

A more challenging problem arises when parts of the variables are not observed di-
rectly. For convenience of discussion, for a partially observed model, we denote the
vector of variables generated from the model as (X,Y’), which is comprised of an ob-
served part X and a latent part Y. In addition, each assignment to (X,Y") is denoted
by (x,y) withx € X and y € ).

Suppose the model is an exponential family. The joint formulation can then be

written as

p(x,¥(0) = exp (679 (x,y) — A(8)) . (2.45)

Given an observation X = x, the posterior distribution of Y is

o) — P (076(xY))
PR O) Jyexp (87 o(x,y)) v(dy) (240)

Clearly, this remains an exponential family distribution, of which the associated suf-
ficient statistics is ¢, (y) £ ¢(x,y). For this distribution, the log partition function
Ax(0) is given by

Ax(0) = /yexp (07 p(x,y)) v(dy). (2.47)
Note here that the integration is over ), and Ay depends on x.
Given partial observations X, ..., X, the maximum likelihood estimate 8 is de-
fined to be .
0= argznax Z log p(x;|0). (2.48)

i=1

Here, p(x;|0) is the marginal likelihood of x;, given by

p(xi[0) = /y p(x:, y10)v(dy). (2.49)
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Under the exponential family formulation in Eq.(2.45), it can be rewritten as

p(x:]6) = /y exp (67d(xi, y) — A(6)) v(dy)

— exp(—A(9)) /y exp (67 $(xs, ¥)) (dy). (2.50)

Combining this with Eq.(2.47) results in
log p(x6) = Ax(6) — A(6). (251)

We can see that the partial log-likelihood can be characterized as the difference be-

tween the log partition of p(y|x;; @) and that of p(x,y|@).

2.3.2 Expectation Maximization

Consider the partially observed model as formulated above. Generally, evaluation of
Ax(0) requires integration over ), which is often intractable. This difficulty can be

addressed using an variational lower bound to approximate A.

Variational Lower Bound

Let My denote the set of all realizable mean vectors for the exponential family
p(ylx; 0), as
My ={Fp: peR? | p=E,[p(x,Y)]}. (2.52)

Then, according to Theorem 2.4, we obtain the variational representation of Ay as

A(0) = sup {67p, — AL(p,)}, (253)
IJIIEMZ
with
Alp,) = sup {67u, — Ax(0)} . (2.54)
€
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Then the partial log-likelihood in Eq.(2.51) can be bounded from below, as
log p(xi|6) > 67 p, — Ax(p,) — A(6). (2.55)

This inequality holds for any pu, € M,. If and only if the dual matching condition is

satisfied, as

ey = E0[¢(x7y)] = Vo Ax(0), (2.56)

the inequality becomes an equality.

Expectation Maximization Algorithm

With the analysis above, we can derive a variational formulation, where the objective

function is given by

n

Lty o 10, 0) = 3 Lilp 0) = 3 (671, — A () — A(6)). (2.57)

=1

According to Eq.(2.56), this objective function provides a lower bound of Y7, log p(x;|0).
The Expectation-Mazimization (EM) algorithm is a coordinate ascent scheme
to optimize this variational lower-bound, which alternates between two updating

steps, as below.

1. E-step: update each dual vector p, with the model parameter 0 fixed, as

ptY  argmax Li(w, 89). (2.58)

PEMx;

This problem can be further reduced to

w — argmax (09T — A% () (2.59)

MEMx,

The optimum is attained when p = Egq) [¢(x;,Y)]. Hence this step is to solve
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the mean of ¢(x;,Y) w.r.t. 09, as

NgtH) — Egu [6(x,Y)]. (2.60)

2. M-step: update the parameter 8 with all dual vectors p,, ..., u,, fixed, as

oY argmaxZL /,L,G(-t+1)). (2.61)
6cO i—1

This can be further written as

0¢tY « argmax [ (t+1)—A 0)). 2.62
g ;( ©) (2:62)

Clearly, this is equivalent to the maximum likelihood estimate over a fully ob-

served model, with the sufficient statistics of the observation data given by

u&tﬂ), e qu“). In particular, the optimum is attained when
1 n
Bolop(X, V)] = = > . (2.63)
i=1

It is worth noting that at the end of each E-step, the gap between the sum of

partial log likelihood and the variational lower bound will be closed, as
Li(pd™ 69) = log p(x;|6?). (2.64)

Hence, as the algorithm proceeds, the variational lower bound increases, and thus the
joint partial likelihood also increases.

A key computational challenge of the E-M algorithm is the evaluation of Eg [¢(x;, Y)]
in E-steps. Specifically, this mean is given by

Eo[6(xi, Y / o, Y)p(y|xi; 0)v(dy). (2.65)

Except for some special models, computation of this integral (or sum) is usually in-
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tractable. Variational inference, as we shall see next, provides a generic methodology

to address this difficulty.

2.3.3 Mean Field and Variational Inference

Evaluation of the mean of sufficient statistics arises not only in uvarious inference
problems but also in model estimation (e.g. EM algorithm requires evaluation of con-
ditional mean vectors in E-steps). In general, such evaluation involves integration (or
sum) over some space, which can be intractable in complex models. In what follows,
we describe a generic approach — wariational inference — to address this problem,

which relies on mean field approzimation, a tool originating from statistical physics.

Tractable family

We begin the exposition by introducing the notion of tractable family. Given a graph-
ical model based on a graph G = (V, E), a tractable subgraph is a subgraph F of
G over which it is feasible to perform exact inference. For example, F' can be a com-
pletely disconnected graph (i.e. a graph without edges), a chain, or a tree. Then the
family of probabilistic distributions that can factorize according to F' is a sub-family
of those defined on G.

Consider an exponential family with a set of sufficient statistics ¢ = (¢;)7,, each
associated with a clique of G. Only a subset of them is associated with the cliques of
the subgraph F', which we denote by Ir C {1,...m}. Then, the canonical parameters
of the distribution in the sub-family defined on F' is a subset of ©, as

O(F)2{0c©|0,=0, Vje{l,... m}\F). (2.66)

A simple example may help to illusﬁrate these notations. Consider an Ising model

defined on a graph G = (V, E), as below

p(xl0) =exp | 30zt Y bullea=z) - A@)].  (267)

veV {u,v}eFE
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Here, the parameter space © is a subset of RIVIHIEl Given a disconnected subgraph
F = (V,0). The pairwise sufficient statistics I(z, = x,) is no longer associated with
the cliques of F, and therefore Ir only contains the indices of the single-variable

potentials. As a result, the restricted parameter space for F' is
O(F) = {6 € 6|6, =0, V{u,v} € E}. (2.68)

Let M be the set of all realizable mean vectors for the graphical model defined
on G. For the sub-family defined on F’, the set is realizable mean vectors is denoted
by Mg, as

M(F) £ {p eR™ |30 € UF): p = Bold(x)]}. (2.69)

Clearly, M(F) is a convex subset of M.

Mean field approximation

The following proposition is the theoretical basis for mean field methods.

Proposition 2.5. Let A be a log-partition function associated with an exponential

family, then for each 6@ € O,
AB) > 0" — A" (), Y e M. (2.70)
Here, the dual function A* is defined by

A(p) = sup {671 — A(0)}. (2.71)

The equality holds if and only if @ and p satisfy the p = Eg [¢p(x)].

Here, Eq.(2.70) provides a lower bound of A(0). However, A* is often intractable
to evaluate general. In such cases, it is infeasible to compute this lower bound. The

mean field method approxmiates this lower bound by restricting p to the tractable
subset M(F)L.

! As we assume it is feasible to perform exact inference on F, evaluating p € M(F) is feasible.

67



Let A% be the restriction of A* to M(F'), which is tractable to compute. Then
07 — AL () for each p € M(F) provides a tractable lower bound of A(8). Among

all these tractable lower bounds, the best one (i.e. the tightest one) is

sup {67 — Ap(p)}- (2.72)
HEM(F)

This is called the mean field approximation of A(6). Solving this optimization
problem, we get

fip = argmax 07y — A%(p) (2.73)
HEM(F)

Here, fip is called the mean field approximation of Eg[d(x)].

The mean field approzimation can also be derived and interpreted in a different way,
in terms of minimizing the Kullback-Leibler divergence.

Recall that an exponential family distribution can be characterized using either
the canonical parameters or the mean parameters. Hence, a mean vector p € M
uniquely corresponds to a distribution in the family. Consider a distribution pg with
canonical parameter @, and a distribution g, with mean vector p. The Kullback-

Legbler divergence between them is

Dir(gullpe) = Eq, [log q"(")]

po(x)
= Eq, ((650(x) — A(6,)) — (07 ¢(x) — A(6))
=(0,—0)Tu+A0) - A@,). (2.74)

Here, 0, denotes a canonical parameter dually coupled with g (i.e. satisfying the
dual matching condition) and we utilize the fact Ey, [¢p(x)] = p. Moreover, as 6, is

dually coupled with u, we have

671 — A(8,) = A"(p). (2.75)
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This immediately follows that
Dir(qullpe) = A(0) + A*(1) — 67 . (2.76)

Restricting p to the tractable subset M(F), we have

Drr(qullpe) = A(6) + Ap(p) — 87, Y € M(F). (2.77)
Thus,
fup = argmax (6" p — Af(p)) = argmin Dk (gl |pe). (2.78)
HEM(F) HEM(F)

This result suggests that the mean field approzimation to Eg[¢p(x)] is the mean vector

p in M(F) that minimizes the Kullback-Leibler divergence between g, and pe.

Variational E-M

Come back to the E-M algorithm for maximum likelihood estimation. When the
mean vectors in E-steps are difficult or even intractable to evaluate, one may resort
to variational inference techiques to approximate them. This variant of the EM
algorithm is often referred to as variational EM .

In variational EM, the objective function remains the same as Eq.(2.57), except
that the mean vectors pq,..., @, are restricted to a tractable subset M(F). Then,
the problem in E-steps is given by

(t+1)

Ts + argmax ((O(t))Tu - A;@(u)) = argmin Dgr,(qu||pew)- (2.79)
BEMx, (F) NEMXi (F)

As the optimum is attained, the objective value Lz-(p,gtﬂ), 0™), has

L’i(""z('t—'_l)a 6") = log p(x;|0?) — Drer(que+n | |pa)- (2.80)

When Mp = M, the variational EM algorithm degenerates to the standard EM,

where Dgr,(q,¢+||pgw) = 0, and the variational lower bound is tight.
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2.4 Monte Carlo Sampling

Evaluation of expectation often arises as central steps in probabilistic inference and
model estimation, which is often a very challenging task as it requires integration over
a huge space in many practical cases. There are many approaches to address this
problem, typically relying on approximations. A representative method is variational
inference based on mean field approximation. This section describes another category
of methods, namely Monte Carlo sampling, which performs inference by drawing

samples from the desired distribution.

2.4.1 Monte Carlo Integration

Consider the problem of evaluating the expectation of a real-valued random vector

X ~p, as
E,[X] :/Xxp(x)z/(x). (2.81)

When this integration is difficult to compute, we can approximate it by independently
drawing a large number of samples x1, . . ., X, from p and computing the sample mean,
as

E X ~i2 =% x,. (2.82)

Bylh(X)] = h 2 3 h(x) (2.83)

Here, h : X — R is an arbitrary real-valued function. The estimator A is unbiased,

meaning

Ey[h] = E,[h(x)].

Moreover, according to the Law of Large Numbers, h almost surely converges to the

expectation E,[h(x)], as n — co. The variance of A is given by

Var(h) = ;L-Ep [~ By [n])?) (2.84)
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2.4.2 Importance Sampling

In the cases where p is difficult to sample from, one can draw samples from another
distribution ¢ and reweight the samples. Specifically, given X ~ p and a real-valued

function A defined on X, we have

0] = | 42 g~ £, | B0 (285)

q(x) q(x)
Thus, we can draw independent samples x, ..., X, from ¢, and approximate E,[h] as
7 1 < p(x;)
E,lh(x)] ~ h, = — h(x;). 2.86
plh()] = by = -3 FESAG) (2.86)

This way of doing Monte Carlo integration is called importance sampling. Here,

g can be arbitrary distribution that satisfies
¢(x)=0 = p(x)=0. (2.87)

Generally, it is desirable to choose g such that ¢(x) is roughly proportional to p(x)h(x),
which would lead to small variance of the estimator.

In practice, p and ¢ are often formulated in the following form

1 1

p(x):ng(x)v and Q(X)=-Z-q-gq(X)- (2.88)

Here, Z, and Z; are normalization constants, which may be difficult to compute. In

such cases, one can approximate E,|[h| using x1,...,x, ~ ¢ as follows
" wih(x, ;
E, [h(x)] = 2z W) s = 92059 (2.89)
D i1 Wi 9q(X:)

Here, w; is often called the importance weight of x;.
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2.4.3 Markov Chain Monte Carlo

Direct sampling from a high dimensional space is usually very difficult. Markov
Chain Monte Carlo (MCMC) provides a very general and powerful methodology to
address this problem, which makes it feasible to sample from a broad class of complex

distributions.

Ergodic Markov chain

Markov Chain Monte Carlo is developed based on the ergodicity of Markov chains.
A Markov chain is defined to be a sequence of random variables X, Xs, ..., such
that

P( Xev1|ze, o1, .. X1) = p(Xeg1l|z), t=1,2,... (2.90)

If the transition probability p(z;y1|z;) is time invariant, the Markov chain is said to
be homogeneous. A homogeneous Markov chain is completely characterized by a
transition probability matrix T, with which, we have p(@y1|2:) = T(z¢, Z441).

A distribution p over X is called a stationary distribution (or invariance dis-

tribution) w.r.t. the Markov chain with transition probability matrix T, if

p(z) = > p(z')T(2, 2). (2.91)
z'eX
Proposition 2.6. Given a Markov chain with transition probability matriz T, let p
be a distribution over X, then p is a stationary distribution w.r.t. the given Markov
chain, if

p(x)T(z, ') = p(a")T(z', ). (2.92)

Here, the condition given in Eq.(2.92) is called detailed balance, which is a
sufficient condition that ensures p is a stationary distribution w.r.t. T.
The primary goal here is to sample from a given distribution by constructing a

Markov chain. This is related to an important property of a Markov chain - ergodicity.

Definition 2.3 (Ergodicity). A Markov chain over a finite state space is said to be
ergodic, if the following conditions holds:
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1. The Markov chain is irreducible, meaning every state is accessible from every

other state.

2. Fvery state s is positive recurrent, meaning that starting from s, the chain

will return to s almost surely, and the expected time to return to s is finite.

3. Every state s is aperiodic, meaning that there exists a time ts, such that a

chain starting from s may return to s at any time step after ts.

The following theorem is a fundamental result of Markov chain theory, which also

serves as the theoretical basis of MCMC.

Theorem 2.5. There exists a unique stationary distribution w for an ergodic Markov
chain, which is called the equilibrium distribution. Moreover, in spite of the initial

distribution of X1, the sequence Xy, Xa, ... converges in distribution to .

While the introduction above focues on Markov chains over finite state space,

similar analysis can be applied to Markov processes over other measurable spaces.

The Metropolis-Hastings algorithm

The basic idea of Markov Chain Monte Carlo (MCMC) is to simulate an ergodic
Markov chain whose equilibrium distribution p is the distribution one wants to draw
samples from. After running the chain for a sufficiently long time, the distribution of
the samples generated from the chain matches the desired distribution p.

The famous Metropolis-Hastings algorithm (M-H) is a sampling method that fol-
lows this idea, which is a generalization of the basic Metropolis algorithm. The M-H
algorithm requires a proposal distribution ¢, which is used to generate a new sample
conditioned on the current one. The detailed procedure of this algorithm is given in
Algorithm 1.

This algorithm is actually simulating a Markov chain whose equilibrium distri-
bution is p. This can be easily shown by proving the detailed balance condition as

follows

p(x)q(z|z")A(Z', z) = min{p(x)q(z|z’), p(x)q(z|z")} = p(a')q(z'|z) A(x,z'). (2.94)
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Algorithm 1 Metropolis-Hastings algorithm

Start with an arbitrary initial state zq € X.

for t=1,2,... do
Propose a new sample 2’ from the proposal distribution ¢(z'|z,_,);
Calculate the acceptance ratio as

Al o p(x)q(zi_1]2")
a; = A(z', 4_1) = min (1, p(xt—l)q(l"|$t-1)> ) (2.93)

if a; =1 then

Accept z/, and set z;1 = 2.
else

Accept 2’ with probability a;. Specifically, draw u ~ U([0, 1]), and set
end if

ZJ
Ti41 =
Tt
end for

Stops when enough samples have been acquired.

—

’U,S at),

at).

—~
£

In general, an MCMC algorithm need to be run for a long time (often referred to as
the burn-in stage) before the samples are collected. This is to ensure that the chain
is close enough to the equilibrium distribution. Moreover, consecutive samples are
correlated. In practice, one can only take every n samples in Monte Carlo integration,
to ensure that the correlation between used samples are negligible. Here, the interval
n should be chosen depending on how fast the correlation attenuates.

Theoretically, one can choose arbitrary distribution g as the proposal distribution,
as long as one can travel from one state to any other state within finite number of
steps via the proposal kernel. That being said, the specific choice of ¢ has remarkable
influence on the efficiency of the algorithm. In general, a good choice allows large
moves to escape local traps while minizing the rejection rate. Devising a good proposal

distribution is often more an art than a technique.
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2.4.4 Gibbs Sampling

Gibbs sampling is a simple and widely used MCMC algorithm and can be considered
as a special case of the Metropolis-Hastings algorithm.

Suppose we are to sample from a joint distribution p(x) = p(z1,...,x,,). Starting
from an atrbitrary vector, the Gibbs sampling algorithm updates one component
of the vector at a step as follows: (1) choose a particular component (say x;), and (2)
re-draw the value of z; from the conditional distribution p(;|xy;). At each cycle, the
algorithm updates all variables following a prescribed or random order.

The Gibbs sampling procedure gives rise to a Markov chain, as the distribution of
the state produced by each step is solely determined by the previous state. Moreover,
it is not difficult to see that p is invariant w.r.t. this Markov chain. This can be
shown by the following argument. Suppose the joint distribution over all variables at
current step is p. At next step, we redraw z; from p(z;|x\;). Note that the marginal
distribution of x\; remains the same. Hence, the joint distribution remains p.

The Gibbs sampling algorithm can also be viewed as a special case of the Metropolis-

Hastings algorithm, where the proposal distribution for the step to update z; is

q((, x\i) [(s, %\4)) = p(f|%\5). (2.95)

It is not difficult to verify with such a proposal, the acceptance ratio is always 1,
implying that the proposed transition is always accepted.

The standard Gibbs sampler, though simple, is usually very inefficient, as con-
secutive samples generated from the chain is highly correlated, especially for high-
dimensional sample spaces. To improve the performance of the Gibbs sampler, two

widely used strategies are

1. Blocked G1ibbs sampling: group variables into blocks, and update an entire

block at a step, conditioned on other blocks.

2. Collapsed Gibbs sampling: integrates out one or more variables when sam-

pling from other variables.
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Chapter 3

The Appearance Model

One important module of the scene modeling framework is the appearance model.
Technically, an image is a two dimensional matrix of numbers, also known as pixel
values. In a natural image, there are certain structures (patterns) among these pixels,
and it is such structures that constitute the appearance of the image.

In this work, a new image model is developed to characterize such structures. The
development here focuses on the modeling of local structures, which we consider as
a key aspect that characterizes images. Particularly, by integrating a probabilistic
manifold to capture local pixel patterns and a Markov random field to bring them
together into a joint formulation, this model is able to express rich local structures
while maintaining the coherence between them.

We derive a variational EM algorithm to estimate the model from training images,
as well as inference algorithms for inferring underlying images from partially corrupted
observations. These inference algorithms are applied to solve various low-level vision
problems, which particularly include image denoising and image inpainting. Experi-
mental results will be presented on both tasks, with comparison to other MRF-based

methods.

76



3.1 Probabilistic Image Models

Image modeling, which describes the structure and content of an image through a
mathematical formalism, lies at the heart of computer vision and provides important
basis for many vision tasks. In digital image processing and computer vision, a visual
scene is typically represented as an image or a video, which, from a mathematical
standpoint, can be considered as a function that maps each physical point (often
called a pizel) on the image plane to an intensity or color value. In this thesis, we
focus on intensity images, and thus each image can be represented as a real valued
function as I : D — R, where D is the image domain, i.e. the set of visible pixel
coordinates. However, it would be straightforward to extend the work presented in
this chapter to color images.

Generally, the pixel values of an image at different locations are strongly corre-
lated with each other and often exhibit certain structures, which distinguish an image
of natural scenes from arbitrary two-dimensional signals. Therefore, one key to im-
age modeling is to capture such structures. With different motivations, researchers
have developed various approaches to image modeling, among which many can be
formulated as a parametric distribution over images, as p(I;6), where 6 denotes the
parameters. This distribution is often called an image prior.

Given an image prior, many low-level vision tasks can be readily solved via
Bayesian inference. Take image denoising for example. Suppose the observed im-
age I is generated from an underlying natural image I through a noisy measurement
process as p(I~ |I;m), where n denotes the parameter that characterizes the measure-
ment (e.g. the variance of noise). Then, the task of recovering the underlying image

can be formulated to be a Maximum-a-Posteriori optimization problem as below
I = argmaxp(I|1;6,n) = argmax p(I; 0)p(I|I;n). (3.1)
I I

Here, I denotes the optimal solution to this problem. Instead of pursuing the single
optimum, one may also choose to characterize the inherent uncertainty, e.g. sampling

from the posterior distribution p(I|I;6, 7).
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The task of image modeling and that of using an image model to accomplish vision

tasks, as in Eq.(3.1), consists of three aspects:

1. Establish an image prior p(I; ). This has been one of the central topics in com-
puter vision for years. Consider the image recovery problem, prior knowledge
about the structure or characteristics is generally needed to infer the missing
or corrupted parts of an image. In previous work, two families of approaches
are widely used to formulate image priors, namely the manifold-based models
and the MRF-based models. As we shall see, they are complementary, and can

potentially be integrated to derive a more effective model.

2. Formulate the measurement process, which various across different applications.
In image denoising, it is a common practice to assume the observed images are

corrupted by additive white noise, as

I(z) = I(z) + &z, €5 ~N(0,0%), Vz€D. (3.2)

Whereas this formulation may tend to oversimplify the actual measurement
process, which, in many practical cases, produces results comparable with those
produced using more sophisticated measurement models, with lower computa-

tional complexity.

3. Develop algorithms to solve the optimization problem in Eq.(3.1), or to sample
from the posterior distribution. We will elaborate on this part later in this

chapter, when the image model is established.

The primary goal of this chapter is to develop a new image prior to model natural
images. Before introducing the new model, we first briefly review previous approaches
to this problem, which, as mentioned, roughly fall into two categories: manifold-based
and MRF-based. As we shall see later, these two types of approaches have their
respective strength and weakness, and our new approach is motivated by combining

the strengths of both.
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3.1.1 Manifold-based Image Modeling

An important family of approaches to image modeling is based on manifolds. Specif-
ically, an image with N pixels can be treated as a vector in RY. Here, to simplify the
discussion, we suppose all images to be modeled are of the same size, and thus their
vector representations are in the same space.

It has long been observed that natural images mostly concentrate around a low-
dimensional manifold. Motivated by this, different methods have been developed
to estimate such a manifold from training images. Among these methods, there is
an important family - subspace modeling, which is based on a further simplified
assumption, that is, images lie on a low-dimensional subspace. In a subspace model,

an image can be expressed as a linear combination of base images, as

I =Bc+e. (3.3)

Suppose the dimension of the subspace is ¢, then B is a matrix of size N x g, of which
each column corresponds to a base image. ¢ € RY is a coefficient vector.

Many methods have been proposed to learn B, the image bases, from a set of
training images. Representative methods include Principal Component Analysis
(PCA) [104, 105], Independent Component Analysis (ICA) [10], as well as others
that rely on information theoretical criteria.

The linear assumption underlying the subspace models tends to be too strong
for many practical problems, even for those only involving a restricted class of im-
ages. In later work, more sophisticated methods that allow the modeling of nonlinear
manifolds are developed. These methods extend the classic linear models in different

ways:

1. Locally linear approzimation. An important way to construct a manifold is
through locally linear approximation, that is, to use a set of linear spaces, each
covering a small region on the manifold. Different methods use different ways to
characterize the locally linear spaces. A well-known method in this family is the

one proposed by Roweis and Saul, called Locally linear embedding (LLE) [86].
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This algorithm maps each image to a low dimensional point, such that each
point can be approximate by a linear combination of its neighbors, using the
same coefficients as those for the high dimensional representation. In this way,
the manifold embedding found in this way is expected to preserve the local rela-
tions between samples. Another well known method called Locality preserving
projection (LPP) [45] learns the optimal projection onto the embedded mani-
fold by finding the best approximations to the eigenfunctions of its Laplacian

Beltrami operator.

2. Nonlinear mapping via kernels. Many subspace-based models can be readily
generalized to describe nonlinear manifold through the “kernel trick”. The ba-
sic idea is to learn a subspace of a new representation space obtained through
a nonlinear mapping induced by a positive definite kernel. This new represen-
tation space is called the Reproducing Kernel Hilbert Space, which may have
infinite dimension. However, in most cases, this space does not need to be ex-
plicitly instantiated. All computations can still be performed in the original
space, where the evaluation of inner products are replaced by the evaluation of

kernels.

Using this technique, linear subspace models can be extended to nonlinear ones
(e.g. Kernel PCA). This strategy has been widely used in vision tasks, such as

face recognition [117] and object detection [3].

3. Generalized PCA. Vidal et al. proposed the Generalized Principal Component
Analysis (GPCA) [107], which is an algebraic geometric extension to the PCA
method. This algorithm aims to find an indefinite number of subspaces of vary-
ing dimensions from sample data points. Here, the subspaces are represented
by a set of homogeneous polynomials, such that the degree of these polynomials
is equal to the number of subspaces, and the gradients are orthogonal to the

given subspaces at each point.

While these methods are effective for describing the appearance of objects in

specific classes (e.g. faces), they have several limitations, making them unsuitable for
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generic image modeling

1. The models constructed based on manifolds typically provide a holistic char-
acterization of the images to be modeled. With a low-dimensional internal
representation, they can only express certain structural variations. However,
the structure of a generic image, especially those containing multiple objects, is
subject to substantial variations. While some modeling extensions (e.g. mixture
models) may help to extend the model’s capability of expressing such variations,
it is still far beyond any current model’s capability to give a holistic character-

ization of generic images, except in a very restricted context.

2. Generic images are typically in a very high dimensional space, over which, learn-
ing subspace or manifold parameters often requires a huge amount of training
samples to achieve a reasonable reliability. For image modeling, the problem is
even more challenging, as patterns of very different structures can be presented
in an image. Therefore, directly learning a manifold over the holistic appear-
ance of generic images would be extremely difficult, where an exceedingly large

number of samples may be needed to reliably estimate a model.

3.1.2 MRF-based Image Modeling

Markov random fields (MRFSs) provide a generic probabilistic formulation for low-level
image modeling. Unlike manifold-based models, MRFs emphasize local coherence
rather than global structure. Generally, an MRF model defines the probability density

function through a set of potential functions, each over a clique, as follows.
(1:6) = £ [] aie)s6) (3.4
p ) - Z P 7 (ZARE TN .

Here, c; is the i-th clique, which may contain a single pixel or cover several neighboring
pixels. Associated with this clique is a potential function ¢;, which characterizes the
statistical relations between the pixels of the clique. Z is a normalization constant,

whose value depends on the parameter 6. Section 2.1 provides a more detailed review
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of MRFs.
Whereas MRF-based image models all share the same form as given by Eq.(3.4),
they may have different potential functions. A classic formulation of MRF that has

been widely used in low-level vision employs pairwise quadratic potentials, as

pIs0) = e | -5 3 (1)~ 1) | (35)
(4,7)€Nbs
This model is motivated by a simple observation that neighboring pixels tend to have
similar values. This formulation actually defines a joint Gaussian distribution over
the pixel values, and thus is a Gaussian MRF.
Simplicity is probably one of the most important advantage of a Gaussian MRF.

Let L be the Laplacian matrix of the neighbor graph (i.e. the graph with edges

between neighboring pixels), then Eq.(3.5) can be rewritten in a matrix form as

p(I;0) = %exp (— gvec(I)TLvec(I)> . (3.6)

Here, vec(I) denotes the vector obtained by stacking all pixel values of I. For an image
denoising task, if Gaussian white noise is assumed for the measurement process, as in
Eq.(3.2), then there is an analytic solution to the MAP problem given by Eq.(3.1),
as below

vee(I) = (0L + o~ 21) " (o 2vec(])). (3.7)

However, in natural images, the distribution over high frequency components often
exhibits heavy tailed characteristics, which Gaussian MRFs are not able to capture.
Consequently, methods relying on Gaussian MRFs tend to blur edges and contours
when applied to image recovery tasks.

This problem has been widely known in computer vision community. To better
preserve sharp discontinuities in images, people have proposed potential functions in
other forms that have heavier tails [36]. Though partly alleviating the issue of over
blurring, such formulations are still very limited in their expressiveness, as they only

consider pairwise relations and do not explicitly take higher order interactions into

82



account.

Following Zhu et al.’s pioneering work [119], a series of high order MRF's has been
proposed for image modeling. [119] presents a model called FRAME, which combines
filtering theory and MRF modeling to characterize images of homogeneous texture
patterns. In this model, A set of filters is selected from a general filter bank and
applied to training images, and the histograms of the filtered images are extracted.
These histograms are estimates of the marginal feature distributions. Then, the
maximum entropy principle is employed to construct the joint distribution p(I) over
texture images, which is restricted to have the same marginal feature distributions.
Zhu et al. [119] showed that this joint distribution can be expressed in form of a

Markov random field, as

K
p(I) = %exp (- Y D A I(c)) : (3.8)
k=1

ceC

Here, K is the number of selected filters, and fi,..., fx are the filter kernels. C is
the set of all cliques, each covers the support of a filter kernel. Hence, fTI(c) can be
understood as the response of filter f; at patch c.

Later, Roth and Black [83, 85] proposed the Field of Experts (FoEs), which extends
the FRAME model by formulating local potentials as products of experts. Specifically,

the joint probability density function is given by

p(I) = exp (ZZW TI(e): ak)) . (3.9)

k=1 ceC

Here, the filters fi,..., fx are learned rather than being selected from a pre-defined
filter bank. Also, the potential function ¢y, is designed to capture heavy-tailed char-

acteristics. In [85], a differentiable approximation of L1-norm as below is used

o(u; e, B) = an/ B+ u?. (3.10)

In [84], Roth and Black further developed a Steerable Random Fields, where steerable
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filters are used and potentials are defined upon steered filter responses. Current

methods that utilize MRFs for natural image modeling are limited in two aspects.

1. First, many methods rely on the distributions of filter responses to derive clique
potentials, obscuring some aspects of the generative model. As we shall see in

next section, such models have limited capacity to describe local patterns.

2. Second, non-Gaussian potentials, which are often used to capture heavy-tailed
characteristics, usually lead to computational difficulties in both learning and
inference. For example, Contrastive divergence sampling, which is known to
converge very slowly, is used for maximum likelihood estimation of the Field of

Experts model in [83].

Consequently, a variety of approximate formulations have been proposed. Weiss
and Freeman [115] derived tractable lower and upper bounds of the partition
function of the Field of Experts model when Gaussian potentials are used, such
that more eflicient optimization-based methods can be employed to solve the
problem. They also extended the results to non-Gaussian potentials and de-
veloped an approximate method to obtain the maximum likelihood estimation.
Tappen [33] adopts a strategy called variational mode learning, where rather
than maximizing the likelihood of the training data, the MRF parameters are
found by minimizing a loss function that measures the difference between the
ground-truth image and optimal image under the MRF model. Samuel and
Tappen [87] proposed a variant of the Field of Experts, where the MRF model
is trained by optimizing the parameters so that the minimum energy solution

of the model is as similar as possible to the ground-truth.

Recent work [34, 98] suggests the use of conditional random fields (CRFs) that
directly model the posterior instead of the prior, which substantially improves the
learning efficiency under certain settings. However, as articulated by Schmidt et

al. [88], the gain in efficiency often comes with the loss of generality.
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Figure 3-1: The overall framework of the generative image model. Here, each image
is considered as a combination of a base image that roughly reflects the smooth
lighting variation, and a texture image that captures the local details. The base
image is generated from a prior formulated in the form of a Gaussian process; while
the texture image is generated as a composite of oriented local patches drawn from the
patch manifold. A Markov random field conditioned on the local patches is introduced
to produce the entire image, which explicitly enforces coherence across patches. This
figure also illustrates how this model can be applied to image denoising. Specifically,
given a learned model, the variational inference algorithm will incorporate both the
prior knowledge provided by this model and the observed noisy image to derive the
posterior distribution over the MRFs, and thus recover the underlying image in a
Bayesian fashion.

3.2 A New Image Prior

In this work, we develop a new image prior, motivated by the following observation.
The global appearance structure of natural images varies dramatically from image
to image and from scene to scene. One key aspect shared by natural images that
distinguish them from other two-dimensional signals is the structures of the local
patterns.

The new image model is a probabilistic generative model, which comprises a patch
model that leverages the expressive power of manifold modeling to capture the vari-
ations of local patterns, and a family of Markov random fields to enforce coherence
across patches. Specifically, to produce an image, local components from the patch
manifold are selected to generate individual patches, and thereon a conditional MRF
is constructed to generate an image coherently.

Figure 3-1 shows the overall framework of the proposed image prior. Here, an
image [ is considered as the superposition of two components: (1) a low-frequency

component B, called the base image, which roughly reflects smooth lighting variation
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over the entire image (e.g. which region is dark and which is lighter); and (2) a high-
frequency component Y, called the texture image, which captures the local details
and is modeled as a coherent composite of local texture patterns. Through such a
decomposition, the effect of overall illumination variation can be roughly separated

from the modeling of local patterns (e.g. textures).

3.2.1 Modeling Base Images

Intuitively, a base image is simply an excessively blurred version of the original image.
We formulate the prior distribution of the base images as a Gaussian process, which,
with a proper choice of covariance function, is effective in modeling smooth signals.

Particularly, the covariance function that we use here is defined to be

Cov(B(z), B(z')) = ag exp (—”—w-z_é-‘ﬁ) . (3.11)

Here, z and 2’ are the coordinates of two pixels, and Cov(B(z), B(z')) is the prior
covariance between the corresponding pixel values. The parameter ag and 0% can
be learned from training images. In particular, o% controls the range of correlation.
Generally, a model with larger value of 0% would enforce longer range of coupling,
thus generating more blurry images.

While more sophisticated models might be used to describe the base image, we
did not choose to pursue this direction further. The reason is that for many low-level
vision tasks that this work is targeting, the key is to recover the local structures,
and thus this simple Gaussian process model is sufficient. That being said, it would
be interesting, as a future work, to study the modeling of global image structures
(e.g. spatial configurations of regions) and see how it might contribute to vision

applications.

3.2.2 The Patch Manifold Model

The generative model of texture images is comprised of two main components: (1)

a probabilistic patch manifold model that aims to capture the structures of local
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patterns, and (2) a conditional MRF that enforces coherence across patches.
First of all, a generative patch model is introduced, which characterizes local
patterns at the level of patches. The construction of this model is motivated by two

observations:

1. In natural images, intensity values of neighboring pixels are highly correlated.
Let d, be the dimension of a patch vector (i.e. the number of pixels in a patch),
then most patches may lie around a manifold of dimension much lower than d,,.
Hence, the task of modeling the distribution of patches can be partly reduced

to the estimation of such a patch manifold.

2. A patch and its rotated versions are equally likely for a natural image. This
might not be necessarily true in practice. However, based on this assumption,
we may substantially reduce the complexity of the manifold by mapping all

rotated versions to a single point on the manifold.
The generation of a patch based on this model consists of three steps:

1. Generate a canonical patch from a component of the manifold. Here, a canonical

patch is a patch with standard orientation.
2. Generate a rotated version of the canonical patch.
3. Generate the residues. This step allows deviation from the manifold.

Next, I will discuss these steps in detail.

Generation of canonical patches

Patches that are rotated versions of each other are considered to be equivalent. Given
an equivalence class of patches, we designate the patch with horizontal orientation
as the canonical patch of this class. Here, the orientation of a patch is determined

by the leading eigenvector of the structure tensor [11]. In particular, the structure
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tensor associated with a patch p is defined to be

S(p) = > zep Ii() erpgh(w)gv(x)’ (3.12)

2 eep n(@)G(T) Yo, 95(2)

where gn(z) and g,(z) are respectively the horizontal and vertical component of the
image gradient at pixel z. Generally, one may use other methods to determine the
principal orientation. The reason that we use structure tensor here is that it is robust
again noise and is easy to implement.

Canonical patches are described by a manifold of dimension d,, < d,. As a patch
may exhibit very different patterns, this manifold is nonlinear, which we approximate
using a mixture of locally linear components. Each component here covers a subset of
similar patterns. Specially, these components are formulated as d,,-dimensional hy-
perplanes, denoted by Hy, ..., Hgx. Each hyperplane Hy = (u,, Wy) is characterized
by an offset vector p;, € R% and a basis matrix W, € R%*%n_ With these notations,

each canonical patch x in on the hyperplane Hy can be expressed as
X = py, + Wiz (3.13)

This mixture model has a prior categorical distribution 7 over the constituent
hyperplanes. To generate a canonical patch, one can first choose a specific hyperplane
Hj, from , then draw the latent representation z ~ N(0,1), and finally obtain a patch

as in Eq.(3.13). Here, the dimension of z is d,,.

Patch rotation

The patch that we actually observe in an image is a rotated version of the canon-
ical patch generated from the manifold. To generate this rotated version, one first
draws an orientation w from a uniform distribution over [0, 27|, and then rotates the
canonical patch in the clockwise direction. The resultant patch is denoted by R(x, w).

While we limit this analysis to relations, other geometric transforms can be incor-

porated. By considering larger equivalence classes, the complexity of the canonical
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Figure 3-2: This figure compares how well normal distribution and normal inverse-
gamma distribution fit the pixel-wise residues. The left and right figures respectively
show the estimated models against the empirical distribution in linear and log-scale.

patch manifold may be further reduced. However, one should be cautious when using
other transforms. For example, the use of size scaling may lead to difficulties when

the size of a patch is fixed.

Generation of residues

The model allows small deviation from the manifold via a residue term. In order
to select a suitable residue distribution, we fit a mixture of hyperplanes to a set
of patches extracted from natural images and examine the marginal distribution of
pixel-wise residues. Empirical analysis reveals heavy-tailed characteristics.

A variety of models can be used to approximate a distribution with heavy-tailed
characteristics. A model that has been widely used is the Gaussian Scale Mizture

(GSM). In general, its probability density function is defined to be

K
p(x) =Y mN(z;0,0%) ~2*/(@a}), (3.14)
k=1

K
> e
2
1 \ 2moj
To use this formulation, one has to first specify the value of K, the number of compo-
nents. Also, this model has 2K parameters to estimate, including the prior weights

and the variances of components.

We find that the normal inverse-gamma distribution, a simpler model, performs

89



equally well in practice. A normal inverse-gamma distribution can be viewed as
a continuous Gaussz’an scale maxture, where the variances are genecrated from an
inverse-gamma distribution. Specifically, this distribution is controlled by only two
parameters: a shape parameter o, and a scale parameter 3., and it is denoted by

NIGam(a,, 8,). Sampling £ ~ NIGam(a,., §3,) is as follows:
o2 ~ Inv.Gamma(ay, B,), €~ N(0,02). (3.15)

The probability density function of this distribution is given by

F(O{r + 1/2)5% ( 2)"(ar+l/2)

o) Bt (3.16)

1
PNIGam(f; Qr, 5r) = %

We can see that the pdf value attenuates as a power function with a fixed exponent
—(ar +1/2) as € increases. Clearly, a normal inverse-gamma distribution has as a
heavier tail than a normal distribution. When «,. > 1 and 8, > 0, the variance of £
is given by G,/(a, — 1).

Figure 3-2 shows that the normal inverse-gamma distribution yields much better fit
to the empirical distribution of the pixel-wise residual values. Furthermore, as we shall
see in the next section, the conjugacy between inverse-gamma and normal distribution

(w.r.t. the variance) leads to close-form updates in the variational inference procedure.

The Overall Formulation

Altogether, we obtain a graphical model to generate patches, as illustrated in Fig-
ure 3-3. Here is a brief summary of the model. This model comprises K hyperplanes
Hi, ..., Hk to approximate the patch manifold. Each hyperplane Hy is characterized
by a basis matrix Wy, and an offset vector p;. In addition, there is a discrete distri-
bution 7 over these components, and a normal inverse-gamma distribution to model
the residues, with parameters «, and g,.

For each local clique ¢ of an image, a patch is generated from this manifold,

through the process summarized below.
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Figure 3-3: This is the graphical model for generating patches. In this model, the
generation of a patch y. consists of four steps: (1) choose a component s, ~ ; (2)
generate the latent representation z, ~ AN(0,I), and thus the canonical patch x, =
W, .z, + 1, , (3) draw an orientation w, and rotate the patch accordingly, obtaining
R(x.,w.), (4) generate the residue vector €., by drawing each entry independently
from NIGam(ay, 5,), and add the residues to the patch.

1. Choose a particular component of the manifold, by drawing its indicator s, ~ .

2. Generate the latent representation z, ~ N(0,I). Then, the canonical patch is

given by x. = Wy z. + p, .

3. Draw an orientation w, ~ U([0, 27]), and generate the rotated version R(x.,w.).

(1) (dp)
Cc 3

4. Generate the residue €, = ( ..,& ™). Each entry féi) here is independently

sampled from the normal inverse gamma distribution, as féz) ~ NIGam(a., 3,).

With all these variables, we can obtain a patch as
Yo = R(x;,w.) + €, = R(W, 2, + i, ,we) + &,. (3.17)

As an empirical comparison, we collect 100,000 patches of size 13 x 13, and esti-
mate both a probabilistic manifold and a Field of Experts model over this set. Fig-
ure 3-4 shows the samples respectively generated from both models. Qualitatively,

the patch manifold model developed here yields more structured patterns.
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Figure 3-4: The first two rows show the sample patches drawn from the probabilistic
patch manifold (the size of each patch here is 13 x 13). The last row shows the sample
patch generated from the Field of Experts model [83] with 5 x 5 filter banks, which
we obtained using a Gibbs sampler that runs on a 13 x 13 grid.

3.2.3 Patch Coherence via Markov Random Fields

A critical element of the proposed model is to maintain coherent image structure
across overlapping image patches. A simple idea to improve coherence across patches
is blending, that is, to generate overlapping patches independently and combine them
with smoothly varying weights in regions where patches overlap. Simple methods
as such may yield noticeable artifacts when there is inconsistency between neigh-
boring patches. Alternately, image quilting [29] addresses this issue by finding the
optimal boundary between patches via minimum error boundary cut. However, this
requires solving a discrete optimization for all overlapping patches and is not easily
incorporated into a probabilistic generative model.

The proposed framework uses a conditional MRF to enforce coherence across
patches. Consider an image Y with a collection of overlapping patches, denoted by
C. For each patch ¢ € C, we denote the vector of pixel values in ¢ by y.. Note that
Y. and y» may share part of the values when ¢ and ¢ overlap.

Given the patch model, we generate an image through the following procedure

with two stages.



Stage 1: Generation of latent variables

Recall that generating a patch y, from the probabilistic patch manifold model involves

several latent variables:

1. an indicator s, ~ 7 that specifies a component H,_ to generate the patch;
2. alatent (low-dimensional) representation z, € RY;

3. an orientation w,. € U([0, 27]) for patch rotation;

. 1 d . . .
4. avector of variances v, = (vg ), ceey vé ») used to generate the pixel-wise residues.

These variables together as (s, ., we, Vo) are called the local configuration for

patch y.. In this model, they are generated independently for each patch.

Stage 2: Generation of the texture image Y from an MRF

Instead of generating each patch y. independently based on the local configuration,
we construct an MRF over the entire image conditioned on local configurations for all
patches and sample and generate an image therefrom. The formulation of this MRF
is given by

1
p(Y|s,z,w,v) = —Z’H¢(YC|3cazcvwc,Vc)‘ (318)

ceC
Here, the potential value ¢(y.|Sc, Z., we, Ve) is defined to be the conditional pdf of
Y. w.r.t. the patch model introduced above, and Z is a normalization constant. In

particular, the potential function ¢ is given by

d

(R(%e, we)P — ygﬁ)z) . (3.19)

Im 1
¢(YC|SC7 Zc, We, Vc) - e Y (_
;’1:[1 \/ 27 (vd)? 2(ve)?

Here, x, = W, 2z, + i, , and v] ~ Inv.Gamma(ay, B,). Also, a superscript () is
used to indicate the j-th pixel of a patch. For the convenience of computation, we
reformulate the potential. Instead of rotating the canonical patch generated from the
manifold, we rotate the observed patch in reverse direction and compare it with the

canonical patch. Though both are equivalent, the latter simplifies inference, as x.
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involves a latent representation z. that needs to be inferred. The resultant potential

is thus given by

o (R(ye, —we) ¥ — xI)?
c|D¢y by W) = =i - d = - ° . 3.20
O(YelSe Ze, we) lell 27r(vg)2 exp < 2(0d)? ( )

It is important to note:

1. This MRF, including the parameters of the potential functions and the value of
the normalization constant, depends on local configurations. That’s the reason

we call it a conditional MRF.

2. With this MRF formulation, the texture image Y is generated as a whole by
sampling from the MRF model, which is different from sampling individual
patches and combining them through a post-processing procedure. Intuitively,

one may see this as a process that couples the generation of all patches.

Substituting this potential function given by Eq.(3.20) into Eq.(3.18), we can

rewrite the likelihood of Y conditioned on local configurations as

p(Ys,z,w, v) x exp (— ZEC(yC|sC,zC,wC)) . (3.21)

ceC

Here, the energy term associated with patch c is given by

_ 1 )1 4) _ x0)?
E. =3 ;(UZ) (R(ye: —we)) — x9)
1 | .
=3 ;(vg)—l (R(Yer —we)® — (Wo.zo + p, )P (3.22)
_7:

As the energy term is quadratic, the MRF constructed above is a Gaussian MRF.
It is worth emphasizing again that this MRF is conditioned on local configurations.
Integrating out the variances vJ, we will end up with a continuous mixture of MRFs

with heavy-tailed marginals on the residues.
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Figure 3-5: This figure, depicting three overlapping patches (green, red, and green
from left to right), illustrates how inter-patch coherence is ensured. On the left is a
small part of a natural image. By flipping the rightmost patch, we obtain the image
on the right. Whereas the rightmost patch may be captured by the manifold, the
innermost patch (red) has a discontinuity and as such is unlikely to be well explained
by the manifold. Hence, by driving all patches towards the manifold, the MRI favors
coherence across the left, middle and right patches.

Based on the MRF derived above, the maximum-a-posterior inference will drive
each patch towards the patch manifold. As patches overlap with each other, if two
adjacent patches are inconsistent, the patch overlap with both would be unlikely to
be generated from the patch manifold. Hence, this process, via patch overlapping,

also encourages coherence across patches (see Figure 3-5).

3.2.4 The Joint Likelihood

Overall, the model has the following parameters: (1) the hyperplanes of the manifold:
Hy, ..., Hg with Iy = (pg, Wi), (2) the prior o over these hyperplanes, and (3) the
parameters of the residue distribution «, and 3,. These parameters together are
denoted by 6. In addition, each texture image Y is associated with several hidden
variables: the hyperplane selectors s, the latent representations z, the orientations
w, and the residue variances v. Given 8, the joint likelihood of ¥ and these hidden
variables is

p(Y |Gy) [ p(selm)p(ze)p(we)p(Velawr, B,). (3.23)
ceC

Here, p(s.|m) is a categorical distribution, p(z.) is a standard Gaussian distribu-
tion, p(w.) is a uniform distribution over [0,2x], and p(v.|a,, 8,) is a multivariate

inverse-gamma distribution. Gy denotes the conditional MRF to generate Y, given

95



by Eq.(3.21) and Eq.(3.22).

Discussions

We discuss some issues with respect to the image prior presented above.

1.

This model focuses on local characteristics. This is sufficient for low level vision
tasks where recovery of local patterns is the main objective. Consider an im-
age corrupted by white noise, its overall appearance structure is largely intact.

Denoising such an image mainly requires prior knowledges on local textures.

. In the generative model described above, we actually establish a prior over a

space of Gaussian MRFs, in which each MRF is conditioned on a configuration
of local patch models. This contrasts with previous work utilizing a single MRF

or CRF (either hand-crafted or learned) for low-level vision tasks [83, 84, 115].

Formulating the image prior as a distribution over MRF's brings forth several
benefits: (1) a probabilistically consistent generative model; (2) the capacity to
model heavy tailed characteristics or other statistical properties that are not well
described by Gaussian models; and (3) the availability of efficient algorithms

for learning and inference.

Though assumed independent a priori, the local configurations of different
patches will be coupled given the observations!, provided that the patches are
overlapping. The inference procedure will take the information from the ob-
served image to guide the choices of latent values, encouraging the generation
of locally coherent images that have similar appearance structure as the obser-

vation.

That being said, we believe that there is interesting dependence among these

local configurations, which is worth further investigation as future work.

1Section 2.1 discusses conditional independence of graphical models, which contains an important
result for Bayesian networks: parent nodes of an observed node are mutually dependent in the
posterior distribution.
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4. The local model of each patch is similar to a mixture of PPCA that has been
employed for digit recognition and image compression [101]. The novelty here
consists in the maintenance of coherence across patches via conditional MRF's,

and the use of dominant orientations and heavy-tailed residue distribution.

5. Using manifold model to derive clique potentials distinguishes it from previous
work on natural image modeling, where the use of derivative filters in defining

potentials is a common practice.

3.3 Learning the Image Model

In practice, we can learn the model parameters from a given set of training images.
Before describing the details of the learning algorithm, we first introduce our experi-
ment settings. Specifically, our experiments are performed on the Berkeley Segmen-
tation Data Set and Benchmarks 500 (BSDS500) [5], which has been widely used to
assess denoising and inpainting methods[83, 84, 115]. Note that we use BSDS500(5],
a recently released extension including 200 new test images.

This data set specifies a subset of 200 images for model training, which we denote
by I,...,1I,. Here, n = 200. The algorithm first decomposes each image I; into two
components: a base image B; and a texture image Y; via simple image processing.
In particular, for an image I;, a low-pass filter? is used to produce an excessively
smoothed version, which is treated as the base image B;, then the texture image is
set to be Y; = I, — B;. In this way, a set of base images By, ..., B, and a set of texture
images Y71, ..., Y, are derived, which are then respectively used to learn the Gaussian
process prior and the patch manifold model. Below, we will respectively describe the

detailed procedures.

2A filter with a Gaussian kernel of large radius (¢ = 25 pixels) is used in our experiments to
obtain the base image.
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3.3.1 Learning the Gaussian Process Prior

The estimation of the GP prior is based on all base images derived as above. These

base images are assumed to be independently generated from a Gaussian process, as
B; ~ GP(ug,kp), i=1,...,n. (3.24)
Here, up is a constant mean value, and kg is a covariance function defined by

z—ul?
kg(z,y) = ap - exp (—'—l—%gy—u—) . (3.25)
B

Then, for an image I; with h rows and w columns, this covariance function gives rise

to a covariance matrix C; of size (hw) x (hw), as

_ _ _ 20 — @0
C(u,v) = kp(Tu, zy) = ap-exp | ——=—5— | . (3.26)
20%

Here, z, and z, are the coordinates of the u-th and v-th pixels. Let b; = vec(B;) be
the vector comprised of all pixel values in B;. Then under this model, the probability

density at B; is given by

1
€
N

p(Bi;MB,KfB) =

- (—%(bi ~ us)TCr (b — pB)) @)

Let N be the number of pixels in an image. The complexity of evaluating this pdf is
O(N3), which is prohibitive for a typical image, where N is often over 105.

Here, we only have to estimate three parameters upg, ag, and og. Hence, it is not
necessary to use the entire image to obtain reliable estimates. In our experiment, a
simplified method is used instead. We first estimate up, for which, the maximum
likelihood estimate is simply the mean of all pixel values in all base images.

The estimation of ap and op can be found using numerical gradient ascent.
To make the computation tractable, rather than using the whole image, we ran-
domly draw a set of pixel pairs from the base images. Each pair is denoted by

((us, 23), (vi,9:)). Here, u; and v; are the pixel values minus up, and z; and y; are
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the pixel coordinates. Note that the two pixels in each pair must be from the same

image. The marginal distribution of (u;, v;) remains a Gaussian distribution, as

1
€
(27-‘-)hw/2 |Zi l 1/2

Pl )i 5) = — 0 (o) S () ) (629)

Here, 3; is the marginal covariance of (u;,v;), which is given by

ag G,Be—d%/(%’%)
age=%/(o%) agp
Hence, we have
i = ap(l - pi(op)?),  with p(og) = exp(—d}/(20%)). (3.30)
and
1

((ui, v:)) 27 ((ws, 02)) = (uf +vf — 2pi(0B)uiv;) . (3.31)

o*(1 - pi(oB)?)

Then ap and ¢4 can be solved by maximizing the following objective function

Np
Zlogp((ui,vi)mg). (3.32)

Here, N, is the number of pixel pairs. The derivatives of this objective function

w.r.t. the parameters can be easily derived based on the formulas above.

3.3.2 Learning the Probabilistic Patch Manifold

The model of texture images consists of two modules: the patch manifold and the
MRF. As the potential functions of the MRF to enforce coherence across patches
are simply the likelihood with respect to the patch manifold model, we only have to
estimate the parameters for the patch manifold in the stage of model training.

The patch manifold, as shown in Figure 3-3, involves the following parameters to
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be estimated: the prior distribution over components 7, the component parameters
{(Wy, ) £ |, and the parameters of the residue distribution o, and 8,. These pa-
rameters together are denoted by 6. This model also involves several latent variables
for each patch y,: the indicator s, € {1, ..., K} that associates it with a component,
the latent representation z., the orientation w,, and the vector of residue variance v,.

These hidden variables together are denoted by (..

Variational approximation

Direct maximum likelihood estimation of the model parameters @ is intractable, as
it requires integration over all hidden variables. Here, variational EM? is employed,
which infers the expectation of the hidden variables while optimizing the model pa-
rameters. Particularly, we factorize the posterior distribution of these hidden variables

into a product as

I a(se,ze,we, ve), (3.33)
ceC
where we approximate ¢, as
dp K
Qe(Ses Zey We, Ve) = 05, (we) H Qv (Vi|GL, B2) Z 7~T6(k)5k(50)525,k (z). (3.34)
j=1 k=1

Here, we briefly explain the rationale underlying the choice of this variational approx-

imate:

1. The orientation w, has a complex and nonlinear relation with the patch vector
Ye. Here, 0, is a delta-distribution that assigns probability 1 to &.. Thus,
in E-steps, the estimation of the variational parameter for w. reduces to an
optimization problem to find the optimal orientation, which is generally easier
to solve. In addition, Es, [R(y., —w.)] simply degenerates to R(y., —&.), which

also makes the M-steps easier.

2. For the residue variance vl, we assume the variational distribution to be an

3Section 2.3 provides a brief introduction of the generic variational EM algorithm
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inverse gamma distribution g, (v7|a7, 57). This is a natural choice. Recall that
the prior of 4 is an inverse gamma distribution, due to conjugacy, the posterior

distribution of v/ remains in the same family.

3. The choice of the variational distribution for the variables s, and z, is based
on the consideration below. The value of z. is largely determined by s, which
chooses a specific linear component to explain the patch. Conditioned on y,
as well as w, and v,, the joint posterior distribution over both s, and z. is
a mixture of Gaussian, of which the marginal distribution of z. may be multi-
modal. Approximating this joint distribution using a product form as g(s.)g(z.)
can not properly capture this multi-modal characteristics. The most appropriate

form here would be

K

q(8c, 2c) = 7~"'C(SC)-/\[(ZCMLSC,» p) Z (k) 0k (8e)N (2 i, Ek) (3.35)

k=1

In our original implementation, this formulation was used, which requires esti-
mating and‘maintaining K mean vectors and K covariance matrices for each
patch during inference. And the inference takes exceedingly long time to run,
mostly devoted to the update of ;. To reduce both time and space com-
plexity, we decided to use a simplified form, which simply replaces the normal
distribution with a delta distribution, as

k)ok(sc)0z, (Zc)- (3.36)

SC? ZC

Mx

k=1

This simplification still preserves the multi-modal characteristics of the marginal

of z., while substantially reducing the computational cost.

The variational EM steps

With this approximation, the joint objective function of variational EM is

J(8,{¢.}) = (Eq [log p(¥e, Scs Ze, we, ve|O) + H(ge))), (3.37)
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Here, (). denotes the sample mean over all patches extracted from the training im-

ages, as

i ZCEC¢ fc
Zi:l ICil

Moreover, based on the patch manifold model, we have

(fe)e = (3.38)

P(Yes Ses Zes We, Vel 0) = D(YelSe, Zey We, Ve)P(Se|)D(Ze)p(we)p(Ve|try Br)- (3.39)

The factors in this formula are respectively explained as follows:

1. p(yc|Se, Ze, we, Ve) is the conditional pdf of a patch y, given the value of latent

variables, which is given by

dm

i VG _ @2
p(y0|sc7 Z¢, We, Vc) = H —1‘“— exp (— (R(yc, wc). Xe ) ) , (340)
vi)

oy 2(ud)

where x, = W z. + p, .
2. p(s.|m) is the prior probability of choosing the component s,.

3. p(z.) follows the standard normal distribution, as given by
plzc) = (2m) 7 exp(~||z[|*/2).

4. p(we) = 1/(27), as w. ~ U([0, 27)).

5. p(v¢|ay, B;) follows the inverse gamma distribution with shape parameter o,

and scale parameter 5,. In particular, it has

p(Velog, Br) = Hp c|ar7ﬁr _H ﬂ(ar)( ) (ar+1) exp (_%> (3.41)

Based on the results above, we derive the updating formulas for both E-steps and

M-steps. Specifically, the E-steps update the parameters of ¢. given the model
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parameters, as follows

) o e (——urckuz énzc,kuz) ; (3.42)
e = (T+ (WHAWY)  (WOTARlye —wo) — )i (3.43)
Q, = o + -;—; (3.44)
. 1 N2
L= Bt 5 Y wlR) (x5) (3.45)
k=1

(k) = (7)e; (3.46)
By = (?rék)[&c)c_l(frgk)]&c(yé - szc,k»c; (3.47)
Wk = <7~r£k)1~\0(yg - ﬁk)zc,k>e<7~rék)]\czczz>c_l- (3.48)

In addition, the scalar parameters o, and B, of the inverse gamma distribution can
be obtained via MLE over the approximate distribution given by g, . Specifically, we
can minimize the objective below numerically

dp
Y ((ar + D)7 + 5 N) — d(ay log B, — log T(cv,)). (3.49)

j=1

Here, 77/ = (&3 /() and M = (log(B?) — ¥(&))., where ¥ is the digamma function.

Initialization

Using variational EM requires all model parameters to be properly initialized. Here,
we describe the specific way that we chose to perform initialization in our experiments.
First, we group all patches from all images by K-means into K clusters, where K is
empirically set. For each cluster, we apply probabilistic PCA [102] to estimate pu,;, and
W,.. After that, we set 7 to be the relative weights of these clusters, and obtain o, and
Br by performing MLE on the residues. This completes the initialization. Generally,

there can be alternative approaches to accomplish this. However, exploring different
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initialization schemes is not in the scope of this thesis.

Separate training strategy

The patch manifold is a mixture model. In practice, a divide-and-conquer strategy
can be used to estimate the model, that is, learn different sets of components from
different data sets, and then put them together into a unified mixture model. This
separate training strategy parallelizes the training procedure and reduces memory
demands.

We applied this strategy in our experiment. In particular, we group all images in
the training set into five categories: nature, animals, people, buildings, and shore, and
respectively learn a patch manifold model for each.

The design parameters are set empirically to balance accuracy and model com-
plexity. In particular, we set the number of mixture hyperplanes to K = 160 for
each category, and fix their dimension to be ¢ = 12. After category-specific models
are learned, we combine them into a unified model by simply putting all components
together and re-normalizing their prior weights. The unified model is then used to

solve the image recovery problems, which we will discuss in next section.

3.4 Application to Image Recovery

We apply the image model to solve low level vision problems, including image denois-
ing and inpainting. Generally, an observed image O is given, which is assumed to be
generated from an underlying image I by a measurement process. Inference of I can

be formulated as MAP estimation:

~

['= argmax p(1|@)p(O|I; n). (3.50)

Here, 0 is the parameter of the image prior, and 7 is the parameter of the measure-
ment model. Different low level vision tasks have different measurement processes,

which, nonetheless, can be solved with the same image model. This is one significant
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advantage of the generative approach.

3.4.1 Image Denoising

We consider a measurement process, where the image is corrupted by Gaussian white
noise, as

O(z) = I(z) + &;, with e, ~ N(0,02). (3.51)

Directly solving Eq.(3.50) involves the intractable integration over the latent variables.
Again, we resort to variational EM, which is based on the mean field approximation
given in (3.33). Here, E-steps update the parameters of ¢, the approximate posterior
of the latent variables, while M-steps update the both the base image B and the
texture image Y. (Recall that the underlying image I is modeled as B +Y).

The E-steps use the same formulas as those derived for the learning algorithm
(see Eq.(3.42) to (3.45)). Here, y. are simply a patch of Y, which is known when
Y is given. The M-steps estimate B and Y, given ¢ and the model parameters 6.

Specifically, given ¢, we have
~ K ~
E, [1og(Y|h, 9)] =33 (k) By (3.52)
ceC k=1

Here, h denotes the hidden variables associated with all patches. According to

Eq.(3.22), we derive the expected energy E’c,k:
8 1 . )
Eere = 5l R(ye, —we) = (B + Wizep)lI, - (3.53)

Here,

Ao =ding(M)F),  and N =Ey(0d) ) = al/BL.

Eq.(3.52) and (3.53) together leads to a prior energy function over Y that contains
only linear and quadratic terms. This is equivalent to imposing a “mean Gaussian
MREF” over Y, conditioned on the variational parameters of the hidden variables,

which we denote by Gy. Therefore, the inferential M-steps maximize the following
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Noisy Input  PW-MRF BI-FILT FOE  BR-FOE MG-MRF

Figure 3-6: The input noisy images (the first column) with the recovered images
obtained with different methods. Only part of the images are shown to highlight the
differences between methods (see the full clean image in Figure 3-7). The inputs at
different rows are subject to different levels of noise (o = 0.1,0.2,0.5).

function with respect to Y and B:
p(Y|Gy)p(B|Gg)p(OlY + B), (3.54)

Here, p(B|Gg) is the GP-prior of the base image, and p(O|Y + B) is the model given

in Eq.(3.51). Particularly, we have

1
p(OlY + B) x exp (—505_2 Z (Y(z) — B(z) — O(:z:))z) . (3.55)
€D
Here, Dy is the image domain, i.e. the set of all pixel coordinates.
It is easy to see that the posterior of B and Y are jointly Gaussian, as all factors
above are Gaussian. Hence, given ¢, the problem reduces to the inference over a

Gaussian MRF, which can be readily solved via quadratic programming.
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Figure 3-8: Each curve shows the median of the PSNR values on all testing images.
The bars below and above each data point are respectively the 25% and 75% quantiles.

Experiment results

In the experiments, we examine the robustness of the method to a range of noise
variance. We also compare the proposed method (MG-MRF) with four other methods
on image denoising, which include the classic pairwise MRF (PW-MRF), bilateral
filtering (BI-FILT) [76], field of experts (FOE) [83], and Weiss’s variant of FoE (BR-
FOE)[115]. When using MG-MRF for denoising, the MRFs are built upon overlapping
patches of size 13 x 13 with 3-pixel interval. Under this setting, each pixel is covered
by 16 to 20 patches, which provides a balance between coherence, robustness, and
computational efficiency.

The inference algorithm takes 5 to 30 iterations to converge. In general, more

iterations are required under higher noise levels. We implement the algorithms for
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Figure 3-9: The clean images underlying the set of additional results.

PW-MRF and BI-FILT, and use the code published by the authors of the corre-
sponding papers for FOE and BR-FOE. Here, the FoE model is constructed with
5 x 5 cliques and 24 filters. We seek the best settings of design parameters via cross
validation for all comparison methods, and evaluate the performance in terms of peak
signal-to-noise ratio (PSNR) in dB.

Figure 3-6 shows the denoising results obtained on a test image. The correspond-
ing uncorrupted image are shown in Figure 3-7. Generally, when the noise is moderate
(0 = 0.1), PW-MRF, as expected, tendé to slightly blur edges; while other methods
preserve edge sharpness. Close examination reveals that the image generated by MG-
MRF is qualitatively better than the others. As the noise level increases, MG-MRF
continues to perform robustly except for minor blurring of boundaries between dif-
ferent texture patterns; while other methods degrade noticeably. Interestingly, when
o = 0.5, PW-MRF performs significantly better than both FOE and BR-FOE. This
observation is consistent with the dependence of FoE methods on derivative filter
responses, which are sensitive to high noise levels.

Figure 3-10 and Figure 3-11 show additional results. The corresponding uncor-
rupted images are shown in Figure 3-9. In all these tests, the proposed method
consistently outperforms others.

Figure 3-8 summarizes the performance statistics obtained over the images in
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Figure 3-10: The first set of additional results on image denoising. The six columns
from left to right respectively show the noisy input, and the results obtained using
PW-MRF, BI-FILT, FOE, BR-FOE, and MG-MRF.
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Figure 3-11: The second set of additional results on image denoising. The six columns
from left to right respectively show the noisy input, and the results obtained using
PW-MRF, BI-FILT, FOE, BR-FOE, and MG-MRF.
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the test set, under different noise conditions (i.e. o, = 0.02,0.05,0.1,0.2 and 0.5).
In general, the methods based on pairwise links (PW-MRF and BI-FILT) degrade
more gracefully than the FoE-based methods (FOE and BR-FOE) as the noise level
increases. MG-MRF consistently outperforms other methods.

The experimental results demonstrate that MG-MRF is superior to other methods
in two aspects: preservation of texture details and robustness to high noise levels.
This is a consequence of its distinctive mechanism in which the oriented templates
derived from the learned patch manifold generate local patterns, and are combined
with an MRF to ensure coherence between them. This is in contrast to prior methods
using MRF's which impose coherence at the pixel level. When the noise variance is
large, the direct influence of the observed pixel values becomes insignificant. The
inference algorithm uses the observed image mainly for choosing templates from the
manifold. Note that each choice is conditioned on all 169 pixels in a patch, making it
much more robust than the methods that rely on a much smaller neighborhood. The
Bayesian formulation utilizing a distribution of models instead of a single model also

contributes to the reliability.

3.4.2 Image Inpainting

The task of inpainting is to recover missing portions of a partially observed image.
Suppose we are to recover an image I. Let O and U respectively denote the set of
observed and missing pixels, and I(O) denote the observed pixel values. The problem
here is to infer the value of I(U).

Similarly, we can apply variational E-M to solve this problem, with E-steps up-
dating g, the approximate posterior of the associated latent variables, and M-steps
updating the base image B and the texture image Y. Here, the E-steps follow the
same formulas as in image denoising, while the M-steps are different. As discussed
above, given g, there is a Gaussian Markov random field over Y, denoted by Gy. The

M-steps maximize the following function with respect to Y and B:

p(Y|Gy)p(B|Gp) (3.56)
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under the following constraint
Y(0) + B(O) = I{0O). (3.57)

Instead of solving this constrained optimization problem, we reformulate it as an
equivalent unconstrained problem that involves three variables Y (U), B(U),Y (O),
by replacing B(O) with I(O) — Y(O). The resultant problem remains a quadratic

programming problem (but without constraints), which can be readily solved.

Initialization

Special care should be taken to bootstrap the E-M algorithm. Here, I describe an
effective procedure to initialize the variable values.

First, we obtain B(O) by excessively blurring the observed region, and solve B(U)
purely based on the prior Gaussian process. This has a close-form solution. Let b,
and b, respectively denote the vector of pixel values in B(O) and B(U), then the

optimal value of b, is given by
by = 5 + CuCyl (b, — up). (3.58)

Here, C,, is the prior covariance matrix between b, and b, and C,, is the prior
covariance of b,. Both can be directly derived from the Gaussian process.

Next, we initialize the texture image Y. Here, Y(O) can be easily determined,
as Y(O) = I(O) — B(O). The part Y (U) can be derived by greedily filling in the
missing pixels, from boundary towards the center. '

At each iteration, we pick a partially observed patch with the least missing pixels,
and evaluate the marginal likelihood of the observed part w.r.t. all components of the
patch manifold, choosing the one that yield highest value to explain the patch. Then,
we infer the optimal values of the missing pixels in this patch using the chosen compo-
nent (recall that each component is a Gaussian distribution). This process continues

until all missing pixels are filled, which provides a reasonably good initialization.
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Figure 3-12: The results of inpainting on partially observed images with masks of
different widths. From left to right are the masked inputs, and the results obtained
using FOLE, TV-MRF, and MG-MRF.
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Figure 3-13: The PSNR of inpainting results within masked region.

One can further improve the quality of initialization by simultaneously filling in
multiple patches. Specifically, for each patch residing on the boundary of missing and
observed region (i.e. the ones that contain both observed and missing pixels), we first
choose a Gaussian component to explain it as above. All these Gaussian components
together constitute a joint Gaussian distribution over the boundary patches, with

which all missing pixel values at these patches can be jointly inferred.

Experiment results

Image inpainting is to infer the missing part given a partially observed image. To
test the algorithm under different conditions, we generate occlusion masks of different
widths. Specifically, we draw a free-form curve as a skeleton, and dilate it to a specific
width to generate the mask.

For inpainting, we compare our method with two other MRF-based approaches:
the FoE-based method [83] and TV-MRF regularized recovery. The number of itera-
tions needed to recover an image increases as the width of masking curve increases.
Figure 3-12 shows results for two example images.

When the mask width is large, the results yielded by both FOE and TV-MRF

contain noticeable artifacts (see the third row of each set of results), especially at
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places the masking curve passes through complex patterns. While MG-MRF performs
better in recovering such patterns, as they are effectively captured by the texture
manifold. We also perform quantitative evaluation, in terms of PSNR within the
masked region. The results shown in Figure 3-13 show that MG-MRF works better

than the comparison methods for all three different mask widths.

3.5 Summary

We developed a generative image model for low level vision, which incorporates a
patch manifold to model the local texture patterns, and a conditional MRF to ensure
coherence between patches. With a mean field approximation, we derived efficient
algorithms for both learning and inference, which we apply to image denoising and
inpainting.

The experimental results demonstrate that our method performs substantially
better than other methods in recovering complex texture patterns, and shows superior
robustness against severe noise corruption. Such improvement is ascribed to the patch
model that is more effective than an MRF based on derivative filters in capturing
local structures, as well as the Bayesian approach that adaptively combines the MRF

predictions in posterior inference.



Chapter 4

The Motion Model

As a key aspect in dynamic scene modeling, motion plays a crucial role in a wide
variety of vision tasks, such as surveillance, even detection, and video analysis.

While the research on motion analysis has a long history, much of existing work
focuses on developing techniques to estimate local velocity, such as object tracking
and optical flow. The reliance on local observations (i.e. those within a small region
and at a particular time step) restricts their capability of resolving many ambiguities
arising in practice. Moreover, with the results produced by such methods (e.g. pixel-
wise velocities or tracks of individual objects), it remains a nontrivial problem to
derive a coherent interpretation of the observed motion.

To address these issues, I introduced the notion of geometric flow to motion model-
ing, which provides a higher level formulation that is able to capture common motion
patterns over both space and time. On top of geometric flows, a linear representation
based on Lie algebra is derived, with which a family of flows can be mapped to a
vector space with each flow characterized by a coefficient vector. The Lie algebraic
representation greatly simplifies probabilistic modeling of flows. Taking advantage of
this, we further formulate a stochastic flow model and apply it to analyze motion in

real world videos.
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Figure 4-1: This figure shows the frames respectively captured in three different
dynamic scenes that exhibit obvious persistent motion patterns: the flow of water in
a spring, cars running on a road, and athletes running along a circular path.

4.1 Overview of Motion Models

Modeling and analysis of motion patterns in video is an important topic in com-
puter vision. While extensive efforts have been devoted the problem of local motion
estimation, such as tracking individual objects or estimating optical flows between
consecutive frames, research on modeling persistent motion patterns has received less
attention. Persistent motions are ubiquitous. In many applications, such as scene
understanding and crowd surveillance, one is primarily interested in collective and
persistent motion patterns rather than the motions associated with individual enti-
ties. Figure 4-1 depicts frames in three different video sequences. In such scenes,
characterizations such as the vehicles are moving towards botltom right corner with a
slight rotation and the athleles are running along a circular path are more pertinent
than the velocities of individual objects.

To model persistent motion patterns over both space and time, we explore a new
methodology in this work, aiming to develop a new model that is able to leverage the
geometric coherence in dynamic motion. Particularly, we introduced a new charac-
terization which describes motion patterns using geometric flows, a notion originating

from differential geometry.
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4.1.1 Review of Related Work

Research on motion analysis has a long history, and numerous algorithms and models
have been proposed, which mostly fall into four categories: tracking, optical flows,

deformable models, and space-time features.

Tracking

A tracking algorithm is employed to keep track of the locations and other states of
the interested objects across frames. At each frame, the location of each object is
determined via local search around a predicted center. This is often formalized as a
Bayesian filtering problem[18][61][71].

Kalman filtering[116] and Particle filtering[18][6] are two most widely used filtering
techniques in dynamic analysis. Both incorporate a hidden markov chain to model the
transition of object states (such as locations) based on temporal continuity or other
kinematic assumptions. An appearance model (e.g. a template) is used to connect
the internal states to observed image sequences.

In particular, Kalman filtering[116] assumes linear dependencies (in form of con-
ditional Gaussian distribution) between temporally consecutive frames. Taking ad-
vantage of the mathematical properties of Gaussian distributions, the inference can
be done efficiently using analytic formulas. Particle filtering[18][6] is based on sequen-
tial importance sampling. It uses a collection of weighted particles to represent the
posterior distribution of states, which evolve over time via resampling or reweighting.
Particle filtering is much more flexible than Kalman filtering in handling non-Gaussian
cases, however, it tends to be much slower in practice.

In addition to object locations, other features are often incorporated as states
during the tracking process. Typical features that are utilized in tracking include
statistics of the intensity or colors[20][92], edges[25][26], or their hybrids[71][42].

Efforts devoted to improving the efficiency, robustness, and accuracy of track-
ing have substantially advanced the the state-of-the-art in the past decade. Latest

tracking systems can achieve satisfactory performance in controlled environments.
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However, reliable tracking remains a significant challenge under general conditions,
where occlusions may occur frequently and objects distant from cameras may be

severely blurred.

Optical flow

Optical flow methods use a dense map of local velocities to represent the motion
between two consecutive frames. There are two families of optical flow algorithms,
respectively originating from the Horn-Schunk method [47] and the Lucas-Kanade
method [65].

The Horn-Schunk method [47] is based on the assumption of constant intensity.
Through first-order approximation, this results in a linear relation between image
gradients and the local velocity. This relation can be used to determine the velocity
component along the gradient direction, but not the orthogonal one, leading to the
aperture problem. To address this issue, smoothness is often enforced to regularize the
estimation. The Lucas-Kanade method [65] takes a block-wise approach, where each
block is associated with a velocity (or an affine transform) that can be determined
through iterative regression. The aperture problem is effectively mitigated by using
blocks instead of individual pixels.

Numerous optical flow estimation methods have been developed to make improve-
ments upon the standard algorithms in different aspects. Baker and Anandan [12]
proposed to use Markov random fields to enforce smoothness and use a robust en-
ergy function instead of the squared error in order to suppress the effect of outliers.
Bruhn et al. [15] developed a method that combines the Horn-Schunk’s smoothness
regularizer and Lucas-Kanade’s shared estimation strategy to give a smooth and re-
liable estimation. Weickert et al. [112] studies different types of convex regularizers
of the flow fields. Ince and Konrad [49] proposed a methodology that simultaneously
determines the optical flow and the occlusion, and breaks the smoothness constraint
at the places where occlusion occurs. Sun et al. [95] introduced a probabilistic model
of optical flows, which casts the optical flow estimation problem to a maximum-a-

posteriori inference problem. Lefevre et al. [60] extended the optical flow formulation
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to generic Riemann manifolds. A comprehensive review of these algorithms is beyond
the scope of this thesis. Interested readers can refer to Mitiche’s review [70] or Baker’s
comparative study [7].

One drawback that suffered by many optical flow estimation methods is the aper-
ture problem mentioned above, which is rooted in the optical flow equation that
serves as the basis of these methods. While smoothness via regularization alleviates
this problem, it introduces another issue — blurring across motion boundary. More-
over, the underlying constant-intensity assumption makes the algorithms vulnerable

to illumination changes.

Deformable models

This family of models is used to track the dynamic movement and deformation of
specific classes of objects. These models keep track of the location and shape of
objects, and actively update them over time. Models in this family can be roughly

classified into several types as follows.

1. Contour-based models. A representative model of this type is Active contour[52].
Typically, it represents a contour as a string of points, and seeks the best con-
tour by minimizing an energy function that balances the tendency of placing the
contour near edges and the smoothness of the contour. Shape priors are some-
times incorporated to regularize the solution. The active contour algorithm has

been improved by a lot of work[81][75][68] since it is proposed.

2. Level-set methods. The level set method[67] is a different technique for tracking
curves, which are represented as the zero level set of an auxiliary function. One
important advantage of level set representation over explicit contour representa-
tion consists in its inherent capability of handling the variation of curve length

and change of topology.

3. deformable templates. The methods that rely only on boundaries, including
active contour and level set methods, neglect the interior contents which would

also contain significant information for motion estimation. Actually, models
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that integrate both shape and interior appearance have also been developed.
Two representative ones include Active shape model[22] and Active appearance
model[23][56]. In these models, the shape is captured by a deformable mesh
that is iteratively updated to match the deformed template to the observed

image.

A recent work called Metamorphs[48] further extends this idea, which unifies the
contour energy and the appearance energy, and employs a more sophisticated

deformation scheme called Free-form deformation.

4. articulated models. Articulated models[58][24][44] are very popular in human
body tracking. In these models, the object(e.g. a person) is considered as
composed by several components, connected via joints. The interaction between

different parts is modeled by a Markov network with geometric constraints.

These models work well in the applications that they are respectively tailored to.
The main limitation is that each model is restricted to a particular class of objects.
They may also encounter difficulties when the structure of these objects is subject to

substantial changes.

Space-time features

Recently, models based on local space-time features have emerged as a popular mean
to characterize dynamic scenes. Rather than striving for reliable motion estimation,
they attempt to explain the scene through statistical models built upon a large col-
lection of local spatio-temporal features that are much easier to acquire.

Shechtman et al. [91] proposed a space-time correlation method, in which the
dynamics is described by the space-time gradients within small space-time cubes
detected over the video by an interesting way of correlation. Efro et al. [30] developed
a framework that utilizes local statistics of the optical flow field as descriptors for
action classification. Lena et al. [37] utilized the properties of the solution to the
Poisson equation to extract space-time features such as local space-time saliency and

orientations, which are then integrated together to give a description of the action.
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An important advantage for these methods is that they circumvent the difficulty
of reliable motion estimation. Instead of focusing on the accuracy of individual de-
scriptors, these methods treat the entire set of descriptors as a bag of visual terms,
using their statistics to characterize a scene. A drawback of this approach is that
spatial relations between features at different parts, which often convey significant

information, are not utilized.

4.1.2 Motivation: Problems with Existing Methods

As we can see from the review in previous section that many existing methods are

local by nature, which are reflected in two aspects:

1. They characterize the dynamics of a scene using velocities or short-time tracks
of individual points or objects, and focus on accurate estimation of these local
velocities. Generally, they do not pursue higher level representation that brings

together such local observations, or consider it as a separate modeling problem.

2. They estimate the velocity of an object or a point only based on spatially
and temporally local information. The utilization of the relations between the
motions of different objects or points is merely restricted to smoothing and

regularization.

Such methodologies may be sufficient when one is dealing with a simple scene
where the appearance of the moving objects can be clearly seen, and their trajec-
tories can be easily identified. However, the local nature of these methods severely
limits their capability of modeling complex dynamic scenes or the scenes captured
under adverse conditions. A typical example, in which conventional approaches may
encounter difficulties, is the video surveillance of a public area where the people are
monitored by a far-field camera with low resolution and low signal-to-noise ratio, and
occlusion occurs frequently. Under such circumstance, it is very difficult to accomplish
persistent and robust estimation relying only on local information.

In order to address this issue, we should extend our perspective to a broader

scope. In a real scene, the dynamic behaviors often exhibit strong coherence within
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a region and during a period, which, we believe, can be captured jointly with a
unified formulation. Such coherence, if leveraged properly, may lead to two significant

advantages:

1. The inherent coherence of a dynamic model connects objects or points at differ-
ent locations, thus offering a mechanism to share statistical strength and help

to tackle ambiguities that would otherwise be difficult to resolve.

2. As common motion patterns are often reflected via a large collection of obser-
vations over space and time, they can be estimated more reliably than local

descriptions such as the velocities of individual objects.

3. The common behaviors or relations shared by a group of objects or reflected
over a large region often convey significant information for higher level analysis,

such as interpreting observed phenomena and predicting future evolution.

4.1.3 A New Approach based on Geometric Flows

In this work, our primary goal is to characterize coherent motion patterns with a
unified formulation while preserving flexibility to express natural variations. Direct
application of existing techniques to accomplish this task is challenging. With a nar-
row focus on temporally and spatially local motion (e.g. the velocities of a particular
object or at a particular time), current methods do not provide a natural mechanism
to aggregate potentially sparse observations over space and time into a unified model.
While regularization techniques, such as enforcing smoothness via a Markov random
fields, may help to improve the robustness of local estimates, they do not change the
way that most exiting methods characterize motion — using local velocities.
Achieving the goal above requires a new representation — a representation devised
with broader perspective. Before introducing our new approach, we first review two
conventional ways to describe motion. The first is to represent the motion of an
object by its trajectory, i.e. the position of an object or a point as a function of time.

Alternately, one might use a geometric transform to describe how a region evolves.
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While this captures the common behavior of an entire region, it only does so within
a small temporal window.

Trajectories characterize motion over time while geometric transforms over space.
This motivates the idea to establish a temporally and spatially global representation
that unifies trajectories and geometric transforms. Consequently, we introduce the
notion of geometric flow, which characterizes motion over both space and time, as a
unification of a collection of trajectories driven by common rules and a continuous
geometric transformation process. Note here that the term geometric flow has a
precise meaning in differential geometry and that our use is consistent with it.

Analysis later will reveal that a geometric flow can be represented using a velocity
field. Nonetheless, it is fundamentally different from an optical flow. Geometric
flows describe motion by a continuous geometric transform process, while optical flow
represents motion as a dense velocity map where each velocity is estimated locally.
Each family of geometric flows is associated with a Lie algebra, i.e. a vector space
comprised of infinitesimal generators, with each flow represented by a vector in this
space. A Lie algebraic representation makes it possible to decompose a flow into a
linear combination of base flows, thus greatly simplifying statistical modeling and
estimation.

In reality, the trajectory of an object can deviate from the path predicted by the
driving flow for a variety of reasons. To account for such uncertainties, a generative
stochastic model of flows is formulated, which incorporate a Gaussian process as
a prior on the flow parameters so as to capture global coherence more effectively.
The stochastic formulation is then generalized to admit multiple concurrent flows by
introducing an MRF for flow association. The estimation under this model can be
done efficiently using variational EM.

The main contributions of this work are summarized as follows:

1. Introduce the notion of geometric flows to model persistent motion patterns,

which unifies trajectories and geometric transforms through their intrinsic con-

nections.
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2. Derive a Lie algebraic representation, such that each family of flows can be
characterized by a set of basis and thus each flow by a coeflicient vector. This

greatly simplifies the modeling of flows.

3. Develop specific constructions of parametric family of affine flows, which include
affine flows and multi-scale extensions that combine multiple locally affine flows

to express complex motion patterns while maintaining global consistency.

4. Formulate a stochastic flow model, which provides a uniform mechanism to
integrate different types of observations for robust motion estimation. Standard
inference techniques such as variational E-M can then be applied to estimate

flow coefficients from noisy observations.

4.2 Geometric Flows

As discussed in previous section, to derive a motion model that can effectively capture

coherent motion patterns over space and time, we propose to use geometric flows.

4.2.1 The Concept of Geometric Flow

The concept of flow that we are going to discuss in this chapter originates from the
theory of differential geometry. To distinguish it from other flows in computer vision
(e.g. optical flow), we call it geometric flow. Rather than describing the dynamics as
the velocities of individual objects or points, each flow characterizes the motion over
a spatial region and a time range. Here, we first review two primary representations

used for motion description in previous work:

1. Trajectory-based descriptions, often used in person or vehicle tracking systems,
collect the kinematic state of an individual object over time, typically indepen-

dent of other objects in the scene.

2. Geometric transforms, often used in object alignment and image registration

applications, describe the transformation of points over an entire region.
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Figure 4-2: Conceptually, a flow can be obtained in either of the following two ways:
(1) By inspecting the full motion of a collection of points whose initial locations differ,
we get a set of trajectories, or (2) By integrating the geometric transforms terminating
at different times ¢, we get a continuous transform process, which describes how every
point within a domain moves over time. In this sense, geometric flows unify trajectory
sets and continuous geometric transforms. Conversely, from a flow one can derive
the trajectory starting at z, defined by F@®)(t) := F(z,t) or a geometric transform
terminated at time t, defined by Fi(z) := F(z,t).

A trajectory describes the motion of a single point over a long time duration,
while a geometric transformation describes the motion of all points over a spatial
region, but only over a short time window. Although useful for many applications,
both representations are lacking when used for modeling coherent motion patterns as
neither simultaneously describes motion over both space and time.

A geometric flow unifies the descriptions above. Formally, a geometric flow is
defined to be a function F': R x X — X that characterizes the motion over a region,
which we call the domain of F. Here, X is the image domain (which is R? in two-
dimensional Euclidean space). Given the initial position z € X and time duration

t, F' yields the destination location at time ¢t. A geometric flow must satisfy two
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identities:

F(z,0) =z, VYrelX, (4.1)
F(F(l’,tl),tg) = F(.Z’,tl +t2), Ve € X, t,t; € R. (42)

Consider a physical point driven by a flow F. Eq.(4.1) simply states that at time
t = 0 the point is at its initial position while Eq.(4.2) states that geometric flows
are associative, i.e. a point moving along the flow for time ¢; and then for time ¢5 is
equivalent to moving for time t; +15. Note that ¢ can be negative, allowing “backward
tracing”. Figure 4-2 illustrates a geometric flow and its relations with trajectories and
geometric transforms.

Varying time ¢ over R yields a family of geometric transforms {F;|t € R}. It can be
shown from Eq.(4.1) and (4.2) that they constitute a one-parameter transformation
group isomorphic to the addition group (R, +), which is the algebraic characterization
of a flow. The action of this group on a particular point x leads to the orbit {Fy(x)|t €
R}, which is exactly the trajectory that the point would traverse. This analysis makes
the intrinsic link between the trajectories and geometric transforms induced by the

same flow explicitly.

4.2.2 Lie Group and Lie Algebra

The notion of geometric flow is closely related to the theory of Lie group and Lie
algebra. We will see later that by exploiting the intrinsic connections between Lie
group and Lie algebra, geometric flows can be mapped to vectors in a linear space,
thus leading to a vector representation of flows. To lay the theoretical basis of later
discussion, the remaining part of this section will temporarily digress from the main
theme of motion modeling and provide a brief and abstract review of the concepts of
Lie group and Lie algebra.

The exposition of the Lie group and Lie algebra theory rests on the basic concepts
of group theory and differential geometry (One may refer to Appendix A and B for a

brief summary).
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Lie Groups

Lie group theory is a beautiful theory where the group theory and manifold theory
meet each other. In this theory, the key concept is Lie group, which is formally defined

below.

Definition 4.1 (Lie Group). A Lie group is a smooth manifold G together with a
product operation, such that it is also a group, in which the product operation and the

inverse operation are smooth maps, (it is equivalent to that (g, h) — gh™ is smooth).

The notion of Lie group subsumes a variety of mathematical entities. For example,
non-zero real numbers R* with multiplication, positive real numbers Rt with mul-
tiplication, and invertible matrices with matrix multiplication (general linear group
GL(n,R), are all Lie groups. In addition, any direct product (in algebraic sense) of
Lie groups remains a Lie group.

A Lie group can have sub-structures, called Lie subgroups, as defined below.

Definition 4.2 (Lie Subgroup). A Lie subgroup of a Lie group G is a subgroup of G

together with a smooth structure that makes it an immersed sub-manifold of G.

One can define functions that map from a Lie group to another. If such a function

preserves group structure, it is called a group homomorphism. In addition, we have

Definition 4.3 (Lie group Homomorphism). Let G and H be Lie groups, a smooth
map F' : G — H which is also a group homomorphism is called a Lie group homo-

morphism.

Definition 4.4 (Lie group isomorphism). A diffeomorphism that is also a group iso-
morphism is called a Lie group isomorphism. Any bijective Lie group homomorphism
18 a Lie group isomorphism.

Lie Algebra

Each Lie group is associated with a vector space with special algebraic structure,

called a Lie algebra. This is an important concept, which we rely on to establish
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vector space representation of geometric flows. Formally, a Lie algebra is defined as

follows.

Definition 4.5 (Lie Algebra). A Lie algebra is a real vector space g with a binary
operation, notated as [x,y], called bracket operation, which satisfies the following

properties:

1. (Bilinearity): for all z,y,z € g and a,b € R,

laz + by, 2] = alz, 2] + by, 2], (4.3)

[z,az + by] = alz, x| + b[z, y]. (4.4)

2. (Alternating property): for all x € g,

[z, 2] = 0. (4.5)

Combination of this with the bilinearity immediately leads to anti-commutativity

as

[37, y} = ——[ya x] (46)

3. (The Jacobi identity): for all x,y,z € g,

[z, [y, 2l + [y, [z, 2]] + [2, [z, ] = 0. (4.7)

Similar to other algebraic structures, an Lie algebra may has its own sub structure,

called Lie subalgebra, as defined below.

Definition 4.6 (Lie subalgebra). A subspace § of a Lie algebra g is called a Lie

subalgebra, if b is closed under bracket operation.

Definition 4.7 (Lie algebra homomorphism). Let g and b be Lie algebras, a linear
map F g — b is called a Lie algebra homomorphism if it also preserves bracket
operations

F([X,Y]) = [F(X), F(Y)].
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An invertible (or equivalently bijective) Lie algebra homomorphism is called a Lie

algebra isomorphism.

It is easy to see that the kernel and range of Lie algebra homomorphism are Lie

algebras. In addition, the space of n x n matrices with commutator bracket defined
by
[A,B] = AB — BA

is also a Lie algebra, called the matriz Lie algebra.

Relations between Lie Group and Lie Algebra

Lie group and Lie algebra are closely related. In general, the relations between them
can be established through left-invariant vector fields, i.e. vector fields that are in-

variant to left translation:

Definition 4.8 (Left translation). Let G be a Lie group, any g € G defines a map
Ly : G = G called left translation as

Ve € G, Ly(h)=g-z.

For any g € G, left translation is a diffeomorphism, whose inverse map is given

by Lg—l.

Definition 4.9 (Left-invariant Vector Field). A vector field V of a Lie group G is

called left-invariant if it is invariant under all left-translations.
Vg,x € G, (L,).V(z)=V(gz).

Let G be a Lie group, it can be proved that the set of all left-invariant vector

fields with bracket operations defined by

X, Y]=XoY-YoX
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constitutes a Lie algebra, which we called the Lie algebra associated with G, denoted
by Lie(G). Note the Lie algebra associated with a Lie group is unique.
The Lie algebra associated with a Lie group G is isomorphic to the tangent space

of G at the identity element, as stated by the following theorem.

Theorem 4.1. Let G be a Lie group. The evaluation map € : Lie(G) — T.G, given

by e(X) = X(e) s a vector space isomorphism. Hence,
dim Lie(G) = dim G. (4.8)

In addition to the relations between Lie group and its associated Lie algebra, there
also exists close relations between their sub structures, as stated by the following

theorem.

Theorem 4.2. Let G be a Lie group, g be its associated Lie algebra. H be a Lie

subgroup of G, then the Lie algebra associated with H is isomorphic to a Lie subalgebra

of g

4.2.3 Lie Algebraic Representation

Traditionally, a given geometric transform can be represented as an element in a Lie
group. From the standpoint of statistical modeling, this Lie group-based representa-
tion is difficult to work with. The main problem stems from the multiplicative nature
of the group structure, which does not support linear operations (addition and scalar
multiplication) and thus complicates the application of many statistical learning and
inference techniques formulated based on vector spaces.

This issue can be addressed by exploiting the intrinsic connections between the

Lie group and the Lie algebra, as follows:

1. Every Lie group G is uniquely associated with a Lie algebra, denoted by Lie(G),
which is a vector space isomorphic to the tangent space at the identity of the

Lie group.
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Each vector in the Lie algebra Lie(G) corresponds uniquely to an element in G

via the ezponentiation mapping: exp : Lie(G) — G.

There exists a neighborhood of the identity element of G, within which every
element is uniquely associated with a corresponding element in Lie(G), called

the Lie algebraic representation.

In general, a Lie algebraic representation has two advantages:

1.

The functional form F of a geometric flow is in general nonlinear. As many sta-
tistical models presume an underlying vector space, this complicates a statistical
model of flows. Exploiting the linear nature of the infinitesimal generator, the

Lie algebraic representation largely overcomes such difficulties.

Geometric constraints of a flow, which typically restrict the induced transforms
to a particular subgroup, are often nonlinear in functional form. Such con-
straints become linear with the Lie algebraic representation as each subgroup

of transforms is described by a linear subspace of the Lie algebra.

4.2.4 Lie Algebra of Affine Transforms

To illustrate the use of Lie algebra in practice, we take the group of affine transfor-

mations as an example and show how the Lie algebraic representation bencfits the

modeling and analysis of geometric transforms. Affine transforms, parameterized by

A and b, have the following form:

x'=Ax+b. (4.9)
and can be expressed in homogeneous coordinates as
_ x' A b [x _
X = = =Tx (4.10)
1 0 1 1

While this augmented matrix representation widely used in many vision applications,

its use in statistical methods presents some difficulties. First, a group of affine ma-

132



trices is not a vector space, and thus is not closed under vector addition nor scalar
multiplication, complicating the use of statistical learning methods with implicit vec-
tor space assumptions. Moreover, it is often the case that one would like to impose
geometric constraints upon the transformation. For example, restriction to volume-
preserving deformations corresponds to a determinant constraint, i.e. det(T) = 1.
This and a variety of geometric constraints are nonlinear and can be difficult to in-
corporate into statistical models. The difficulty essentially arises from the fact that
the affine group has a multiplicative rather than additive structure. It is desirable to
establish a mapping from the multiplicative structure to an equivalent vector space
representation. This is precisely what the Lie algebra accomplishes in a local sense.
The Lie algebraic representation of a 2D affine transform is a 3 x 3 matrix with
all zeroes on the bottom row. It is related to the homogeneous matrix representation
through matrix exponentiation and the matrix logarithm. If X denotes the Lie algebra

representation of T, then

T = exp(X) éI+i%X’°, (4.11)
k=1 """
X =log(T) £ i (—"%ii(T . L (4.12)
k=1

One advantage of the Lie algebraic representation is that transformation sub-
groups are mapped to linear subspaces. Within the 2D affine group, there are many
subgroups that correspond to particular families of transforms. This gives rise to
a linear parameterization of them. Consider rotations by an angle 6 of which the

transform matrix Tg(g) and the corresponding Lie algebraic representation Xgg) are

cos) —sinf 0 0 -0 0
Tre) = |sinf cosd 0|, Xgoy=16 0 0f. (4.13)
0 0 1 0O 0 0

It can be easily seen that the Lie algebraic representation of all rotations lies in a one

dimensional subspace. Similarly, the Lie algebraic representations of many other im-
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portant transforms such as scaling, shearing, and translation, correspond to subspaces
of the Lie algebra, as well. This property in turn allows for linear characterization
of a variety of geometric constraints. Consider the volume-preserving constraint dis-
cussed above. Since the composition of two volume-preserving transforms is also
volume-preserving. All volume-preserving transformations constitute a subgroup of
the affine group. Consequently, their Lie algebraic representations form a subspace.

The associated constraint is captured by the simple expression
tI‘(X) =0 & X;1+Xpn=0. (414)

Here, we just briefly discuss the Lie algebraic representation of affine transforms.
Appendix C provides a more detailed study of the affine transformation group and

its subgroups, as well as the Lie algebraic characterization of the affine group.

4.3 The Vector Space of Flows

We have discussed the connection between geometric transforms and Lie algebraic
representations above. Next, we leverage this connection to derive the Lie algebraic
representation of a geometric flow, which is a continuous transformation process in-
stead of a single transformation. As a consequence of this development, we also

establish a vector space of flows.

4.3.1 Infinitesimal Generators of Flows

Consider a point driven by a geometric flow F' that starts at y and suppose it passes
r at time ¢, i.e. F®(t) = z. The velocity of the point at ¢ can be obtained by taking
the derivative of F®). A geometric flow has an important property with regards to
velocity: Given any z in the flow domain, any point driven by the flow passes through
x with the same velocity independent of its initial location. The property implies that

each geometric flow F' induces a time-invariant velocity field, denoted by Vg, which
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can be expressed by

D _ ve(r (a1, (4.15)
Alternately, given a velocity field Vg, one can reconstruct the flow F' by solving the
differential equation in Eq.(4.15). This is equivalent to the process of generating
the trajectories with the velocities specified by Vg. The Fundamental Theorem of
Flows [59] states that under mild conditions, each velocity field induces a unique

geometric flow:

Theorem 4.3. Given a smooth flow F' on a manifold X, there exists a unique smooth
vector field Vr on X such that

OF (z,1)

Conversely, given a smooth vector field Vi on X, there exists a unique smooth flow

F on X with the above equation established.

Consider a transform Fa; derived from a flow F. As it induces motion at each

point along the velocity given by Vg(x), we have
Fai(z) > Tyae =z + Vp(z)At, (4.17)

when the time interval At is sufficiently small. We can express each derived transform
F; as a composition of many short time transforms as F; = Faz 0 --- 0 Fa;. Taking

the limit as At — 0 results in the following equation:
BT N
Fy= lim (Ty, ¢)". (4.18)

This result connects geometric transforms to the driving velocity field. Intuitively,
it reflects the observation that a geometric transform is formed by accumulating the
small movements along the underlying velocity field. Hence, the velocity field Vi is
often called the infinitesimal generator of the geometric flow F.

In fact, this infinitesimal generator is a generalization of the Lie algebraic repre-
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x(t) = ((1 - )I +tT)x(0) x(t) = exp(tX)x(t)

Figure 4-3: This figure compares two ways to interpolate transforms to generate a
continuous transformation process. The left shows the resultant process obtained
using linear interpolation, and the right shows the result obtained using Lie algebra-
based interpolation.

sentation introduced above. To see this, let’s consider an affine transform T, and try
to extend it to a flow F), i.e. a continuous transform process, such that 7} = T, and
that for each time ¢t € R, F} remains affine. The solution to this problem is unique,
which is given by

F(z,t) = exp(tX)z. (4.19)

Here, X is the Lie algebraic representation of T, which plays a key role in extending
a transform T to a continuous process F. Figure 4-3 illustrates the resultant process
and compares it with the results generated simply using linear interpolation. In the
process resulted from the Lie algebraic construction as above, geometric properties of
the shapes are preserved, while the linear interpolation fails to do so.
Taking partial derivatives of Eq.(4.19) with respect to ¢, we get
OF (z,t) 0

R~ exp(tX)z = Xz. (4.20)

Comparing Eq.(4.16) and Eq.(4.20), we can see that the velocity field Vi plays essen-
tially the same role as X. In particular, then Vi is linear, the derived flow becomes

affine. Therefore, Vr can be considered as a generalized Lie algebraic representation
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Figure 4-4: This figure demonstrates the representation of a geometric flow as a
combination of multiple base flows.

for generic transforms (and thus flows), and correspondingly the exponentiation map-
ping is generalized to be the unique mapping from the velocity field Vg to the induced

flow I, as

F(z,t) = exp(tVp)z. (4.21)

Given a group G and its associated Lie algebra Lie(G), we can construct a family

of flows Fg by extending each element in G, as
Fe ={F : F(z,t) = exp(tV)z, YV € Lie(G)}. (4.22)

Here, Lie(G) is also called the Lie algebra associated with this flow family Fg, and
V is called the Lie algebraic representation of the flow F'.

Suppose Lie(G) is an L-dimensional vector space. Given a basis (E,..., Ep), the
Lie algebraic representation of each flow in the corresponding family can be decom-
posed into a linear combination of the basis and uniquely characterized by a coefficient,
LT

vector & = [al,...,a , as

L
Ve=> dE. (4.23)
=1
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The vector a is called the Lie algebraic coefficients of the flow F' with respect to
the given basis.

Thus far we have developed a vector space representation of flows, and as a con-
sequence, we can express each flow in a family as a combination of the base flows, as

illustrated in Figure 4-4. The Lie algebra plays a crucial role in this development.

4.3.2 Flow Actions

In practical applications, the locations of points are often not available. Traditionally,
one may rely on tracking or optical flow estimation techniques to derive the trajec-
tories of points, which are often not reliable enough. In this work, we develop a new
approach that can directly infer the flows from the changes of images, without the
need of deriving local velocities. This approach is based on the notion of group action
and flow action.

Basic concept of group action

Again, we digress temporarily to review the concept of group action as a theoretical

preparation for later introduction of an important concept — flow action.

Definition 4.10 (Group Action). Given a group G and a set X, a binary operation
-1 G x X = X is called a group action of G on X, if it satisfies the following
properties

1. e-x =z, Vo € X, where e is the identity of the group G;
2. 92+ (g1 @) =(9201) 7, Vg1,92 € G, z € X,
Here, X is called a G-space.
There are several related concepts that are useful in characterizing an action:

1. Given z € X, the orbit containing z is defined to be the set G-z = {g-z|g € G},

which comprises all “transformed version” of z yielded by the group G.
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2. Given z € X, then g € G is called a stabilizer of z, if it does not change z, i.e.
g-x = x. It can be easily seen that all stabilizer of x constitute a subgroup of

G, which is called the isotropy group of x.

3. The action of G on X is called a free action, if for each £ we have g - x =z =
g = e, which means that only identity element can keep a point unchanged.
This is equivalent to that the isotropy group of every z is {e}. Under such
condition, we say that G acts on X freely.

If G is a Lie group, X is a smooth manifold, and each element g € G acts on X
smoothly, then the action as defined above is called a Lie group action. In this work,
we focuses on Lie group actions. For Lie group action, there is an important result

in Lie group theory:

Theorem 4.4. Let G be a Lie group action that acts on X properly and freely, then
for each x € X, then the orbit G - x is diffeomorphic to G.

This indicates that the algebraic and topological structure of a group is completely
characterized by each of the orbits that it yields, making it possible to make inference

of the transform based on the orbits.

Extension to flow action

Next, we further extend group action to flow action. Recall that each flow F is a
continuous transform process. Therefore, we can define the action of flow F' on a
space X to be a map that sends each initial location z € X to an entire trajectory
F -z, as follows

(F-2)(t) := Fy(z) = F(t, 2). (4.24)

Let VF be the Lie algebraic representation of F', which lies in a Lie algebraic space
with bases F1, ..., E,. Then, we can write V as a linear combination of the bases, as

Vi = Zsz L 'E;. As a result, we have

L
(F-z)(t) = exp(—tVF) - & = exp (—t (Z % El)> -z (4.25)
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Figure 4-5: The illustration of the relation between the decomposition of flows and

the decomposition of the changes along the image orbit.
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This equation is in a nonlinear form that is difficult to work with. To address this
issue, we first introduce the action of infinitesimal generator Vi on z, which is defined

to be

V.z)=2

0
= Fam =

ot

F(z,1). (4.26)

t=0 t=0

Based on this definition and the representation of V' as a linear combination, we

further obtain

L

(V-m)zZal(El-x)-——Zal%

=1 =1

exp(tE)) - x. (4.27)
t=0

This result establishes the isomorphism between the Lie algebraic representations and
the results of their action on X, which is the theoretical foundation of our inference
approach. Intuitively, the infinitesimal change generated by the flow F' can be de-
composed as a linear combination of the “base changes” (F; - z) in the same way as
the decomposition of the flow itself into combination of base flows. Therefore, the
inference problem reduces to a regression problem on the the space of infinitesimal
changes.

The space X to be acted on can be a space of any available observations, such
as point locations, images, and contour curves, etc. The linear relation established
in Eq.(4.27) can be utilized to directly connect the flow coefficients to the dynamic
changes of observations. Figure 4-5 gives an illustration of this notion, when the flow

is considered as directly acting on the image space.

4.3.3 Multi-scale Extensions

The dynamics in a real scene may exhibit different characteristics in different scales.
In a complex scene, while there exist common patterns that can be captured by a
global flow, different local parts may have different local characteristics respectively.
Hence, complete modeling of such dynamic scenes calls for a multi-scale framework
that integrates the flow models in different granularities.

A hierarchical structure is a natural structure for implementing the multi-scale
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modeling. The underlying idea is to use a global flow model to capture the com-
monalities over a large domain, and this model is refined within each local domain
to yield local models that describe the local characteristics more accurately. These
local models can be further refined recursively if necessary, which will give rise to a
hierarchy of models. Let By, ..., B,, are local models that are generated by refining
the model A, then A is called the parent model of Bs,..., B,,; while By,..., B, are
called A’s children models.

The construction of a multi-scale model hierarchy involves three stages:

1. Domain subdivision. Given a flow Fy defined on a spatial domain Dy, when we
intend to refine Fy, we first divide Dy into several smaller regions Dy 1, ..., D1 pm

with Dy = | Jj-; D1, on which the local models are based.

2. Flow refinement. After the local domains D; 1,..., D;,, are determined, we can
generate m local flows F4,. .., F},, for these local domains, which can then be

refined respectively.

3. Flow Assembling. Combine the refined local flows into a coherent global flow

F;. This process may involve the enforcement of some consistency constraints.

There are different methods for domain division and local flow assembling. In the

following, I will discuss two methods that we may consider to adopt in our framework.

Disjoint division into polygonal cells

The first way is to divide each domain into polygonal sub-domains with a polygonal
mesh. Different sub-domains do not overlap with each other except at the boundary,
and each local flow is strictly confined within the given sub-domains. To ensure that
the integrated flow is well-defined at the boundary, we need to enforce the consistency

constraints at the boundary, which are in the following form

Vi, (z) = Vg, (x), Vz € D,N D,. (4.28)
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Let Ei,..., EL be the basis of the Lie algebra associated with the flow family, such
that Vg, = Zsz 1 o'Ey and Vg, = ZlL:l BLE;, then the consistency constraints can be

written in terms of flow coefficients as
L L
> dE(z) =) p'Elz), VzeD,ND, (4.29)

We can see that they are linear constraints. Enforcing these consistency constraints
results in a space of consistent flows, denoted by CF;, which is a subspace of Fi, the
joint space of local flows.

The dimensionality of the space of consistent flows in general depends on the

graphical topology of the mesh, as well as the choice of the flow class.

Triangle mesh and consistent subspace

When a triangular mesh is employed (i.e. dividing the image plane into disjoint trian-
gular cells) and the affine flows are used as local flows, we have more specific results.

Specifically, we partition the scene using a triangle mesh with m cells and n
vertices, and attach each cell with an affine flow. Let E1, ..., EL denote the basis of
the associated Lie algebraic representation (base velocity fields). Then the local flow
of the i-th cell can be represented by an L-dimensional Lie algebraic coefficient vector
B;=8},.... BT

Local flows may generate different velocities at shared vertices. Consider a vertex
z shared by the i-th and j-th cells. In general, Vr,(z) may not equal Vg, (z), leading
to discontinuities at a cell boundary.

To avoid such inconsistencies, we require that the local flows yield the same veloc-
ities at shared vertices, i.e. Vr,(z) = Vi, (z), resulting in the consistency constraints
of the local coefficients as

- B)Ei(z) = (4.30)

Mh

l:l
If all triangles are non-degenerated, i.e. three vertices do lie on a line, then there

are in total (6m — 2n) independent consistency constraints, which give rise to a 2n-
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dimensional space of consistent flows.
The strategy of dividing domains into non-overlapping polygonal sub-domains is

straightforward and simple to implement, however, it has two drawbacks:

1. The refined flow formed by stitching local affine flows is in general not smooth.

In particular, Fi(z,t) is not continuously differentiable at cell boundaries.

2. The space of consistent flows varies as the sub-domains change. This means
that when a local modification is made to the triangle mesh, all consistency
constraints need to be re-computed, making it difficult to apply it to the context

with evolving domains.

Partition of unity

To overcome these difficulties, we also explore another method that is based on par-
tition of unity, which is a concept originating from topology for constructing global
continuous functions from locally defined functions. The basic idea is to combine
local functions with overlapped smooth “window functions” that sum to unity.

Let Dy,,...,D1m be open sub-domains that covers Dy, i.e. Dy = Uj; D1,
then the set of non-negative functions {wy : Dy — R} is called a partition of unity

subordinate to the cover if it satisfies

Zwk(x) =1, Vre Dy, and wg(z)=0, Ve & Diy,Vk=1,...,m. (4.31)
k=1

Back to the multi-scale flow modeling problem. Let Fi;..., Fi,, be the local flows
defined respectively on the overlapping over-domains Dy 1,..., D1, then we can

construct the complete flow F) over Dy in terms of its infinitesimal generator as
m
Ve (2) = > wi(z) Ve, (2). (4.32)
k=1

The flows constructed in this way are well-defined without the need to enforcing

additional consistency constraints. In addition, if both f;j and wy are smooth, then
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the derived flow must be smooth. Furthermore, we have the following property that

makes it suitable in the context with evolving domains:

Proposition 4.1. Let {wy : Dy — R} be a partition of unity subordinate to a given
cover Dy 1,..., D1y, then if the domains are transformed by a diffeomorphism T, i.e.
D1y +— TDiy, then {Twy : TDyx — R} is a partition of unity subordinate to the
new cover, i.e. the sum-to-unity condition continues to hold, where Twy is defined by

Twi(z) = wi (T 1x).

It means that domain evolution will not affect the validity of the flow if the
weighting functions are transformed accordingly. In summary, using partition of
unity method may incur more computation cost as multiple flows are involved in the
overlapping area, which, however, brings forth a series of benefits, which, for exam-
ple, include modeling flexibility, smoothness, and adaptivity to evolving environment

where the domain of flow can change dynamically.

4.4 Stochastic Flow Model

To model real scenes, we are facing a complicated situation with a series of practical
challenges. These challenges include noisy measurement, missing data, and errors
arising in the feature extraction processes. To cope with these difficulties, we extended
the algebraic formulation developed above to a stochastic model that allows objects

to deviate from the ideal trajectories.

4.4.1 The Stochastic Flow Formulation

The stochastic model of a dynamic flow is formulated as a diffusion process charac-
terized as follows:

z(t) = F(zo,t) + o B() (4.33)

Here, F(xg,t) is a deterministic geometric flow as given by

= Vr(2(1)), (4.34)



and B(t) is the Brownian motion that accounts for the residual part due to deviation

or measurement noise. This equation can be written equivalently, as
dz, = Vp(x) + odB;. (4.35)

Let At be the time interval between two measurements of z(t), then if At is sufficiently

small, we have
ot + At) — z(t) ~ Ve(x) + €as,  Ear ~ N(0,0%Ab). (4.36)

In practice, we will restrict F' to a finite dimensional family, whose associated Lie
algebraic space has basis (Ey, ... , Ep), and express Vr as the linear combination of

these bases. Then, we have
z(t + At) — x(t Z aEy(z) + Eae. (4.37)

If = is observed, and a Gaussian prior is assumed for the Lie algebraic coefficients
a=(ay,...,ar), as

a ~ N(0,%). (4.38)

Then, the maximum a posterior estimation of the flow, formulated as

maximize logp(a) + Zlogp zila), wort. a, (4.39)
i=1

will reduce to a regularized linear regression problem, as below

L 2
1 _
minimize -Q-aTEO o + (02At)~ Z Z (:cz —z;(tj_1) — Z alEl(:ci(tj_l))> .
=0 j=1 =1
(4.40)
Here, n; is the number of time steps, and t; = jAt is the j-th time step. This is a

quadratic optimization problem and can be readily solved.
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Figure 4-6: Each pixel in current frame is modeled as generated by moving a source
pixel along the flow to current position. To get its distribution, we first trace the
pixel backward along the flow to obtain the distribution of source point location, and
then map it to the distribution of pixel values through the image. The additional
term 012) is Lo capture the measurement noise of pixel values.

4.4.2 The Action of Stochastic Flow on Images

Now, we apply stochastic flows on images and develop a formulation for estimating
flows from observed image sequences without the need of tracking individual points.
Let Iy, ..., I;, be a sequence of image frames capturing a layer driven by a stochas-
tic flow as in Eq.(4.35). As the stochastic flow is a Markov process, we have
J
p(Lig - 1y, |F, 0%) = [ o | 1,5 Fo %), (4.41)

Jj=1

Here, orfc is the variance coefficient of the Brownian motion. Assuming that observed

pixels are independent conditioned on the previous frame, we get

p(L, | L,_,; F,0%) = H p(Iy; (X)|1y;_,; F, 03). (4.42)
x€eD;

Here I, (x) is the pixel value of I, at location x, and D; is the set of all observed
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pixel locations in the flow domain. Through back tracing (see Figure 4-6), we obtain

p(Itj (x)llfj—ﬁ Fa O'J%) = N([tj—l(x) — HUx; 0.’2‘) (443)

with
pe = VI, (x)TVp(x)At, (4.44)
o2 = achItj_l(x)TVItj_l(x)At. (4.45)

Here, we use a locally linear approximation as below in deriving the normal distribu-

tion above:

I(x+ Ax) ~ I(x) + V Ax. (4.46)

Note here that Eq.(4.45) suppresses the influence of the pixels with high contrast
neighborhood. With Lie algebraic representation, we can further expand each factor

in Eq.(4.42) as

p(ltj(x)l'[tj—l;F’ 0?‘) :N (Itj( It] 1

Z o, 02) : (4.47)

Here, p! = VI, ,(x)TEj(x)At. Therefore, we can model the changes of image
pixels using pixel-wise normal distributions. At a particular pixel, the mean of its
corresponding normal distribution depends on the flow coefficients, while the variance
depends on the image gradient at the same location.

Again, the estimation of flow coefficients from a sequence of images can be formu-

lated as an MAP problem, as follows
nt
maximize logp(a) + log Z log p(1y;|I;_,; o). (4.48)
j=1

Here, we exploit the fact a sequence of images generated according to a given stochas-
tic flow model constitutes a Markov chain. When p(a) is a Gaussian prior, this

problem reduces to a quadratic programming problem, which we can readily solve.
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4.4.3 Integration of Observations

From the discussion above, it can be seen that under a stochastic flow formulation,
the likelihood has a similar form when different types of observations are utilized
(e.g. tracks of individual objects and image frames), in spite of their different gener-

ation processes. Specifically, we have

1. When point tracks are used, the likelihood of each track t can be written as

=1

pltlo) = T[N (t(j) 4G~ 1)

L
> aE(t(5)), a%At) . (4.49)

2. When image frames are directly worked on, the likelihood of each image frame,

conditioned on the previous one, can be written as

p(l 1, e) = [V (Ij(x) — 11 (x)

xeD

L
Sad ).
I=1

Here, px and oy are respectively the model-predicted mean and variance of the

pixel change at x.

For both cases, the likelihood terms can be written uniformly as products of
N(y;i|E;a, X;). Here, vy; denotes the observed change, E; denotes the matrix where
each column represents the “base change” induced by a particular base flow. Thus,
E;« is the model-predicted change, as a linear combination of the base changes. Here,
we call the triplet (y;, E;, ¥;) an observation entry.

With the generic form of likelihood terms discussed above, one can integrate dif-
ferent types of observations whenever they are available from the scene. This would
lead to a unified model with multiple Gaussian likelihood factors. As a result, flow

estimation based on this model can be casted as a joint Gaussian inference problem.

4.4.4 Gaussian Process Prior over Complex Flows

Flows in natural scenes exhibit complex yet spatially coherent variations. Effective

modeling of such flows requires a fine-grained mesh that may compromise the spatial

149



Figure 4-7: Here show the flows sampled from two prior models. The left one is
sampled from the GP-prior with ogp = 0. In this case, essentially no spatial coherence
is enforced. The right one is sampled from the GP-prior with ogp = 300 pixels. For
each sample, 400 trajectories are simulated and shown as red curves.

coherence. Consequently, we incorporate a Gaussian process (GP) [80] as a prior on
flows to enforce long-range spatial coherence while retaining modeling flexibility.
Consider a flow constructed as a combination of m local flows, each covering a
cell, i.e. a region of the image plane. Let c; be the circumcenter of the i-th cell,
and B; = [B},...,8]]" be the associated local Lic algebraic representation. The

covariance function is defined over the local representations, such that

1||c; — c;l[?
cov( f,ﬁ;) = o5 exp (——2-———“ 202 il ) (4.51)
p

This leads to a Gaussian prior N'(0, Gg) of the concatenated local representation,
in which Gg is an mL x mL matrix. Recall that under consistency constraints, we
can write 8 = Ua with a d¢-dimensional coefficient vector ae. Hence, the GP-prior
of a consistently stitched flow can be further derived as p(a) = N (0, (UTG;'U)1).
Figure 4-7 compares the effects of GP-prior illustrating its crucial role in preserving

spatial coherence when a fine-grained mesh is used.

4.4.5 Multiple Concurrent Flows

Multiple coexisting flows are common in natural scenes. To characterize motion in

such scenes, we consider an extended model that comprises M flows, including a

150



“background flow” that covers the entire image plane.

To estimate the multi-flow model from observed scenes, we have to associate each
observation to a particular flow. To this end, we introduce a latent variable z; for
each observation entry to indicate which flow it is generated from.

In practical applications, observations are not independent. Those that are spa-
tially close to each other are more likely to come from the same geometric flow. Taking
this into account, we further incorporate an MRF among z; to encourage assignment
of the same label to observations near each other. Specifically, this MRF is formulated

as follows

p(Z|MRF) =

exp | — Z wil(z # z5) | . (4.52)

MRE (irg)iivvg
Here, 7 ~ j means 4 and j are spatial neighbors of each other, w;; is an affinity value
that reflects how close they are, and Cyrgr is a normalization constant.

Moreover, erroneous observation entries, such as wrong tracks due to mis-association
across frames and image gradients computed across sharp boundaries, are sometimes
used, which may severely bias the estimation of flow coefficients. Therefore, we in-
troduce a binary variable g; for each observation entry. g; = 1 indicates that the i-th
observation entry is an inlier. The use of inlier indicators may help to suppress the
influence of erroneous observations, thus improving the model’s robustness.

Combining the observation models, flow prior, and the MRF of flow assignments,
we obtain a joint probabilistic model as follows. Suppose there are M independent

flows and N observation entries. The joint probabilistic formulation is then given as

below

M N
p(ZIMRF) [ | p(aw|GP) [ | plgile)p(yilEs, 2, gi; F). (4.53)
k=1 i=1

Here, F denotes the flow model, which comprises the Lie algebraic coeflicients of the

flows. The likelihood term is given by

N(yi|Ees,, X)) (g = 1), '

Q (9: = 0).
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N observations

Figure 4-8: This graphical model incorporates the generative observation model and
the GP-prior of the flows. Here, each observation entry is associated with a label
variable z; that indicates which flow it is generated from and a binary variable g; that
indicates whether it is a valid observation. The label variables are connected to each
other through an MRF, while the distribution of g; is independent, characterized by
a prior confidence ¢;, i.e. the prior probability of ¢; = 1.

The graphical model of the joint probabilistic framework is shown in Figure 4-8.
The estimation can be done using variational EM based on a mean-field approxi-
mation! of the posteriori. The algorithm iteratively re-estimates the flow coefficients
using the relabeled observation entries, re-assigns each observation to the updated
models, and updates the inlier probabilities. Graphcut [14] is used for re-labeling in

the variational E-steps.

4.5 Experiments

In contrast to much of the prior work on motion analysis where accurate estimation
of local velocities is the major concern, this work aims at discovering the persistent
motion patterns that drive the evolution of a scene. Hence, the capability of being

generalized to model unseen observations is an important aspect to examine.

1Section 2.3 provides a detailed exposition of the mean-field approximation and variational EM
algorithm.



Figure 4-9: The plot of all extracted local motions from the New York Grand Central
station.

Figure 4-10: Three are three representative flows discovered by the Lie algebra based
flow model. The region that is not covered by the flow is masked. The blue arrows
indicate the flow field, and a subset of persons governed by the flow is highlighted
with red boxes.

4.5.1 Analyzing Crowd Motion Patterns

The experiments are performed on a video captured in New York’s Grand Central
station. The video sequence is 15 minutes duration captured at 24 fps at an image
resolution of 1440 x 1080. The first 1000 frames are used to initialize the model, and
the 18000 frames that follow are processed using the tracking algorithm of [93]. In
such scenes, one expects a degree of regularity of motion due to a variety of factors
including the movement of large crowds of people negotiated in a confined space or
common entrances and exits. Our aim is to capture the aggregate motion patterns

solely from local motion observations.
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Figure 4-11: This figure compares the motion prediction performance of LAB-FM and
JLV-GM on testing samples. The x-axis here is the number of mixture components,
and the y-axis quantity here is the fraction of observations within given errors from
the model prediction.

Figure 4-12: An example of outlier detected by the flow model. Here, the trajectory
of the person (highlighted with red color) is clearly different from what the flow model
may predict at his location.

In such scenes, tracking errors commonly occur due to a variety of issues such as
occlusions and individuals crossing paths. In Figure 4-9 we show roughly 10% of the
extracted local motions. It can be observed that, even in the presence of errors, there
is observable structure in the motions. Additionally, one can observe that structured
motion fields overlap with each other.

We apply our flow model in order to recover these flows, setting the number of
flows to M = 16. The noise covariance matrices are all set to ¢?I with ¢ = 3. This
setting is based on rough estimation, and the final performance is relatively insensitive

to the value of o here. Figure 4-10 illustrates several of the learned flows, where affine



deformations are represented as flow fields (blue). Individual motions associated with
this flow (red) demonstrate that the affine model is able to capture aggregate motion
over a large region, despite the fact that individuals following these patterns appear
distinct locations and times and walk along different paths to different locations.

We compare our results to a baseline method, which groups the locations and
local motions based on their proximity and models each groups with a prototypical
motion. For conciseness, we refer to our method as “LAB-FM” (Lie Algebra Based
Flow Model) and the comparison model as “JLV-GM” (Joint Location-Velocity Group
Model). In order to have a fair comparison, JLV-GM is formulated similarly, so as
to cope with noise and outliers. The consequence being that the essential difference
arises from exploiting the group structure in the Lie Algebra space.

While mean squared error is a widely used metric to measure prediction accuracy,
the effect of small amount of outliers can dominate the performance measurement.
To mitigate such influence, we, instead, measure the performance in terms of the
fraction of samples whose squared errors are below some given threshold. Setting the
thresholds to 107* and 1073, and the number of mixing models M to different values,
we obtain the performance curve shown in figure 4-11. The results clearly show that
the performance increases as we add more components, and our LAB-FM consistently
outperforms JLV-GM, that is, at a given threshold, the fraction of testing samples
which are below this error threshold is higher for the LAB-FM than for JLV-GM.
When M = 16, using our model, 24.6% and 82.2% of all testing samples are with
squared errors lower than 107* and 1073, while the fractions for JLV-GM are only
13.6% and 64.2%.

While outliers may be indicative of many things, they primarily correspond to
motions which differ from the typical behavior of individuals in the scene. Figure
4-12 shows one of the outliers. There are three dominant flow fields in the scene. The
“outlier”, however, walks towards the escalator (a converging destination for two of
the flows from either top or bottom of the scene) from a horizontal direction. The
implication is that during the observation period, the majority of individuals in this

region either enter the escalator from one of two directions or pass it by. Additionally,
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the analysis indicates that during this period, very few people entered the scene from

the escalator or from the bottom of the scenc.

4.5.2 Modeling Flows in General Dynamic Scenes

Next, we test the geometric flows on more complex scenes, where each flow is com-
posed of multiple local flows. In particular, we conducted experiments on videos from
DynTex database [4] and UCF Crowd Analysis database [2]. These videos represent

a wide spectrum of dynamic scenes.

Experiment Settings

We use consistently stitched flows to model the motion patterns in each video. Each
flow is established on a triangle mesh that covers the entire scene and parameterized
by the Lie algebraic representation. To generate the triangle mesh, we first make a
rectangle mesh with 5 rows and 6 columns, and divide each rectangle cell into two
triangles.

Affine flow family is chosen to be the basic flow family for describing the motion
within each cell. This family is associated with a 6-dimensional Lie algebra. While we
found that this setting suffices to obtain good results on the testing videos, generally
there is no restriction to the choice of basic flow family and mesh topology. One
can also use other flow families with our framework to model more complex motion.
The representation dimension (the dimension of the consistent subspace) is L = 84,
which is much smaller than that of the dense velocity map. In addition, we use a GP
prior to enforce long-range spatial coherence, where o,4,, which controls the range of
correlation, is set to 100.

We use multiple concurrent flows to model a dynamic scene, including one that
corresponds to the static background. The number of flows in each scene is given.
To initialize the algorithm, we manually specify a “seed arca” for each flow, and the
observations in these areas are used to estimate the initial low models. Besides, we

set the prior confidence of inlier to 0.9 for each observation entry. Flow segmentation,
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inlier probabilities, and flow models are then iteratively updated until convergence.
To compare our approach with traditional local motion estimation methods, we
implement an optical flow estimation algorithm with multi-scale search and local
smoothness. Moreover, we adapt the algorithm to incorporate multiple frames in
estimation for fair comparison. This is accomplished by assuming a time-invariant
velocity v at each location, and integrating the term H%% +vTV1I||? for every pair of
consecutive frames into the objective function. The design parameters of the optical
flow, including the local search range and the coefficients in the smoothness terms,

are optimized by cross validation.

Collective Behavior of Moving Objects

The algorithms are first evaluated on the scenes that comprise groups of moving
objects, such as people, and vehicles. To test the generalization performance, for
each video, we first manually trace 20 trajectories, whose nominal duration is 100
frames, as ground truth, and then use the first 20 frames to estimate the motion
models. These models are then used to simulate the trajectories starting from the
initial positions as those in the manually traced ones. The performance is measured
by the deviation of the simulated trajectories from the ground truth.

Figure 4-13 and Figure 4-14 shows the results. The results shown in the first row
are obtained on a scene with cars moving along a high way. We see that the optical
flow is over-fitted to the short-time behavior of individual cars: (1) it only extracts
motion in the places where cars are passing by during first 20 frames; (2) the velocity
map lacks spatial coherence. For the same example, the geometric flow accurately
captures the collective behavior of the cars, while preserving spatial coherence. Note
that the subtle variation of the moving direction of the cars is precisely captured in
the flow model.

We also evaluate the trajectory prediction performance, observing that the pre-
dicted trajectories simulated on the optical flow field quickly deviate from the ground
truth; while the ones yielded by geometric flow are much more accurate. The plotted

error curves indicate that the average deviation due to the optical flow is more than
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Figure 4-13: This figure shows the motion analysis results obtained from a scene with
cars moving on a road. The first row shows the results respectively obtained using
optical flow (left) and geometric flow (right), which are visualized in form of velocity
fields. The left picture of the second row shows a subset of predicted trajectories (the
blue curves are yielded by geometric flows, the red ones are yielded by optical flows,
while the green ones are ground-truth derived by manual labeling. The fourth picture
compares the trajectory-prediction error quantitatively.

8 times larger than that due to the geometric flow.

The second row shows the scene with a crowded group of athletes running along
a circular path. Similar observations are obtained in this example. Again, due to
its local focus, the motion field produced by optical flow lacks spatial coherence
and doesn’t generalize well, while geometric flow yields much better generalization

performance.

Continuous Motion Patterns

The tests are also done on modeling continuous motion patterns, such as flowing

water and deforming objects.
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Figure 4-14: This figure shows the motion analysis results obtained from a scene
with a large group of athletes running on tracks. The first row shows the results
respectively obtained using optical flow (left) and geometric flow (right), which are
visualized in form of velocity fields. The left picture of the second row shows a subset
of predicted trajectories (the blue curves are yielded by geometric flows, the red ones
are yielded by optical flows, while the green ones are ground-truth derived by manual
labeling. The fourth picture compares the trajectory-prediction error quantitatively.

In Figure 4-15, the first column shows a mountain spring comprised of several
sections with different motion patterns. To model this spring, we use four concur-
rent flows. The second column shows a disc rotating in a very high speed, whose
appearance is severely blurred. The water transparency and the blurred texture on
the disc lead to great challenges for motion estimation. In the face of such difficulties,
optical flow performs poorly, resulting in meaningless motion patterns. Nonetheless,
the geometric flow still works well. The subtle variation of the water flowing direction
is precisely modeled while the spatial coherence is well preserved. The rotation of the
disc in the right column is also successfully captured by the geometric flow.

As there are no discrete targets that can be tracked in these scenes, we use frame
prediction to measure the performance. Concretely, we generate the frames from
their preceding frames based on the predicted motion, which are then compared

with the actual frames, in terms of average pixel-wise frame prediction error. The
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Figure 4-15: In this figure, the first column shows the results obtained on modeling the
flowing water in a mountain spring. The second column shows that on a rotating disc.
The bottom row shows two charts, giving the average fitting errors and generalization
errors obtained from the corresponding example.
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Figure 4-16: The trajectory prediction errors with different types of observations.
The left and right charts are respectively obtained from the scene with moving cars
and that with running athletes.
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Figure 4-17: The figure shows the motion patterns of the bottom-right part of the
mountain spring estimated under different settings. From left to right, the results are
obtained by optical flow, geometric flows with o4, set to 0, 100, 10000 respectively.
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performance is measured respectively for training frames and testing frames, which
respectively reflect the fitting accuracy and generalization performance. We see that
while geometric flows fit slightly less accurately to the training frames, they generalize

remarkably better than the optical flow.

Study of Modeling Choices

To study how the use of different observations affects the performance, we test three
settings: (1) only using image frames, (2) only using SIFT pairs, and (3) using both.
Figure 4-16 compares the trajectory prediction errors under these settings, as well as
that due to optical flow estimation.

The results show that these two types of observations are complementary, which
are respectively suitable for different scenes (or different regions of a scene). Generally,
point pairs perform better in the scenes with structured appearance where they can
be accurately located; while pixel differences are more reliable for the scenes with
smooth textures. However, in either case, the combination of both leads to further
improvement, which reflects their complementary nature.

We also studied the influence of Gaussian process prior. In particular, we test
the framework with different values of oy, to study how GP-prior influences the
estimation. In Figure 4-17, we see that the motion pattern becomes more coherent as
og4p increases. When oy, approaches infinity, local flow of every cell is restricted to be
the same, resulting in a uniformly affine field. When o4, approaches zero, long-range
consistency is no longer enforced. While the result obtained under this setting is less
coherent than that with GP utilized, it still preserves the coherence within each cell
and the consistency between neighboring cells, and thus is better than that of the

optical flow.

4.6 Summary

In this chapter, we introduced a new model to characterize persistent motion patterns

using geometric flows, and derived a vector space representation of flows based on
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Lie algebraic analysis. This representation greatly simplifies the use of probabilistic
modeling and inference on flows. We also developed a stochastic flow model and
extended it through domain sub-division.

We conducted experiments to test this new approach on real videos, and compare
it with optical flow estimation. The results clearly demonstrate that geometric flows,
formulated with the goal of capturing coherent patterns over both space and time,
perform substantially better than optical flows, and thus they are more effective in

persistent motion modeling.
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Chapter 5

Dynamic Bayesian Nonparametrics

In the vision models developed in this thesis, among many others, mixture models are
used to capture complex distributions. For example, the appearance model presented
in Chapter 3 uses it to approximate the patch manifold, while the motion model
presented in Chapter 4 uses it to describe scenes with multiple flows. Classic formu-
lations, such as finite mixture models, typically require the number of components
to be specified prior to model estimation, leading to difficulties in many practical
applications where such number is unknown or difficult to estimate a priori.

An important family of methodologies to address this issue — Bayesian nonpara-
metrics — has been developed in past decades and becomes increasingly popular re-
cently. As opposite to parametric models, nonparametric models do not assume a
fixed structure in the formulation, thus allowing the model to grow in size to accom-
modate the need to characterize data of varying complexities.

With an aim to provide more flexible models to describe complex visual phenom-
ena, we consider Bayesian nonparametric methods in this Chapter. We first review
existing Bayesian nonparametric methods, particularly focusing on the ones based on
Dirichlet processes (DPs). Then, we propose a new construction to overcome several
difficulties that current constructions may encounter under a dynamic setting, which

leads to a Markov chain of DPs that allows dynamic changes in a variety of ways.
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Figure 5-1: The graphical repre-
sentation of a finite mixture model.
The mixture comprises K component
models, respectively with parameters
01,...,0x. Data samples are gener-
ated independently from this model.
In particular, to generate the i-th sam-
ple, z; is first drawn from =, and then

Figure 5-2: The graphical represen-
tation of a Gaussian mixture model,
which consists of K Gaussian compo-
nents. Each Gaussian component (say
the k-th one) is characterized by a
mean vector px and a covariance ma-
trix ¥Xx. With this model, each data
point is drawn independently from a

the corresponding component G(6,,) is
used to generate z;.

particular Gaussian distribution, cho-
sen from a discrete distribution 7.

5.1 Finite Mixture Models

In statistics, a mizture model is a probabilistic model composed of multiple simpler
models (called components) to represent complex data distributions. Mixture models
are very effective in modeling data with the presence of sub-populations that ex-
hibit different statistical characteristics. In computer vision, mixture models have
been widely used for different tasks, such as object recognition [63], scene categoriza-
tion [16], dynamic tracking [94], shape representation [21], image segmentation [64],

and activity recognition [69)].

5.1.1 Generic Formulation

Consider a set of data points z1,...,z,. A classic formulation of mixture model

assumes that the data are independently generated from K parametric component
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(a) Multi-modal distribution (b) Heavy-tail distribution

Figure 5-3: This figure shows two examples of using Gaussian mixtures to approxi-
mate other distributions: (a) a distribution with three modes is approximated by a
mixture model comprised of three Gaussian components. (b) a heavy-tailed distri-
bution is approximated by a mixture of four Gaussian components with zero mean
and different variances (this is also called a Gaussian scale mizture).

models, respectively with parameters 64,...,0k.
Zi ™ (M 00sTr); T~ G(0y), fori=1,...,n (5.1)

Figure 5-1 shows the graphical model of this generative process. Here, to generate
a sample x;, a particular component (indicated by z;) is first chosen from a discrete
distribution, the corresponding parametric model, denoted by G(8,,) is then used to
produce the sample. Hence, the probability density function of the mixture distribu-

tion can be written as a convex combination of the component pdfs, as

K
pu(lm,©) =Y me f(x; 0%). (5.2)
k=1
Here, f(z;0;) is the pdf of the k-th component. The model introduced above is called

a finite mizture model, which requires K, the number of mixture components to be

fixed prior to model estimation.
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Figure 5-4: This figures show the graphical representation of two topic models un-
der different formulations: (a) is probabilistic latent semantic indexing, where each
document is associated with a document-specific mixture of topics @;. (b) is latent
Dirichlet allocation, which extends PLSI by introducing a Dirichlet prior over the
topic distributions. In addition to this, a Dirichlet prior is often incorporated as the
prior of the word distributions.

5.1.2 Specific Examples: GMM and Topic Models

Generally, components in a mixture model can be arbitrary distributions. T'wo most
common choices are Gaussian distribution and Multinomial distribution, which re-

spectively lead to a Gaussian mixzture model and a Topic model.

1. Gaussian Mixture Model. When the component models are Gaussians, a
finite mixture model is often called a Gaussian mizture model (GMM). As shown
in Figure 5-2, each sample from a Gaussian mixture model can be generated as
follows:

i~ ("Tl,- .. .,ﬂ'K), €Iq ~ N(l"'zia Ezé)' (53)

Here, p and X are respectively the mean vector and the covariance matriz of
the k-th Gaussian component. In practice, for the purpose of computational
efficiency or for increasing the reliability of the estimated parameters, some

restrictions are often imposed, e.g. all components share the same covariance
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matrix, or the covariance matrices are diagonal matrices, etc. One can also
regularize the estimation by placing a normal inverse Wishart distribution as

the prior over the component parameters.

Mixtures of Gaussians are often used to approximate complex distributions
arising in real world problems. Figure 5-3 shows two typical examples, where
GMNMs are respectively used to approximate a distribution with multiple modes

and a heavy-tail one.

. Topic Model. Topic models are also an important mixture model, which has
been widely used in natural language processing, machine learning, and other
fields. A topic model typically consists of multiple topics, each associated with
a multinomial distribution over a vocabulary. This model considers a document
as generated by a mixture of topics, and particularly, each word therein is

independently drawn from one of the topics.

There are various forms of topic models. A representative one, as shown in
Figure 5-4(a), is Probabilistic Latent Semantic Indexing (PLSI) [46]. In this
formulation, there is a set of K topics, each associated with a distribution over
the vocabulary, respectively denoted ¢, ..., @x. In addition, each document
D; is characterized by a document-specific mixture of topics 6; that generates

the words in the document, as
zijeja wjiwcpzﬁ, szl,,nj, j=1,,m (54)

Blei et al. extends this model and develops Latent Dirichlet Allocation (LDA) [13],
as shown in Figure 5-4(b). By introducing a Dirichlet prior over the document-
specific topic distributions (i.e. 84,...,8,,), LDA provides a complete proba-

bilistic interpretation of the generative process of documents.

Whereas topic models were originally developed for document analysis, they
were also used to model visual scenes [63], where each local feature in an image

is considered as a visual word.
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5.1.3 Estimation of Finite Mixture Models

Given a set of data z,...,x,, one can estimate the parameters of a finite mixture
model using maximum likelihood estimation (MLE), that is, to solve the following

optimization problem:

(#,0) = argmax Z log par(z;|m, ©). (5.5)

7,0 i—1

Generally, there is no analytic solution to this problem. One can find the optimal
solution using ezpectation-mazimization, an iterative algorithm for finding maximum
likelihood solutions for models with latent variables (see Chapter 2 for more details).

In a finite mixture model, each data sample z; is associated with a latent variable
z € {1,...,K}. Given the model parameters (7, ©) and the observation z;, the

posterior probabilities of z; are given by

T f (@4; O )

Pr(z; = klz;; ,0) = .
( I ) Sy mf (i 0;)

(5.6)

The E-M algorithm involves a K-dimensional vector q; for each sample z; to represent
these posterior probabilities. Then the E-steps and M-steps are respectively given as

follows.

1. E-step. Update the values of q; for each i = 1,...,n, as

D fs0f )

®
q; (k‘)(—— K 1 1N
S Y fs 67Y)

=1,...,K. (5.7)

2. M-step. Update the model parameters, including both 7 and O, as

e LS aw, k-1 K (58)
i=1
and
Y
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The specific form of formulas to update component parameters 64, ..., 0k de-
pends on the specific form of the component models. Take Gaussian mixture
model for example, Eq.(5.9) reduces to the update of the mean vectors and the

covariance matrices:

(t) Z q;” (k)z; (5.10)

) t)}:q — )@ - (511)

It is important to note that the E-M algorithm described above is a coordinate ascent
algorithm that would converge to a local optima. A simple strategy that may lead to
better solutions is to run the procedure many times with random initialization and

choose the result that yields the highest joint likelihood.

5.2 Dirichlet Process Mixture Models

A major problem with finite mixture models is that they require the number of
components to be specified before the models are estimated on data. This may lead
to difficulties in the application where this number is unknown or difficult to estimate.
To address this issue, nonparametric mixture models have been developed, notably
the Dirichlet Process Mizture Model, also known as DPMM (73, 99]. As a DP mixture
model may contain infinitely many components, it is also called an infinite mizture

model in some early work [79)].

5.2.1 Dirichlet Processes

First of all, we briefly review the concept of Dirichlet process (DP) and how a mixture

model can be constructed based on a DP. Formally, a DP is defined as follows.

Definition 5.1 (Dirichlet Process). Let (2, F) be a measurable space, and p be a
finite measure over §2. A Dirichlet process with base measure u, denoted by DP(u),

is defined to be a distribution of random probability measure D over 2, such that for
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any finite measurable partition (Ai, ..., Ay), the random vector (D(A;),. .., D(4y))

has a Dirichlet distribution:
(D(A;),...,D(A,)) ~ Dir(u(Ay),. .., u(AR)). (5.12)

Note that in other literatures, p is often factorized into a base distribution p, =
1/1(82), and a concentration parameter o, = u(Q2). For the convenience of later
discussion, we use the base measure y as a whole to characterize a DP in this thesis.

According to Kolmogorov’s extension theorem [55], there exists a unique stochastic
process that satisfies the property above, meaning that a base measure p corresponds
uniquely to a Dirichlet Process. The definition above is a descriptive definition.
Actually, we can also explicitly construct a DP through an interesting process called
stick breaking, which will be presented later.

From a DP, each sample path D itself is a probability measure over €2, and there-
fore DP(u) is essentially a distribution over distributions. Such a stochastic process
— one of which every sample is a probability measure — is called a random probabil-
ity measure. There is a very important property that distinguishes DP from other

random probability measures — neutrality, which is defined by the proposition below.

Proposition 5.1. Let p be a measure over ), D ~ DP(u) and A, B,C be disjoint
measurable subsets of Q. Then, (D(A), D(B), D(C)) is a neutral vector, meaning that
the ratio D(A)/D(B) is independent of the value of D(C).

There are other important properties about a DP. We will show later that D is
almost surely a discrete distribution over a countably infinite subset of €2, which can
be established via the stick breaking construction. Previous work mostly uses two
methods to construct DPs: the Pdlya urn scheme and the stick-breaking construction,

which we will describe in what follows.

5.2.2 Podlya Urn and Chinese Restaurant Process

Consider a generative model: D ~ DP(y) and 6y,...,0,|D ~ D. The Pélya urn

scheme is a sequential procedure to directly draw 61,...,0, from this generative
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model, without making D explicit. Given 61,...,6;,_1, by integrating out D, we

have

: 1 ay,
ilfr, - 0y ~ . . : . 5.13
0101, ..., 0i ;au+(z-—1)5o’+au+(z—1)pu (5.13)

We can see that 6; has a positive probability repeating a value that was seen earlier.
The more often that an atom value has been sampled, the more likely that it is to
be repeated in successive draws. As the number of samples n increases, the number
of distinct values also increases, but at a much slower rate (about O(log(n))). This

is known as the clustering property. To make this clear we introduce the terminology

atoms to refer to such distinct values, denoted by @1, ¢, . . ., and thus rewrite Eq.(5.13)
into
i m® o
0161, ..., 61 ~ i b

. T+ - : 5.14
klau+(z—-1 au+(z—1)p” (5.14)

Here, K;_; is the number of distinct atoms in the first 4 — 1 samples, and mff)l is the
number of appearances of the atom ¢;. Moreover, we don’t actually have to explicitly
maintain the samples 6., ..., 0,; instead, we can use a label z; to indicate which atom
the ¢-th sample takes value from, i.e. §; = ¢,,. Using atoms and labels, each with its

own distinctive meaning, we can sample §; as follows

1. Draw z; € {1,...,K;_; + 1} conditioned on zi, ..., z;_; with

m(k) (0] ) — ‘ i—171),
Pr(zz- :k|z17.“,zi_1) _ z—l/( p‘{’(z 1)) (k € {1’ 7K }) (515)

aﬂ/(au—k(z’—l)) kZKi_l—f—l.

2. If z; < K;_1, we are done, and it simply means that 8, = ¢,,; otherwise, we
draw a new atom ¢k, 41 from the base distribution p,, and set z; = K;_1 + 1.
Chinese Restaurant Process

This procedure is closely related to the Chinese restaurant process, as described be-
low. Consider a Chinese restaurant with an infinite number of circular tables, each

of infinite capacity. When a new customer enters, he chooses a table to sit at. The
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probability that a particular table is chosen is proportional to the number of people
already seated there. There is also a positive probability proportional to «,, that a
new table is selected. Using z; to indicate the index of the table that the i-th cus-
tomer chooses, we will get a sequence z1, ..., z,, when n customers have been seated.
Comparison of this process with the Pélya urn scheme suggests that the generation
model of such sequence can be exactly characterized by Eq.(5.15). Consequently, the

sampling procedure can be reformulated equivalently as

(#1,...,2n) ~ CRP(ay);
Ok ~ Dy fork=1,...,K,. (5.16)

Here, we first draw the labels from the Chinese restaurant process as described above,
which we denote by CRP(«,). This labeling process results in clusters of data, each
corresponding to a label. Then, an atom ¢, the parameter of the component to
explain the samples classified to the k-th table, can be independently drawn from p,

for each cluster.

Exchangeability

The sequential dependency as in Eq.(5.13) might seem to indicate that the joint
probability of 61, ...,6, depends on the their order. However, this is not really the
case.

Consider the Chinese Restaurant Process, it is not difficult to derive the joint

probability of the labels as

n

(rr o zale) = [ ol 1y) — Diaelms 1)
DPorP\Z1, . - s 2n|CYy) = 1%Ly ey Ri—1) = 1 ,
=2 [Tis (e +1)

(5.17)

The right hand side of this equation can be obtained by rearranging the factors.
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Moreover, with the atom parameters taken into account, we further get

p(gl, v ,ent/'l’) :p(zla" <y R ¢1’ R ’¢Kn’/1’)

K,
= perp(#1, -+, 2nlog,) [ [ Pul(6k)- (5.18)

k=1
It is clear from Eq.(5.17) that pcrp(#1, . .., 2,) only depends on the number of times
each label occurs, but not on their order. As a result, the joint probability of 84, ...,6,
does not depend on the order either, implying that 6,...,68, is an exchangeable

sequence.
De Finetti’s theorem [55] states that exchangeable samples are conditionally in-
dependent given some latent variable. Here, the latent variable is D, a DP sample

path that serves as the prior of atoms.

5.2.3 Stick-breaking Construction

The stick breaking construction proposed by Sethuraman [90] provides a direct con-
struction of DP. Let {8}, be a sequence of independent random variables from a

beta distribution, as
Br ~ Beta(l,ay), fork=1,2,..., (5.19)
and {¢;}22, be a sequence of independent variables from the base distribution p,, as
Pk ~ Dy, fork=1,2,.... (5.20)

Then, we can construct a random series D as

k-1 [es)
m=6[[1-A), and D=Y md,,. (5.21)
k=1

=1

Intuitively, this sampling procedure is analogous to a stick breaking process. Starting

from a stick of unit length, we first draw a random fraction £; ~ Beta(1, ap), and let
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Figure 5-5: This figure shows the graphical representations of the DP mixture model.
(a) Basic formulation: each sample is associated with a parameter, which is gen-
erated from an underlying DP sample D. (b) An equivalent formulation derived
based on the Chinese restaurant process. IHere, an infinitely pool of atoms is inde-
pendently generated, and each sample is attached a label drawn from a CRP. This
labels associates the sample with an atom chosen from the pool.

7 = 1. For the remaining part, whose length is 1 — 71, we draw 3, to further break
it into two parts, and let 7y = 35(1 — ). By recursively applying these steps, we end
up with an infinite sequence (m)g2,, which we call the stick breaking coefficients. In
addition, the expression given in Eq.(5.21) is called the stick breaking representation.

_ Sethuraman showed that D obtained in this way is a random probability mea-
sure that has DD ~ DP(u). The stick breaking construction not only offers a useful
representation of DP samples, but also establishes an important fact that a Dirichlet

process is almost surely a discrete distribution over a countably infinite set.

5.2.4 DP Mixture Models

The discrete nature of a Dirichlet process together with the clustering property of its

samples makes it a useful prior for the components in a mixture model. Generally, a
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DP mizture model is formulated as

D~ DP(u);
6;|D ~ D, fori=1,...,n;

Here, DP(u) is a Dirichlet process over the parameter space 2, with base measure
u, and G(6;) is a generative model with parameter §;. The graphical representation
is shown in Figure 5-5(a). In this model, we assume that the paramecters of all
component models come from D, which itself is a distribution over 2. Then, to
generate z;, we first draw the corresponding component parameter ; from D, and
then draw x; ~ L(6;). Using the Chinese restaurant process, we can rewrite the

generation process as

Ok~ Dy for k=1,2,...;
(z17"'7zn) ~ CRP((X“);
z; ~ G(¢s,), fori=1,...,n. (5.23)

The graphical model based on this formulation is shown in Figure 5-5(b). Unlike a
finite mixture model, where labels are chosen from a finite set, a DP mixture model
provides an infinite collection of components — though not all of them are made
explicit. Moreover, labels are generated from a Chinese restaurant process, which
ensures positive chances to create new labels. Therefore, the number of components
is no longer needed to be fixed prior to estimation, as the inference algorithm will

determine this, introducing new components when they are needed.

5.3 Dependent Dirichlet Processes

The formulation above implicitly assumes that all observations are exchangeable,

which, however, is not always true in practice, especially in a dynamic context. Con-
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Figure 5-6: This figure shows an extended DP mixture model, which incorporates
temporal dependency between DPs at consecutive time. In this model, there is a
DP mixture model at each time step. Based on the temporal dependency between
them, the DPs together form a Markov chain. Conditioned on the DP prior at
time ¢, the model parameters 6,.1,...60.,, and thus the observations z;., ..., zy.,, are
independently generated.

sider a scenario where we have observations at different time steps. Whereas it is
reasonable to assume exchangeability within each time step, extending such assump-
tion across different time steps is often inappropriate, as the underlying generative
models can evolve over time.

Under a dynamic setting, it is a natural idea to introduce different DP priors for

different time steps. In particular, suppose there are (7" + 1) time steps: 0,...,7.

We denote the observations at time ¢t by X; = {z41, ..., Z¢n, }, and the corresponding
component parameters by 6.1,...,60:.,,. Then, the generative model can be written
as
Dy ~ DP(p);
61| Dy ~ Dy fori=lceattn E=0,:::. T
Z4:il0i ~ G(014), fori=1,...,n, t=0,...,T. (5.24)

In practical problems, there often exist strong dependencies between the genera-
tive models at different time steps. The primary goal of this chapter is to develop a
stochastic process of DPs, as shown in Figure 5-6, and thus provide a generic method-

ology to incorporate such temporal dependencies. Particularly, we aim to develop a
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process that supports dynamic creation and removal of components, as well as vari-
ation of component parameters, while maintaining the desirable property that the
marginal distribution of D; remains a DP.

In the parametric world, one may often easily find a way to transform a parame-
ter that preserves its original form of distribution, e.g. a noisy linear transform of a
Gaussian distributed variable remains Gaussian. However, this becomes a challeng-
ing issue when we are working with Dirichlet processes. As we shall see, whereas
there have been a lot of efforts devoted to the incorporation of statistical dependency
between DPs, previous methods are limited both theoretically and practically.

Later in this chapter, we will introduce a new perspective of Dirichlet processes
by examining their connections with Poisson processes, and thereon derive a new
construction of dependent DPs that allows a variety of transformations on DPs while

retaining the marginal distributions as DPs.

5.3.1 A Brief Review

We first briefly review previous work on dependent Dirichlet processes. The notion
of dependent Dirichlet process (DDP) was coined by MacEachern in his pioneering
work [66]. In particular, he discussed a special form of DDP, called single-p DDP,
where each component distribution is extended to a stochastic process that describes
how the component parameter evolves with the covariate. Whereas several exten-
sions were also discussed, such as the use of non-stationary stochastic processes for
describing atom evolution, this work did not other forms of variations, e.g. dynamic
incorporation of new atoms.

Following this work, a variety of DDP constructions have been developed, which

mainly fall into three categories.

Convex Combinations

A straightforward way to extend the Dirichlet processs is to generate D;, the non-

parametric mixture with covariate t, as a convex combination of an existing DP and
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a new one. Miiller et al. [72] proposed a method that combines the inference across

related nonparametric mixture models through a convex combination as below
Dt - EF() + (]. - G)Ft. (525)

Here, Fy and F} are independent sample paths from a DP, which respectively capture
the common atoms across all groups and the atoms only used by the t-th group.
Zhu et al. [120] proposed a time sensitive DP mixture model, which assigns each

atom a time-dependent weight, defined as follows

wit,f)= > k(t—t). (5.26)
ilti<t,s;=j
This is a variant of the standard Chinese restaurant process, where the contribution
of each occurrence of an atom attenuates over time. Such a weighting strategy is
actually equivalent to introducing a sequence of latent DPs, each for a time step, and
considering the mixture at each time step as their moving average.

Caron et al. [17] directly generalized the Pélya urn scheme, where a subset of
balls from the urn is randomly chosen and deleted. With an appropriate choice of
deletion probability, this would result in a stationary process, where existing atoms
have geometrically distributed life spans, and new atoms constantly come up. The
generalized Pdlya urn model was later applied for spike sorting [35].

Ahmed and Xing [1] developed a temporal DP mixture model called Recurrent
Chinese restaurant process. Here, each atom occurring at previous time step can be

chosen with the following probability

Nkt—1 + nz;,t
Nt—l + (Z— 1) +O{

(5.27)
Here, ng;—1 is the number of occurrences of atom k at t — 1, n,(f’)t is the number of
occurrences at t up to the (¢ — 1)-th sample, N;_; is the number of data samples at
t — 1. Whereas this generalization was motivated from an algorithmic standpoint,

it can be considered to be resulted from a convex combination of the previous DP
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sample and a new one.

Despite the technical differences, the methods in this category have an important
aspect in common: they consider a dependent DP as a combination of two or more
source DPs. Such a combination is either formulated directly or through an algorith-
mic design that maintains a positive chance to draw atoms occurring at previous time

steps. Such constructions can generally be expressed as follows

D, =Y B:H, (5.28)

€S
Here, S; denotes the set of DPs that contributes to Dy, and Hg can be a DP sample
at previous time step or a latent one. This type of formulation has an important
problem: the marginal distribution of D; is no longer a DP in general. Moreover,
other issues, like how to achieve a balance between inheritance (4.e. using old atoms)

and innovation (i.e. introducing new atoms), have not been completely addressed.

Permutation of Stick Breaking Terms

Another approach to constructing dependent DPs is based on the stick breaking
representation introduced by Sethuraman [90]. Griffin and Steel [40] proposed an
interesting construction called 7DDP, where each dependent DP is derived through
a permutation of stick breaking terms. Recall that the stick breaking representation
of a DP is given by
n i—1
D= Zcﬁgi, with ¢; = viH(l —-v;), v; ~ Beta(l,a). (5.29)
i=1 j=1
Note that here any permutation of the stick breaking coefficients (v;)$2, still results

in a DP, as
i1

n
D; = Z Cgt)59i, with Cgt) = U, (i) (1 — ’Um(j)). (5.30)
=1

Here, m; is a permutation. Clearly, all these permutated versions share the same

collection of atoms, but with different weights assigned to them. Thus, they are

180



related to each other. This paper also proposed a useful way to generate the ordering.
The basic idea is to sample the arrival order from a point process.

Building upon this idea, Chung and Dunson [19] proposed the local DP model
(IDP). This work aims to formulate a joint distribution over a collection of DPs,
and, for this purpose, introduces a universal pool of atoms. Each DP under this
joint formulation contains a subset of atoms in the pool, and is associated with a
covariate-dependent permutation.

These methods guarantees that the marginal distribution of each resultant pro-
cess remains a DP. However, they bring about another nontrivial question: how to
devise the process that generate the permutation such that it can express the desired
dependency structure. Also, as such formulations involve random permutations, the
sampling schemes tend to be very complicated, often leading to considerably increased

demand of computational costs.

Hierarchical Dirichlet Process

Hierarchical Dirichlet Process (HDP) was proposed by Teh et al. [100], which has
become one of the most widely used approaches to constructing dependent nonpara-
metric mixture models. Taking advantage of the fact that each sample of a DP is a
distribution over the underlying space, this model organizes DP samples into a tree,
where parents serve as the base probability measure of their children. The generative

formulation is given below

Do ~DP(a,B), D,~DP(y,Dy), fort=1,2,.... (5.31)

This way ensures that the atoms in a child DP are from its parent, thus offering a
way for atoms to be shared across different children.

Ren et al. [82] applied this idea to a dynamic context, and developed the dynamic
HDP (dHDP) to model sequential data. The generative formulation of dHDP is

Dy =(1—w)D,_, +wH, H,=DP(a,Dy), Dy~ DP(v,B). (5.32)
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This model adopts the convex combination formula to evolve a DP over time, where
the innovative process is generated from an HDP.

In [100], Teh et al. discussed an extension called HDP-HMM, which is based on a
Markov chain with infinitely many states. In this model, the distribution of the next
state conditioned on any current state is a child DP. All such DPs share the same
parent. Hence, the transition is between the atoms from a common parent DP. Fox et
al. [31] further extends this formulation by introducing an additional sticky variable
to control the self-transition bias.

Kim and Smyth [53] extended HDP along a different direction. They introduced
a random perturbation for each group, called random effects, which allows the pa-
rameters to each atom to vary when inherited by child DPs.

HDP is very useful in many applications that involve groups of data. However,
HDP and its variants are subject to a fundamental limitation, that is, the DPs must

be organized into a tree-structure.

Spatially Normalized Gamma Process

Recently, Rao and Teh [78] proposed a new way for dependent DP construction, called
spatially normalized gamma process, which allows more flexible configuration of the
dependency structure. This formulation leverages an important relation between
Gamma and Dirichlet process, that is, normalizing a Gamma process results in a DP.

In particular, it defines a gamma process G over an extended space. For each group
t, a DP Dy is derived through normalized restriction of G to a measurable subset.
The DPs derived on overlapping subsets are thus dependent. This construction can

be reduced to the following form:

Dt = Z Cthj, with (Ctj)jERt ~ Dir((aj)jeRt). (533)
JER:

Here, R, is the subset of latent DPs used for D;, and the coeflicients c;; are random
variables from a Dirichlet distribution.

It is worth noting that under this formulation, the relative weights of two latent
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Figure 5-7: This figure shows a realization of a Poisson process whose base measure
p is inhomogeneous over the underlying space, which is a collection of points. Let A
and B denote the two regions marked by red ellipses. Then Ny(A) and Ny(B) are
respectively the numbers of points therein, which are are independent variables.

sources are restricted to be the same in all groups that inherit from both. Also, it

does not provide a way for atom parameters to vary across groups.

5.3.2 Poisson, Gamma, and Dirichlet Processes

Our construction of dependent Dirichlet processes relies on the theoretical connections
between Poisson, Gamma, and Dirichlet processes, as well as an important probabilis-
tic property called complete randomness. In this section, we provide a brief review of
these concepts, and discuss the relations between them.

In general, a Poisson process I1 is a random point process', i.e. a stochastic process
of which each realization is a set of points. Asillustrated in Figure 5-7, each realization
of IT uniquely induces a counting measure Ny over 2, given by Np(A) £ #(I1N A)

for each A € F. Formally, a Poisson process is defined as below.

Definition 5.2 (Poisson process). Let (€2, F) be a measurable space, and p be a o-
finite measure over §2. Let II be a random point process on €1, then it is called a
Poisson process with mean measure pu, denoted by IT ~ PP(u), if its induced counting

measure Ny satisfies the following two properties:

!In this work, we are considering generic Poisson processes (also known as spatial Poisson process)
that can be defined over any measurable space, instead of the temporal Poisson processes that are
often discussed in introductory textbooks.
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1. for any measurable subset A € F, the random variable N(A) is Poisson dis-

tributed, as Nn(A) ~ Poisson(u(A));

2. given a collection of disjoint subsets Ay, ..., A, € F, the variables Ny(A;), ..., Nu(Ay)

are independent.

The second property here is referred to as complete randomness, which is the key
aspect that distinguishes Poisson processes from other point processes. Generally,
complete randomness is defined to be a property possessed by a special family of

stochastic processes, called complete random measures:

Definition 5.3 (Completely random measure). A random measure M over measur-
able space (U, F), i.e. a stochastic process whose realizations are measures, is called
completely random if given any collection of disjoint measurable sets A1, ..., A, € F,
the random variables M(A;), ..., M(A,) are independent.

In particular, a random point process 11 is called a a completely random point

process if its induced counting measure Ny is a completely random measure.

It is clear that each Poisson process is a completely random point process. More
importantly, under mild technical conditions, the converse also holds. To be more
specific, Poisson processes are the only point processes that are completely random,

as stated by the following theorem.

Theorem 5.1. A random point process I1 on a regular measurable space is a Poisson

procéss if and only of it is completely random.

This theorem suggests that if we can construct a point process on a regular space
such that it is completely random, then it is guaranteed that the resultant process is
a Poisson process. This is one of the key ideas behind our construction, as we shall
see 1n next section.

Next, we describe how a Dirichlet process can be derived from a Poisson process,
via another important stochastic process, called Gamma process. Consider a Poisson
process IT* over a product space 2 x Rt, where each point can be expressed as a pair

(0, wp) with 6 € Q and w € R*. Intuitively, we can consider 8 as a parameter, and ws
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Figure 5-8: This figure illustrates how a Gamma process can be constructed from a
Poisson process over a product space. On the left shows a realization of a Point process
IT* over the product space {2 x R™, where each point is a pair (6, wy). Converting each
such point to a term wydp and combining them to form a series, we obtain a random
measure as in Eq.(5.34). In particular, when II* ~ PP(u x v), X* is a Gamma process
that has ¥* ~ I'P(p).

as the weight associated with it. Given a realization of IT*, we can define a measure

G over § as

G(A) = Z we, A € F is a measurable subset of €. (5.34)
fell"NA

Intuitively, G(A) sums up the weights wy associated with the parameters 6 that fall in
A, as illustrated in Figure 5-8. Since II* is random, G is actually a random measure.
The following lemma further shows that G is completely random, and under a

special choice of the mean measure of 1%, it is exactly a Gamma process.

Lemma 5.1. Suppose II* ~ PP(u*) be a Poisson process over the product space
QxR™, then G as defined in Eq.(5.84) is a complelely random measure. In particular,

when p* = p x v with y(dw) = w™le™"dw, we have for each measurable subsel A,
G(A) ~ Gamma(A), (5.35)

which implies that G is a Gamma process with base measure i, denoted by G ~ I'P(1).

Furthermore, as stated by the lemma below, normalizing each sample path of a
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Gamma process gives rise to a Dirichlet process.

Lemma 5.2. Let G ~ T'P(u, A) be a Gamma process over a measurable space (92, F),

and p 18 a finite measure. Let D = G/G(R), then
D ~ DP(u), and  G(R2) ~ Gamma(u()). (5.36)

In addition, D is independent from G(Q).

Specifically, as in Eq.(5.34), each sample path G of a Gamma process can be

written in form of a series as

G= > ws, D(II*)2{0:(0,uwp) € II*}. (5.37)
6eD(I1*)
When p is finite, it is absolutely convergent, and equals G(£2). Normalizing G, we

get

D=G/GQ) = Y dpds, with @y = we/G(Q). (5.38)
0eD(G)

This is the stick breaking representation of D, and the normalized weights g are the
stick breaking coefficients. Lemma 5.1 and Lemma 5.2 together reveal the inherent
connections between Poisson, Gamma, and Dirichlet processes, and suggest that we
can construct a Dirichlet process over § based on a Poisson process over the product
space 2 x R¥.

Next, we consider a procedure in the opposite direction, namely obtaining the
underlying Poisson process of a given Dirichlet process. Suppose we have a Dirichlet

process D over a measurable space (2, and its stick breaking representation is

D= "m0, (5.39)
i=1

As an intermediate step, we first construct a Gamma process. Specifically, we inde-
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Figure 5-9: This diagram shows the high-level idea behind our approach. Rather
than directly working with the DPs directly, we do the construction in the Poisson
domain, obtaining a new Poisson process via the operations that preserve complete
randomness. Then, we can derive a DP [rom the resultant Poisson process, based on
their intrinsic connections.

-

pendently draw a Gamma distributed variable g ~ Gamma(u(Q2)), and let

o0
G=gD =) gmdy,. (5.40)
i=1
Then G is a Gamma process over (2, as G ~ I'P(;z). Based on the relations between
Gamma and Poisson processes, we can then obtain the underlying Poisson process
over {2 x R™:

= {(6,gm):i=12,...} ~ PP(uxn). (5.41)

It is easy to verify that the Dirichlet process derived from II is exactly D. For the
convenience of later discussion, we denote the Poisson process Il as obtained above

by P*(D;g).

5.3.3 Poisson-based Construction of DDP

This section presents our approach to constructing dependent Dirichlet process — a
DP with probabilistic dependency on others. As depicted in Figure 5-9, the basic

idea of this approach consists of two related aspects:

1. Exploiting the inherent connection between Poisson and Dirichlet processes as
introduced in previous section, we can construct dependent DPs via the con-

struction of dependent Poisson processes. Specifically, given a set of source DPs
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over a space €, we first obtain their underlying Poisson processes over {2 x Rt,
and thereon construct a dependent Poisson process, from which a new DP can

be derived based on the Poisson-Dirichlet relations.

2. This strategy reduces the problem to the one of constructing dependent Pois-
son processes. To solve this problem, we develop a generic methodology that
rests upon the notion of complete randomness. The idea is that by applying
operations that can preserve complete randomness to a set of Poisson processes,
we get a new point process that is completely random, which, by Theorem 5.1,

remains a Poisson process.

In what follows, we consider three such operations: superposition, subsampling,
and point transition. When applied to the underlying Poisson processes, they produce
new Poisson processes and thus new Dirichlet processes. These operations together

offer great flexibility for evolving a DP dynamically.

Superposition

An important way to create dependent Dirichlet process is to combine existing ones.
Whereas it is a natural idea to simply combine them through convex combination,
the resultant process is, however, no ldnger a DP in general. In this work, we take a
new approach — combine DPs through the union of the underlying Poisson processes.

Given a collection of independent DPs D;, ..., D,,. Following the procedure de-

scribed in previous section, we independently draw m Gamma distributed coefficients:

91y -+ -y Gm, With gx ~ Gamma(ug(€2)), and obtain their underlying Poisson processes,
as

Tz = P*(Dk; gx) ~ PP(ux x 7). (5.42)
The union of these Poisson processes is IT;,, = II} U- - - UII,. The following theorem
establishes the fact that II3,, remains a Poisson process.
Theorem 5.2 (Superposition Theorem of Poisson Processes). Let Iy, ..., I, be in-
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dependent Poisson processes on Q with Iy ~ PP(uy), then their union has
U UL, ~ PP(up+ -+ ). (5.43)
This immediately follows that

*

sup corresponds

According to the relations between Poisson and Gamma processes, 1
to a Gamma process, denoted by G,,, which equals the sum? of the ones associated
with II3,.. . I}

m

Gsup = Z w95g = Z Z w959 = Z Gk = ngDk. (5.45)
k=1 k=1

(8,we)eIlU---UII, k=1 (8,wq)ell

Normalizing G,p, we finally get a Dirichlet process D, as follows.

m m

Dyup = Goup/Goup() = > 2Dy = ayDyy ~ DP(us + -+ ). (5.46)
k=1 gsum k=1

Here, goum = g1 + ** + gm, and ax = gr/gsum. We note that the coefficients here

are Dirichlet distributed random variables, as (a1, ..., @) ~ Dir(pu1(2), ..., um(2)).

Consequently, one can construct a Dirichlet process through a random convexr combi-

nation of independent Dirichlet processes, as
Dyp=D1® - ®Dp, 2 c;Dy+ 4Dy ~ DP(py + -+ + fim). (5.47)

For convenience, we use D1 @ - - @ D,,, to denote the DP resulted from the superposi-
tion of Dy, ..., D,,. The procedure described above illustrates in detail how one can
construct a dependent Dirichlet process via the operations on Poisson processes that

preserve complete randomness. In regard to this procedure, we have the following

2Here, we utilize a fact that the realizations of independent Poisson processes are almost surely
disjoint, and consequently the sum of the terms in the union is almost surely equal to the sum of
individual series.
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discussions.

1. Although playing a crucial role in this theoretical derivation, the underlying
Poisson processes, however, do not need to be explicitly instantiated in the

actual construction as given by Eq.(5.47).

2. That the coefficients ¢y, ..., ¢, are drawn from a Dirichlet distribution distin-
guishes our construction from the simple convex combinations that use deter-

ministic coefficients. This is the key to make D, a Dirichlet process.

Subsampling

We can also construct a dependent DP by extracting a portion of a given DP. This is
done by a complete randomness preserving operation called random subsampling — a

special case of random coloring, which is described below.

Theorem 5.3 (Coloring Theorem of Poisson Processes). Let I ~ PP(u) be a Poisson
process over a measurable space 2, C be a finite subset. Each ¢ € C is associated with
a measurable function q. : 2 — [0, 1], such that for each § € Q, 3" . qc.(6) = 1. For
each § € II, we draw a discrete variable zg € C, with Pr(zg = ¢) = q.(0). Let I, =
{0 € I1 : 29 = ¢} for each ¢ € C, then 11, is a Poisson process as I, ~ PP(u.) with
He = Qelt, B.e. e(dO) = q.(0)u(dB), and 11, for different values of ¢ are independent.

The procedure in this theorem can be intuitively interpreted as follows. Given a
realization of a Poisson process I, we randomly assign a color ¢ € C to each point,
according to the distribution over C given by (g.())ccc. Then we divide the entire
set of points into |C| subsets depending on the color associated with each point. In
this way, we get |C| point processes. Theorem 5.3 suggests that they are independent
Poisson processes, and particularly, I1. ~ PP(qg.u) for each ¢ € C. Restricting C to be
{0,1}, we have:

Corollary 5.1. Let Il ~ PP(u) be a Poisson process Q, and q : Q — [0,1] be a
measurable function. If we independently draw by € {0, 1} for each 6 € 11 with Pr(by =
1) = q(0), and let Il = {6 € I : bg = 1}, Then My and 11/T,y, are independent
Poisson processes over S, with Il ~ PP(qu), and 11/, ~ PP((1 — q)u).
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The procedure described above is essentially a random subsampling process, where
we determines whether to retain each particular point via independent Bernoulli trial,
namely draw by ~ Bernoulli(g(6)), and accept it if by = 1. The Corollary 5.1 implies
that the resultant point process remains a Poisson process, with mean measure qu.

This operation can be utilized for dependent DP construction. Let D be a Dirichlet

process over  as D ~ DP(u), with the stick breaking representation given by

D= mds,. (5.48)
=1

Again, we can get the underlying Poisson process as II* = P*(D;g) = {(0;,97;) :
i=1,2,...} with g ~ Gamma(u(Q?)), which has IT* ~ DP(qu x 7). Now we apply
the subsampling procedure to IT*, independently drawing b; ~ Bernoulli(g(6;)) for

each 4, and accepting only those with b; = 1. This results in a subset given by

* —

o = {(0;, gm;) : b; = 1}. Here, II%, corresponds to a Gamma process, as

Gsub = Z gﬂ-idai ~ FP(q:u’) (549)

i:bizl
Normalizing G yields a Dirichlet process Dgyp:

Uy

Dow = Sy(D) £ Y nids, ~ DP(qu), withn] = (5.50)

diby=1 Zj:bjzl Ty
Here, we use S, to denote the subsampling operation applied to a DP with acceptance
function g. We can see that the construction of D, does not actually require explicit
instantiation of the underlying Poisson and Gamma processes. This can be done by
randomly choosing a subset of the terms in D via independent Bernoulli trial, and

re-normalizing the coeflicients of the selected terms. For this process, we note:

1. The sub-sampling via independent Bernoulli trial fundamentally differs from
choosing a random subset of fixed size. That the acceptance of each term
is independently determined is the key in our method to preserve complete

randomness.
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2. In general, the acceptance function g can be any measurable function with values
in [0, 1]. This provides the flexibility for one to incorporate application-specific
knowledge that favors some subset of 2. However, in many practical cases, it

is sufficient to just use a constant g, which would make the computation easier.

Point Transition

The third way to construct a dependent DP is point transition. A point transition
operation moves each term independently following a probabilistic transition function,

which is formally defined below.

Definition 5.4 (Probabilistic transition function). A probabilistic transition function

over a measurable space (2, F) is a function T : Q x F — [0,1] such that
1. for each 8 € Q, T(0,-) is a probability measure over Q;

2. for each A € F, p(-, A) is integrable.

The probabilistic transition function describes, in a probabilistic manner, how a
point in © would move at each time step. In particular, T'(6,-) is the conditional
distribution of where a point will be, given that its current location is . With slight
abuse of notation, we use T as a transform that can act on a point, a set, or a
probability measure. Specifically, given 6 € Q, T'(f) is a random variable representing
the destination of 6. Given a set S C , T(S) represents a random point process,
of which each realization is a set of transformed points, as T(S) = {T(9) : 8 € S}.

Given a probability measure p over €, Ty is a transformed measure over €2, given by

(Tp)(A) £ / T(6, A)u(db). (5.51)

Q

Intuitively, if 4 is a probability distribution of the initial positions, then Ty is the
distribution of the destinations.
Point transition is an operation on a point process that moves each point according

to a given transition function T'. According to the following theorem, it also preserves
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complete randomness, and thus, when applied to a Poisson process, yields a new

Poisson process.

Theorem 5.4 (Transition Theorem of Poisson Processes). Let II ~ PP(u) be a

Poisson process over Q and T be a probabilistic transition. Then
T(II) 2 {T(6):0 €} ~ PP(Tu). (5.52)

Like other complete randomness preserving operations, point transition can be
used to construct dependent DPs. Let D ~ DP(u) be a DP over Q, with stick
breaking representation D = > 2 m;0q,, and its underlying Poisson process is IT* =
{(6s,9m:) :i=1,2,...}, where g ~ Gamma(u(€2)). Given a transition function T over
Q, we define a transition T* over the product space Q xR* to be T*(6,w) — (T(8), w).

According to Theorem 5.4, applying T to IT* results in a new Poisson process, as
T*(I1") = {(T(6:), gm;) :i=1,2,...} ~ PP(T"(u x7)). (5.53)

In addition, we have

Lemma 5.3. Let T be a probabilistic transition over 2, T™ be a probabilistic transition
over Q x R™ given by T*((6,w)) — (T(#),w). Then given a measure pu over §, and
a measure v over R™, then

T*(uxv)=Tuxv. (5.54)

Combining Eq.(5.53) and Eq.(5.54), we immediately get
T*(I*) ~ PP(Tu x 7). (5.55)

Then, using the relations between Poisson and Dirichlet processes, we can derive the

corresponding Dirichlet process, denoted by T'(D), as

oo
T(D) 2 mdre) ~ DP(Th). (5.56)
i=1
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This operation randomly moves the location of each term, without changing the

coefficients, and therefore, we don’t have to re-normalize them.

5.3.4 A Markov Chain of Dirichlet Processes

Integrating these three operations, we develop a Markov chain of Dirichlet processes.

In this model, given D;_1, the DP at time ¢ — 1, the generation of D; is formulated as
Dt = T(Sq(Dt_l)) D Hta with Ht ~ DP(V) (557)

Starting with D;_;, we first choose a subset of terms according to a given acceptance
function ¢, via independently Bernoulli trial. Then the selected terms will be moved
around following a probabilistic transition 7', which are then combined with some
new terms from H; to form D,. Here, we call H, the innovative process, as it brings
in new terms that were not existent before. By this construction, creating new terms,
remouving eristing terms, and varying term locations are all allowed during the evo-
lution, respective via superposition, subsampling, and point transition. Let u; be the

base measure of Dy, then we have

pe = T(que) +v. (5.58)

In particular, if the acceptance probability ¢ is a constant over the entire space €2,

then
o = qoy_1 + Q. (5.59)

Here, oy £ 114(2) and a,, £ v(Q) are respectively the concentration parameters of
and v. According to this relation, one may hold the concentration parameter o, fixed
at oy over time, by setting o, = (1 — g)a,. Intuitively, the value of g controls the
prior preference of inheriting existing terms to creating new ones.

In addition, we derive the following result that quantifies the statistical depen-

dencies between DPs at different time steps. Given a measurable subset A € F, and
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s,t € R we have

Cov(Ds(A), Dsi(A)) < (supq(9)> Var(D,(A)). (5.60)

PeA

This shows that the covariance between two DPs decays exponentially as the temporal
distance between them increases, provided that g is upper bounded by some g, < 1.
This is often a desirable property in practice.

In this work, we use this Markov chain of DPs as a prior of dynamic mixture
models. This provides a temporal evolution mechanism that inherently supports
creation of new components, removal of existing components, and variation of com-
ponent parameters, while maintaining the complete randomness of the underlying

Poisson processes, such that D, at each time ¢ is marginally a Dirichlet process.

5.4 Gibbs Sampling Algorithm

This section presents the sampling algorithm to perform inference over the dynamic
mixture model with the Markov chain of DPs as the prior. The key idea here is
to derive the sampling steps by exploiting the fact that our construction maintains
the property of being marginally DP. Specifically, in section 5.4.1, we first study
the posterior distribution of a DP given a finite set of its samples, and derive a
construction of DPs that is equivalent to sampling from this posterior distribution.
In section 5.4.2, we then develop a sequential sampling procedure to draw samples
from a Markov chain of DPs. In section 5.4.3, we further incorporate the generative
model of observations into the framework, and adapt the aforementioned algorithm

to sample from the posterior distribution of mixture model parameters.
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5.4.1 Posterior and Predictive Distributions

Consider the first two steps of the Markov chain in Eq.(5.57), as

Do ~ DP(uo),
H ~ DP(v),
Dy = T(S,(Dy)) & H. (5.61)

At time ¢t = 0, we can draw samples from Dy following the Pélya urn scheme that has
Dy marginalized out. Then, given a collection of samples observed at ¢t = 0, which we
denote by ®g, to draw samples at ¢ = 1, we have to first marginalize out both Dy and
Ds, as their realizations are infinite series that cannot be completely represented by a
computer. In particular, this procedure comprises four steps: (1) derive the posterior
distribution of Dy, conditioned on ®y; (2) derive the distribution of Dy, conditioned
on ®g, by marginalizing out Dy; (3) derive the predictive distribution of the first
sample at ¢ = 1, conditioned on @, by further marginalizing out D;; and (4) update
the predictive distribution of next sample, as we see more samples at ¢t = 1.

The derivation in these steps is nontrivial. However, as we shall see, the theoret-
ical connections between Poisson, Gamma, and Dirichlet processes provide a useful

perspective to study these distributions and greatly simplify the derivation.

The Posterior Distribution: Dgy|®g

The first question is what’s the posterior distribution of D, given the observed sam-
ples therefrom? To answering this question, we establish the following theorem, which
gives a construction of D that is equivalent to sampling D from the posterior distri-

bution.

Theorem 5.5. Given the generative model as above, and a set of samples ®, which

are independently drawn from D. Suppose ® comprises K distinct atoms: ¢1,..., ¢k,
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and ¢, appears m(k) times, then we have

K -1 K
Dios = (g + Zwk) (gD, + Zwk%) ~ D|®. (5.62)
k=1

k=1

Here, g ~ Gamma(u(2)), wy ~ Gamma(m(k)) for k = 1,..., K are independent
Gamma variables, and D, ~ DP(u) is an independent DP.

The representation of the posterior samples given in Eq.(5.62) has two parts: the
one comprised of observed atoms, and the remaining part that is based on D,. As
more samples are observed, the former part would gradually become dominant, and

Dpos would recover the underlying D exactly as |®| approaches infinity.

The Distribution: D;|®,

Before continuing the derivation, we first clarify some notations. Instead of explicitly
instantiating every sample, we maintain a set of atoms, and use a label for each sample
to associate it with the corresponding atom. Each atom in the collection is bound to
an index that uniquely identifies it throughout the entire process. The value of an
atom may change over time.

In particular, we use K; to denote the total number of atoms ever observed up
to time ¢, and ¢}, to denote the value of the k-th atom at time ¢. At each time step
(say t), we draw n; samples, denoted by 61, ..., 0y, and their labels are denoted
by 2¢1, ..., Ztim,, such that 6;; = ¢,,.. In the actual problem, we only store the atom
values and labels, and as such the value of each sample can be easily determined
through the references to atoms via the labels. In addition, we use ®; to denote
the set of samples at time ¢, and m;(k) to denote the number of times the atom ¢y,
appears in ®y.

Given a set of samples ®y drawn from Dy, which has Kj distinct atoms: ¢9, .. ., gZ)?(O,

and the atom ¢ was seen mg(k) times. Then according to Theorem 5.5, the posterior
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distribution Dgy|®y is given by

Ko KO
1
Dy = 7 <g6D6 + Z w26¢g) ,  with Zg = g{ + ng (5.63)

Here, Dy ~ DP(uo), gy ~ Gamma(po(2)), and w? ~ Gamma(mo(k)) for k& =

1,..., K" are all independent. The Poisson process underlying Dy is
I = U {(62, wD)},,  with IT*) ~ PP(uo x 7). (5.64)

Applying the operations in Eq.(5.61) to II§, which involve subsampling and moving
the points in II§, and as well incorporating those from the underlying Poisson process

of H, denoted by I}, we get a new Poisson process that can be written as

I|0 = H;II U T(SQ(H*G U {(¢g7 wg) tk=1,... 7K0}))
= I, UT(S,(I1%)) U {(T(4}), wp) : b, = 1}
=" U{(T (), wp) : by =1}, with II"y = T UT(Sg(IT%)).  (5.65)

Here, b}, ~ Bernoulli(q(¢?)) for £ = 1,..., Ky are independently drawn for each
observed atom, which indicates whether to retain the k-th atom at time ¢t = 1.
Besides, by Theorem 5.2, I1*}}; also a Poisson process, as I1*} 5 ~ PP(v +guo). From

Eq.(5.65), the DP corresponding to H’1‘|0 is given by
1 K() KO
DlIO = -ZIIB- (gho ,llo + Zb}vwg&_p@g)) N with Z1|0 = g/1|0 -+ Zbi’wg (566)
k=1 k=1

Here, gy0Djp ~ T'P(u1) with u1 = guo + v is an independent Gamma process.
Eq.(5.66) provides a construction of D; that is equivalent to directly sampling it

from the conditional distribution D;|®q, where Dy is marginalized out.
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The Predictive Distribution of the Samples from D,

We are going to sequentially sample 6.1, ...,61.,, from D;. Particularly, to draw
the first sample 6.1, with D; marginalized out, we have to study the predictive
distribution 61.1|®¢. From Eq.(5.66), which gives a construction of samples from

D;|®g, we derive 61.1| Do, as

Ko
011|Po ~ i <au1pu1 + ) ae(8)mo(k)T( 2,-)) : (5.67)

k=1

Here, oy, = p1(§2) and p,, are respectively the concentration parameter and base
distribution of p, and of is a constant given by af = a,,, + S r°, qr(¢2)mg(k). It can
be seen that ;.1 can be drawn from either the base distribution p,,;, or the transition
distributions due to the inherited atoms T(¢;F). Specifically, we can draw 6, as

follows.

1. Draw the label 21,4 € {1,..., Ky, Ko + 1} with

(o, =y | DA/ (k< o) 509

am/a? (kZKO+1)'

2. If z11 = k < Ko, we draw ¢}, ~ T(¢2, +); otherwise k = Ko+1, we draw ¢ ~ p,,.

In both cases, we have 6., = ¢ .

Depending on the value of z;.1, and conditional distribution of 5 can be in different

form. Particularly, if z1,; = 0, 61,1 is a new atom from p,,. In this case, we have

Brolfr, up = 0; By ~ 1 Qo+ Z a(@e)mok) oy 15%“‘ (5.69)
Qi
Here, of = a?+ 1. If z1.; = € [1, Ko), then 6y is an instance of the atom ¢}, which

immediately follows that (1) the term ¢; is retained at time ¢ = 1, implying b, = 1,

and (2) the value of ¢ = T'(¢;) is actually seen. As a consequence, the distribution
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of 0;.2, conditioned on both ®4 and 6.1, is given by

mo(k [)+1
O1:2010,u1 =1 2> 1,99 ~ -a—pm + Z a(@emok) ) T(dp, ") + —(01)1—5%1. (5.70)
1 1

k:k£l o1
Here, af = o + (1 — q(¢?))mo(l) + 1. Note that after this step, the weight of ¢, is
increased from g(¢?)mg(l) to mo(l) + 1.

Forward along the Chain

Recursively carrying the analysis over to time ¢ along the Markov chain, we derive the
following construction that characterizes the conditional distribution of Dy, given the
observations up to time ¢t — 1: ®g,...,®;_4. Let bt denote whether the k-th atom is
retained at time ¢, and 7 denote the last time step when the atom ¢;, was observed.

In addition, we define y; via the recursive formula p; = gu;—1 + 4. Then, we have

Ky
1 .
Dy = W (%It 1 Dy + Z bfcwkk‘sT(“*k’(d’“)) ’ (5.71)
k=1
with
Ki1
g£|t—lD£|t—1 ~ I'P(us), and Zyt1 = g£|t—1 + Z biw;k
k=1
Constructing Dy, as above is equivalent to sampling from Dy|®y, ..., ®;_;. Com-

paring Eq.(5.66) and Eq.(5.71), we see that they are similar in structure, except for

several differences as explained below.
1. ¢;* is the value of the k-th atom last time we saw it (at t = 7).

2. b, is a Bernoulli variable with Pr(8, = 1) = ¢t. Here, ¢} 2 (g(¢7))"™™ is the
probability that the k-th atom remains at time ¢, which decreases exponentially,

as t — T, the number of consecutive steps that we do not observe it, increases.

3. wy* is a Gamma distributed variable as wi* ~ Gamma(M;_(k)), where M,_, (k) &

Zﬁ:%) m,(k) is the total number of times that the atom ¢ was observed.
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Algorithm 2 The sequential algorithm to draw samples from a DDP

Call Initialize-Collection
for i=1,...,n do
Draw 2t € {1a st aKt—l + Knew + 1} with Pr(zt:i = k) X Wg-
if z; = k> Ki_1+ Kpew then
Draw new atom ¢ ~ pj,
Set Kpew := Knew +1
Initialize my(k) == 0, wi := 0, and wi41 = ay,
else if my(k) =0 then
Draw ¢}, ~ T¢) (7%, )
Reset wy := M;_1(k)
end if
Increment my(2s;) = my(z;) + 1, and wy = wi, + 1.
end for

Subroutine: Initialize-Collection

Set ®; as empty set

Set Kpew : =0

Set my(k) := 0 and wy, := ¢, M;_1(k) for cach k =1,..., K;_q
Set WK—1+1) *= Oy

4. T™ denotes an n-fold transition, e.g. T®(¢) = T(T(¢)). Here, we use T¢7%)
for the atom ¢, because it has been subject to (¢ — 73)-fold transition if it

remains existent.

From Eq.(5.71), we derive the predictive distribution of the first sample 6; ~ Dy,

conditioned on ®q,...,P; 1, as
1 K1
91'@0, ey q)t~1 ~ .CE (ampm + Z q]tht_l(k)Tt_Tk( ;k, )) . (572)
t k=1

. o : Ko
Here, of is a normalization constant given by oy, + > 7" gh My—1(k).

5.4.2 Sampling from a Dependent DP

Based on the analysis above, we develop a sequential sampling algorithm that
directly draws the samples from the DP priors with Dq, Dy, ... marginalized out, as

given in Algorithm 2. The following is a brief explanation of the algorithm.
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1. First of all, we have to initialize ®; as an empty set, and set K., the number

of new atoms created at time ¢, to zero.

2. For convenience, we introduce a weight wy, for each atom, and initially set
wg = gpM;_1(k) for k =1,..., K;_;. Additionally, we set w(x, ,4+1) = o, which

represents the weight of creating an new atom.

3. We draw a new sample at each step. Specifically, at the i-th step, we draw the
label z;; from a finite set {1,..., K;_1 + Kpew + 1}, with the probability values

proportional to the weights, i.e. Pr(zy; = k) oc wy.

4. If zp; = K1+ Kpew+1, we have to draw a new atom ¢ from the base distribution
Py, increment Ko, by 1, and initialize both wy and m,(k) to zeros. (Note that
wr and my(k) will be immediately incremented to one, before drawing the next

sample.)

5. If z4; = k < Kt + Kpew, there are two possible cases: (1) my(k) > 0, which
implies that the atom ¢, has been seen in previous samples, and its value ¢
has been determined; (2) m;(k) = 0, which implies that this atom is inherited
from the previous time step ¢t — 1, and it is the first sample associated with it at
time . In this case, we have to draw ¢, ~ T(¢:!, ), and accordingly we have
to change the weight wy from g M;_; (k) to M;_;(k), as we are assured that this

atom is retained.

6. In all cases, we will increment both the counter m;(z:;) and the weight w,, by

one.

5.4.3 Gibbs Sampling for Inference over Dynamic DPMM

We use the Markov chain of Dirichlet processes as the prior of dynamic mixture

models in our framework. The generative process is formulated as follows: for each

202



time step ¢,

Dt = T(Sq(Dt_l)) + Ht, with Ht ~ DP(I/),
9m ~ Dt, Ty ™~ L(@t:i), for i = ]., ceey Ny (573)

Here, L(6;) is the observation model with parameter 6; for generating ;. In this work,
we perform the inference over the model parameters 64,...,6,, by sampling them
from the posterior distribution. As we will show below, sampling from the posterior
distribution is similar to sampling from the prior, except that the probability values
are modulated by the likelihood factors. To see this, let’s consider a model with a

simplified form:

‘ K

D ~ DP (Zakpk>; 0 ~ D; x ~ L(6). (5.74)
k=1

Here, py can be either a base distribution or a transition distribution from an inherited

atom. With D marginalized out, the posterior distribution of § conditioned on z is

K
Pros(0]7) o< D cupi(9) £ (x; ) (5.75)
k=1
Here, f(z;8) is the pdf value of x with respect to the observation model with param-
eter 0. Let
(0)/(=;0)

f(fv;pk)éfef(:c;@)pk(@)d@, and ﬁk(ﬁlw)é&fk—@——- (5.76)

With respect to the prior distribution pg, f(z;px) is the marginal pdf of z, and pr(0|x)
is the posterior probability of 8. As a result, we can rewrite the posterior distribution

of 8 as

K -
. . . f(z; px)
Pros(012) = S @lz - D(0|z),  with dz, = — ok T . (5.77)
v ; S o f(zm)

Hence, given z, we can sample 6 from the posterior distribution as follows. We first

draw u € {1,..., K} with Pr(u = k) = 64|, and then draw § ~ p(0|x).
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Algorithm 3 The algorithm to sample from the posterior distribution of a DPMM

Call Initialize-Collection

for i=1,...,n do
Draw z;; € {1,..., K; 1 + Kpew + 1} with Pr(z; = k) < wifig. (fix is given in
Eq.(5.78)).

if Rt — k> Kt—l + Knew then
Draw new atom ¢, ~ 8|z, with respect to the prior p,,
Set Kpew := Kpew + 1
Initialize my(k) := 0, wy, := 0, and wi41 = ,

else if my(k) =0 then
Draw ¢, ~ 0|7, with respect to the prior T¢-™) (k)
Reset wy 1= M;_1(k)

end if
Increment my(2s;) := my(z;) + 1, and wy == wy + 1.
end for
Based on this analysis, we derive an algorithm to sample 6,1, ..., 60;,, from the

posterior distribution by adapting Algorithm 2 (the details are given in Algorithm 3).

The main changes consist in two aspects:

1. The sampling of labels z;.; takes the observation likelihood into account. In

particular, we have Pr(z:; = k) o« wifix, where f; is given by

/

f(xt:i; ¢i;) (k S Kt—l + Knew and mt(k) > O)a
Jig = 9 f(es; T(¢F,+)) (k< K1+ Kpew and my(k) = 0), (5.78)
\f_‘(l’t:i; pm) (k = Kt—l + Knew + 1)

2. Given 2; = k, we sample the atom ¢}, from the posterior conditioned on z;;,
with respect to the corresponding prior (p, or T(¢x,-)), rather than drawing it

from the prior directly.

The procedure presented in Algorithm 3 can be inefficient as it draws each new
atom ¢t merely based on the first observation associated with it. Hence, in practice,
we only use this sequential procedure for bootstrapping, and then run a modified
version, which is a Gibbs sampling scheme that iterates between two steps: atom

update and label update:
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1. Atom update: We resample each atom ¢y conditioned on all the observa-
tions with label k, denoted by Xj, with respect to the corresponding prior py.
Particularly, if £ < K;_1, ¢ is an inherited atom, and thus py = T(t”T’c)(qﬁ;’“ );

otherwise, ¢y is a new atom that were drawn from p,,, and thus p; = p,,.

2. Label update: This is similar to the steps in Algorithm 3. Specifically, for
each i = 1,...,n, except that after bootstrapping, m; have actually counted all
the samples observed at time t. Therefore, we have to first decrement my(z;.;)

by 1, and after z,; is updated, we increment my(z;) according to its new value.

5.5 Empirical Results

This section presents experimental results on both synthetic and real data. Firsta set
of simulations are done on synthetic data to compare the proposed DDP model with
dynamic FMM in describing Gaussian clusters that may change over time. Then, the
DDP model is applied to two real world tasks, modeling people flows and analyzing
the trends of research topics. These experiments demonstrate the model’s practical

utility.

5.5.1 Simulations on Synthetic Data

The data for simulations were synthesized as follows. We initialized the model with
two Gaussian components, and added new components following a temporal Poisson
process (one per 20 phases on average). For each component, the life span has a
geometric distribution with mean 40, the mean of each Gaussian component evolves
independently as a Brownian motion, and the variance is fixed to 1. We performed
the simulation for 80 phases, and at each phase, we drew 1000 samples for each active
component.

At each phase, we sample for 5000 iterations, discarding the first 2000 for burn-
in, and collecting a sample every 100 iterations for performance evaluation. The

particles of the last iteration at each phase were incorporated into the model as a
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Figure 5-10: This figure compares the performance between D-DPMM and D-FMM
with differing numbers of components. The upper graph shows the median of distance
between the resulting clusters and the ground truth at each phase. The lower graph
shows the actual number of clusters as a function of time. Clearly, the performance
of dynamic FMM is inferior to that of dynamic DPMM, when the pre-set number of
clusters does not match the true number.

prior for sampling in the next phase. We obtained the label for each observation by
majority voting based on the collected samples, and evaluated the performance by
measuring the dissimilarity between the resultant clusters and the ground truth using
the wvariation of information criterion. Under each parameter setting, we repeated
the experiment 20 times, utilizing the median of the dissimilarities for comparison.
We compare our approach (D-DPMM) with dynamic finite mixtures (D-FMM),
which assumes a fixed number of Gaussians whose centers vary as Brownian motion.
From Figure 5-10, we observe that when the fixed number K of components equals
the actual number, they yield comparable performance; while when they are not
equal, the errors of D-FMM substantially increase. Particularly, K less than the
actual number results in significant underfitting (e.g. D-FMM with K = 2 or 3 at
phases 30 — 50 and 66 — 76); when K is greater than the actual number, samples
from the same component are divided into multiple groups and assigned to different

components (e.g. D-FMM with K = 5 at phases 1 — 10 and 30 — 50). In all cases,
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Figure 5-11: The simulation results under different settings: (a) shows the perfor-
mance of D-DPMM with different values of acceptance probability, under different
data sizes. (b) shows the performance of D-DPMM with different values of diffusion
variance, under different data sizes.

D-DPMM consistently outperforms D-FMM due to its ability to adjust the number
of components to adapt to the change of observations.

We also studied how design parameters impact performance. In Figure 5-11(a),
we see that an acceptance probability ¢ to 0.1 creates new components rather than
inheriting from previous phases, leading to poor performance when the number of
samples is limited. If we set ¢ = 0.9, the components in previous phases have a higher
survival rate, resulting in more reliable estimation of the component parameters from
multiple phases. Figure 5-11(b) shows the effect of the diffusion variance that controls
the parameter variation. When it is small, the parameter in the next phase is tied
tightly with the previous value; when it is large, the estimation mostly relies on
new observations. Both cases lead to performance degradation on small datasets,
which indicates that it is important to maintain a balance between inheritance and
innovation. Our framework provides the flexibility to attain such a balance. Cross-

validation can be used to set these parameters automatically.
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Figure 5-12: The experimental results on people flow modeling. This figure shows the
timelines of the top 20 flows. On the right is the snapshot of two such flows, with the
velocity fields overlain on the images. (Only the parts covered by the flow domain
are visible).

5.5.2 Modeling People Flows

It was observed that the majority of people walking in crowded areas such as a rail
station tend to follow motion flows. Typically, there are several flows at a time, and
each flow may last for a period. In this experiment, we apply our approach to extract
the flows. The test was conducted on video acquired in New York Grand Central
Station, which comprises 90,000 frames for one hour (25 fps). A low level tracker
was used to obtain the tracks of people, which were then processed by a rule-based
filter that discards obviously incorrect tracks. We adopt the geometric flow model
described in Chapter 4, which uses an affine field to capture the motion patterns of
each flow. The observation for this model is in the form of location-velocity pairs.

We divided the entire sequence into 60 phases (each for one minute), extract
location-velocity pairs from all tracks, and randomly choose 3000 pairs for each phase
for model inference. The algorithm infers 37 flows in total, while at each phase, the
numbers of active flows range from 10 to 18.

Figure 5-12 shows the timelines of the top 20 flows (in terms of the numbers of

assigned observations). We compare the performance of our method with D-FMM
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Figure 5-13: The experimental results on PAMI topic analysis. On the left are the
timelines of the top 10 topics. On the right are the two leading keywords for these
topics.

by measuring the average likelihood on a disjoint dataset. The value for our method
is —3.34, while those for D-FMM are —6.71, —5.09, —3.99, —3.49, and —3.34, when
K are respectively set to 10,20, 30,40, and 50. Consequently, with a much smaller
number of components (12 active components on average), our method attains a

similar modeling accuracy as a D-FMM with 50 components.

5.5.3 Analyzing Paper Topics

Next we analyze the evolution of paper topics for IEEE Trans. on PAMI. By parsing
the webpage of IEEE Xplore, we collected the index terms for 3014 papers published
in PAMI from Jan, 1990 to May, 2010. We divide these papers into 21 groups, each
corresponding to a year.

We first compute the similarity between each pair of papers in terms of relative
fraction of overlapped index terms. We derive a 12-dimensional feature vector using
spectral embedding [74] over the similarity matrix for each paper.

We run our algorithm on these feature vectors (in 21 groups), obtaining a set of
clusters. Each cluster can be considered to be related to a particular theme/area.

We compute the histogram of index terms and sorted them in decreasing order
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of frequency for each topic. Figure 5-13 shows the timelines of top 10 topics, and
together with the top two index terms for each of them. Not surprisingly, we see
that topics such as “neural networks” arise early and then diminish while “image

segmentation” and “motion estimation” persist.

5.6 Summary

We developed a principled framework for constructing dependent Dirichlet processes.
In contrast to most DP-based approaches, our construction is motivated by the intrin-
sic relation between Dirichlet processes and compound Poisson processes. In particu-
lar, we discussed three operations: superposition, subsampling, and point transition.
These operations produce DPs depending on others. We further combined these op-
erations to derive a Markov chain of DPs, leading to a prior of mixture models that
allows creation, removal, and location variation of component models under a unified
formulation. We also presented a Gibbs sampling algorithm for inferring the models.
The simulations on synthetic data and the experiments on modeling people flows and
paper topics clearly demonstrate that the proposed method is effective in estimating

mixture models that evolve over time.
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Chapter 6

The Order of Layers

A natural scene that we see in real world typically comprises multiple objects with
different appearance and behaviors. As discussed in Chapter 1, these objects can
be modeled as layers, and each layer can be described by an appearance model and
a motion model. Previous chapters have developed tools to model appearance and
dynamic motion. However, this is not enough.

In real scenes, different layers may overlap with each other. Consequently, part
of a layer may be occluded by others and become invisible. Effective explanation of
such scenes has to take into account the occlusion relation between different layers,
which, in turn, is determined by the relative depth order between them.

In this chapter, a model of layef order is developed, which considers the relative
depth order between layers as a partial order generated from a distribution over the
partial order space. A key challenge, however, arises in inferring the partial order
from observations. MAP estimation is NP-hard, while standard MCMC sampling
methods are difficult to apply, as the underlying space is generally disconnected, due
to the combinatorial constraints that partial orders have to satisfy.

In this chapter, a generic sampling methodology is developed to address this diffi-
culty, which introduces bridging states between parts of the space that are otherwise
disconnected. Theoretical analysis of this method leads to bounds of the mixing
time. We also tested it empirically in an application to infer the order of layers in

real scenes.
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6.1 Modeling the Depth Order of Layers

In the layered video model discussed in Chapter 1, a visual scene is considered to
be composed of layers, each corresponding to a different object. Each video frame is
then generated by combing all the layers according the relative depth order between

them (also known as Z-order).

6.1.1 Revisiting Layered Video Models

Consider a video with n foreground layers and a background layer. Each layer is
associated with a covering domain, an appearance template, and a motion model.
At locations covered by multiple overlapping domains, the pixel value is determined
by the top layer. Let A% denote the appearance map of the i-th layer at time ¢, and
Af(z) the pixel value at location z. An indicator map L! maintains the association
between pixels and layers, i.e. L¥(z) is the index of the top layer at location z. The

frame at time ¢, denoted by I*, is generated as
It(.fl?) = ALt(z)(ai) + Et(l'). (61)

Here, I*(z) is the observed pixel value at z, &(z) is a noise term, and L' is
determined by the Z-order of the layers, denoted by R. An image can be divided
into K regions wy,...,wk, with each covered by the same set of layers, denoted by
Sk. As such, the pixels in wy are explained by the same layer, the top one in Sy

(i.e. maxg:(Sk)). Given R! and all appearance templates at time ¢, we have

K
p(I'HAN L R = [ [ U (wi)|Ar),  with (wy) £ max(S).  (6.2)

k=1
Owing to the lack of order inference techniques, previous methods largely utilize
L', neglecting the ordering structure. In Wang and Adelson [110], Lt is updated based
on local motion similarity. Weiss[113] further incorporated an MRF-prior on Lt to

enforce spatial coherence which was followed by a series of related work[57, 114, 89,
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41]. Neglecting ordering constraints often leads to an L* with inconsistent ordering in
different parts of the image, particularly when the observations are ambiguous. Jojic
and Frey[51] developed a flexible sprite model which explicitly incorporates Z-order,
but assumes it is given. Zhou and Tao[118] presented a similar model for object
tracking, where the Z-order is inferred via explicit enumeration over all permutations
of layers. Such enumeration becomes intractable as the number of layers increases.
Sun et al.[96] proposed an alternative by introducing real-valued map with a GP-
prior for each layer. L, is then obtained via thresholding. Importantly, most methods
that utilize Z-order assume a total order between layers, however, total order is both
unnecessary (one need not consider the ordering of disjoint layers) and inefficient as
the number of objects grows. A natural idea is to treat R’ as a partial order, and

thereby dispense with unnecessary comparisons.

6.1.2 The Generic Formulation for Partial Order Inference

A general formulation of a probabilistic model over partial orders, suitable for in-
ference, is as follows. Given the partial order R, the conditional likelihood of the

observations x can be written as

'y

p(x|R) = 7 [] éx(max(S), z). (6.3)
k=1

Here, Sj, is a subset of elements, xy is the part of observations related to this subset, ¢
is a potential function describing the appearance within Si, and Z is a normalization
constant. It is not difficult to see that Eq.(6.2) is a special case of this formulation.
One can incorporate additional information as a prior on partial orders. For example,
in layered video models, it is unlikely that the relative order of two overlapped layers
changes across consecutive frames.

Specifically, if layer a is below layer b at time ¢ — 1, it is likely that this also holds
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at t. This prior belief can be formalized as

p(RIR =[] p(max({a;, bi})|R"), (6.4)

{ai;b}eCt-1

where C*~! is a set of comparable pairs for R*~!. Suppose a; < b; w.r.t. R, and

the chance of switching order is ¢. Then we have
p(max({a;, b:}) = a;|R"Y) = ¢. (6.5)

In both the prior and the conditional likelihood, the partial order R is incorporated
via the maximum of some subsets w.r.t. R.
Generally, one can write the joint distribution of the partial order R, the obser-

vations x, and other involved parameters A, in the following form

p(R,%;A) o< Y(A)

b

qbk(mlz%x(sk), Tk; Ak)- (6.6)

i

k=1

Note here that the maximum element maxg(Sy) for different sub-regions are implic-
itly related. We will elaborate on these relations in later sections. The discussion

throughout the remaining part of this chapter is based on this generic formulation.

6.2 Minimally Sufficient Partial Orders

As discussed above, partial order plays a prominent role in a layered video model.
This section provides a detailed discussion of partial orders. We first review the
concept of partial orders and then analyze the identifiability conditions under the
generative model formulated above. This leads to a notion of minimal sufficiency and

a graph representation that is well defined and easy to manipulate.

6.2.1 Basic Concepts of Partial Orders

First, we review some basic concepts of partial orders.
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Definition 6.1 (Partial order). Let X be a set. A relation R C X x X on X is called

a partial order, if for each x,y,z € X, it satisfies
1. (Reflexivity) (z,z) € R;
2. (Antisymmetry) (z,y) € R and (y,z) € R =z =y;
3. (Transitivity) (z,y) € R and (y,2) € R = (z,z) € R.

A set X together with a partial order R, denoted by (X, R), is called a partially

ordered set.

We use the following notation to represent relations with respect to the partial
order R: x <p y indicates (z,y) € R, z <g y indicates (z,y) € Rand z £y, x >ry
indicates y <g z, and z >g y indicates y <g x. Two elements z,y € X are said to
be incomparable with respect to R if neither x <p y nor y <g x. When the partial

order R is clear from the context, and subscript R in these notations can be omitted.

Definition 6.2 (Total order). A partial order R on X is called a total order or a

linear order if any two elements in X are comparable with respect to R.

Let (X, R) be a partially ordered set, and S C X be a subset. An element m € S
is called the mazimum of S if x <z m for each x € S. An element a € S is called a
mazimal element of S if there exists no y € S such that a <g y. Similarly, we can
define minimum and minimal elements.

Here, we note several useful facts about maximum and maximal elements:

1. Given a subset of a partially ordered set, there may or may not exist a maximum.

However, if a maximum exists, it is unique.

2. Each finite subset of a partially ordered set contains at least one maximal ele-

ment.

3. If a finite subset S contains only one maximal (say m) with respect to it, then
m is the maximum; otherwise, all maximal elements are incomparable to each

other, and there exists no maximum of S.
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4. Any finite subset of a totally ordered set has a unique maximal element, which

is also the maximum of the subset.

Since each partial order R is essentially a set of pairs, we can take intersections
between partial orders. And it turns out that intersection of partial orders remains a

partial order, as stated by the following proposition:

Proposition 6.1. Let R be a collection of partial orders on a set X, then the inter-

section (\ger R remains a partial order.

Closures of Relations

Next, we introduce several useful concepts related to closures. With the notion of
closures, we can derive a partial order from an antisymmetric relation, which is useful
in later discussion.

In general, a closure of a subset S is often referred to a “minimum” superset of
S that possesses some properties. Specifically, we give a formal definition of reflezive

closure, transitive closure, and reflexive transitive closure.

Definition 6.3 (Reflexive closure). Let R be a relation on X, the intersection of all
reflexive relations on X that contain R is called the reflexive closure of R, which can

be written as

CLx(R) £ RU{(z,z):z € X}. (6.7)

Definition 6.4 (Transitive closure). Let R be a relation on X, the intersection of all
transitive relations on X that contain R is called the transitive closure of R, which

can be written as

CLz(R) £ {(z,y) : Iz =20,..., 26k =y € X, s.t. (2i-1,2) € R fori=1,...,K}.
(6.8)

Definition 6.5 (Reflexive transitive closure). Let R be a relation on X, the intersec-

tion of all relations that are both reflerive and transitive and contain R is called the
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reflexive transitive closure of R, which can be written as
CLgz(R) = CLx(CLz(R)) = CLz(CLn(R)). (6.9)

The following proposition states that any antisymmetric relation R can be made

into a partial order by constructing its reflexive transitive closure.

Proposition 6.2. Let R be an antisymmetric relation, then its reflexive transitive

closure is a partial order, and it is the intersection of all partial orders containing R.

If R is finite, we can construct its (reflexive) transitive closure within polynomial

time (the simplest way is to use Floyd-Warshall algorithm).

6.2.2 Sufficiency, Identifiability, and Minimality

In previous section, we established a generic probabilistic model, in which the joint
distribution of the partial order R, observations x, and other involved parameters A,

is given by

p(R:x, %) o (A) [T & (e max(51)) - (6.10)
k=1

Here, Si,...,Sk are subsets of the layers, maxg(Sk) is the maximum of Sy with
respect to the partial order R, and % captures the prior factors that do not depend
on the partial order. Based on this model, we can further discuss the sufficiency and

minimality of the partial orders.

Sufficient Partial Order and Consistent Choice of Maximums

To perform evaluation or inference on the model given by Eq.(6.10), the partial or-
der R should contain all necessary pairs such that the maximum of each Sy can be
determined. Such a partial order is called a sufficient partial order, which is defined

formally as follows.

Definition 6.6 (Sufficient partial order). Let X be a set, and C C 2% be a collection
of subsets of X. A partial order R on X is said to be sufficient with respect to C if
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for each S € C, the mazimum of S exists.

Obviousiy, any total order on X is sufficient with respect to any collection C
of finite subsets. However, the converse is not true in general, meaning that a
sufficient partial order is not necessarily a total order. Consider a simple case as
follows. Let X = 1,2,3 and C = {{1,2},{1,3}}, then the partial order R =
((1,1),(2,2),(3,3),(1,2),(1,3)) is sufficient with respect to C, which is obviously not
a total order.

Each sufficient partial order gives rise to an assignment of maximum to each
element in C. Such assignments together constitute a choice function over C, which

is formally defined as below.

Definition 6.7 (Choice function). Let C be a collection of subsets of X. A choice
function on C is a map f : C — X such that for each S € C, f(S) € S.

Intuitively, a choice function can be understood as choosing an element from each
subset S. We note that the well-known aziom of choice is based on a choice function.
Clearly, a sufficient partial order leads to a choice function that maps each subset S

in C to a maximum of S, which we call the choice of mazimums.

Identifiability

We can see from Eq.(6.10) that the partial order is incorporated into the model
via the induced choice of maximums. Therefore, partial orders that yield the same
choice of maximums can not be distinguished by this model, as the joint probability
evaluates to the same value for any given y. In this case, we say that R; and Ry are

unidentifiable. Formally, the identifiability is defined as follows.

Definition 6.8 (Identifiability). Given a joint probabilistic model p(0,y) and 8 € ©.
We say that the set of parameters © is identifiable under this model, if p(y|0,) and
p(y|02) are different distributions for any two distinct elements 01,05 € ©O.

Definition 6.9 (Factor-wise identifiable model). Given a probabilistic model p(8,y)
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with a product form as

K
p(0,y) o< 3(y) H (k. (0 (6.11)

Here, y, refers to the part of y that is involved in the k-th factor. Note that the
parts of y involved in different factors may overlap. This model is called factor-wise
identifiable, if pr(-|n) # Dk(:|n’) whenevern # ', for each k =1,..., K. Here, pg(:|n)

is defined to be
a _ Y(¥)P(Yr. 1)
f'l/} ¢k yka )dy,

The factor-wise identifiability means that for each factor in Eq.(6.11), different

Pr(yxln) (6.12)

values of 7;(0) can be distinguished by the factor ¢y, itself. Under the assumption of
factor-wise identifiability, we showed that a sufficient and necessary condition for a
set of partial orders to be identifiable is that they yield different choices of maximums,

as stated by the following lemma.

Lemma 6.1. Given a set X, a collection of subsets C = (Si,...,Sk). and a proba-
bilistic model as in Eq.(6.10) with given parameters X. Suppose this model is factor-
wise identifiable, then a set of partial orders is identifiable under this model if and

only if they yield distinct choices of maximums.

Proof. The “only if” part of the statement is trivial to prove, as one can easily see
that when two partial orders yield exactly the same choice of maximums, they are
obviously unidentifiable. Since A is given and fixed, we omit it in the following
derivation for conciseness.

Next, we show the “if” part. Let R; and Ry be two different partial orders
in R. To prove they are identifiable, we have to show that p(:|R;) and p(:|Rg) are
different distributions. Without losing generality, we assume that p(-|R;) is absolutely

continuous with respect to p(-|Rp), otherwise, they have already been different, and

219



we are done. Then the Kullback-Leibler divergence is

Dicw(p(-|Ra) (| Ra)) = / p(x|Ry) log BXIEL) e

y p(Xle)

/ P(% k| B i () ()

)
)
-3 / p(as| Ba) log "Sk(mk’maXSk(Rl;) e (dz). (6.13)

Here, u is the base measure for y, which can be the counting measure for discrete
distribution or the Lebesgue measure for continuous distribution. y_j refers to the
part of y excluding yx. According to the construction given in Eq.(6.10) and Eq.(6.12),

it is not difficult to see that (with the common factors canceled out)
Pi (| max(R)) = p(ax| R) oc d(wx, max(R)). (6.14)

Substituting this into the derivation above, we get

K
Dxw (p(-|R1) || p(-|R2)) = ;DKL (ﬁk(-| max(Sk)) || Bi(| %@X(&))) - (6.15)
By assumption, R; and Ry yield different choices of maximums, and thus there exists
at least one k such that maxg, (R;) # maxg, (Rz). Combining this with the factor-
wise identifiable assumption, we can conclude that the k-th term in this equation,
which measures the divergence between py(-|R;) and py(-|Rp), is positive. Since all
other terms are non-negative, the divergence between p(:|R;) and p(:|Ry) is positive,

implying that R is identifiable under this model. O

Minimally Sufficient Partial Order

Based upon the choices of maximums that they induce, we can divide all sufficient

partial orders into equivalent classes, such that the orders within the same class yield
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the same choice of maximums, and thus are unidentifiable under the probabilistic
model described above. Each such class has a unique representative which we call

manimally sufficient partial order, based upon which we develop our representation.

Definition 6.10 (Minimally sufficient partial orders). Given a set X and a collection
C of subsets. A partial order R is said to be minimally sufficient with respect to C if

R is sufficient but any of its proper subset is not.

Definition 6.11 (Consistent choice of maximums). Given a set of X and a collection
C of subsets. A choice of mazimums over C is called consistent if there exists a partial

order that yields this choice.

Clearly, in order for R to induce a choice f over C, every pair in form of (a, f(S))

with @ € § must be included in R, which we call an essential pair.

Definition 6.12 (Essential pairs). Given a set of X, a collection C of subsets, and a
consistent choice of mazimums f over C. Each pair (a,b) such that there exists S € C

with a € S and b = f(S) is called a essential pair with respect to f.

Proposition 6.3. Given a set X and a consistent choice of maximums f over C.
Then a partial order R yields f as the choice of mazximum if and only if all essential

pairs for f are contained in R.

Lemma 6.2. Given a set X, a collection of subsets C, and a consistent choice of
mazimum f over C. There exists a unique minimally sufficient partial order that
yields f, which s the intersection of all sufficient partial orders that yield f as their

choice of mazximum.

For conciseness of following discussion, we denote the intersection of all partial
orders that yield f, as described by this lemma, to be R}. To prove this lemma, we
have to show that R} is the unigue minimally sufficient partial order with f as the

choice of maximums.

Proof. First of all, by proposition 6.1, R‘J’c is a partial order on X. In the following,

we have to show that it is sufficient, minimal, and is the unique minimal that yields
7.
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We have known that the essential pairs for f are contained in every sufficient
partial order that yields f as the choice of maximum. As a consequence, all such
pairs are contained in their intersection R%, and thus R} is also a sufficient partial
order that yields f as the choice of maximum.

Note that R} can be equivalently defined as the intersection of all partial orders
comprised of all essential pairs for f. It implies for any of its proper subset, say R’,
at least one essential pair, say (a, f(.5)), is not contained in R’. Therefore f(S) is not
a maximum of S with respect to R’. Moreover, there is no other element in S can be
a maximum. (This claim can be shown as follows: suppose b # f(S) is a mazimum
of S with respect to R'. Then f(S) <gr b, and thus f(9S) <pg b as R' C RS, which
contradicts the assumption that f(S) is a mazimum of S with respect to R$.) Hence,
any proper subset of R is not sufficient, and R is a minimally sufficient partial order.

Finally, we show the uniqueness. Suppose there is a different minimally sufficient
partial order R’ that induces f. By the definition of R}, we know that R} is a
proper subset of R’, which clearly contradicts the assumption that R’ is minimally

sufficient. O

Lemma 6.1 and Lemma 6.2 together characterize the key relationship between

identifiability and minimal sufficiency, as summarized below.

Gwen a set X, a collection C = (S1, ..., Sk) of subsets of X. Under the probabilistic
model given in Eq.(6.10) with the assumption that it is factor-wise identifiable, we

have:
1. any partial orders that yield the same choice of mazimums are unidentifiable;

2. given each consistent choice of mazimums over C, there exists a unique mini-

mally sufficient partial order with respect to C that induces it, which is RS;

3. the set of all minimally sufficient partial orders are identifiable.
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6.2.3 Representation based on Directed Acyclic Graph

Next, we develop a representation of minimally partial orders that can be implemented
efficiently. This is a graph representation, derived by exploiting the intrinsic relations

between partial orders and directed acyclic graphs (DAG).

Some Graph Theoretical Terminologies

Before introducing the representation, we first review some graph theoretical termi-

nologies that will be used in the discussion.

Definition 6.13 (Directed graph). A directed graph (or digraph) is a pair G =
(V, E) such that E C'V x V. Each elementv € V is called a node or a vertex. Each
pair (u,v) € E is called an directed edge, of which u and v are respectively called the

source node and the target node.

Definition 6.14 (Directed path). Given a directed graph G = (V, E). A sequence of
nodes p = (vo,...,v;) s called a directed path if they are all different (no repeated

nodes in the sequence), and (v;—1,v;) € E fori=1,...,1. Here, | is called the length
of p.

Definition 6.15 (Directed cycle). Given a directed graph G = (V,E). A sequence
of nodes (vg, . ..,v,v0) 4s called a directed cycle if (vo,...,v) is a directed path, and

(v, v) € E.

Definition 6.16 (Reachability). Given a directed graph G = (V, E). We say that the

node v is reachable from u if w = v or there exists a directed path from u to v.

We use u < v to indicate that v is reachable from u with respect to G, and u 7% v
otherwise. When the underlying graph G is clear from the context, the notation can

be simplified as u — v and u A v.

Definition 6.17 (Reachability relation). Given a directed path G = (V, E), its reach-
ability relation, denoted by R(G), is defined to be

R(G) £ {(u,v) : u = v with respect to G}.
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In other words, u <g() v if and only if there exists a directed path from u to v.

Definition 6.18 (Directed acyclic graph). A directed graph G = (V, E) is called a
directed acyclic graph (often abbreviated to DAG), if there is no directed cycle in G,
i.e. given two distinct nodes u,v € V', if v is reachable from u via a directed path,

then u is not reachable from v.

In this document, we only consider directed graphs without self-loops (the edges
in form of (u,w)). This assumption is applied implicitly throughout the remaining
text. Directed acyclic graph has a close relation with partial order, as stated by the

following proposition.

Proposition 6.4. The reachability relation of a directed acyclic graph G = (V,E) is
a partial order defined on the set of nodes V.

The Graph Representation with Essential Pairs

Owing to the inherent relations between directed acyclic graphs and partial orders,

we can use a directed acyclic graph to represent a partial order.

Definition 6.19 (Compatible graph representation). An acyclic directed graph G =
(X, E) is called compatible with a partial order R on X, if R = R(G), i.e. R is the
reachability relation of G. If this holds, we call G a compatible representation of R.

In general, there can be multiple graph representations that are compatible with a
partial order. For example, consider a partial order R over the finite set V = {a, b, c},
given by a < b < c. Then the graph G; = {V,{(a,b), (b,c)}} and the graph G, =
{V. {(a,b), (a,c), (b,c)}} are both compatible with R.

Proposition 6.5. Given an acyclic directed graph G = (V, E), the reachability rela-

tion R(G) is the intersection of all partial orders that contain every pair (u,v) € E.

Proof. Let Riner be the intersection of all partial orders that contain E. Here, we
are to show R(G) = Rinter. First, it is obvious that R(G) itself contains E, and
hence Ripter C R(G). Next, we show R(G) C Riper. It suffices to let R’ be an
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arbitrary partial order that contains every pair (u,v) € E and show R(G) C R
Given (s,t) € R(G), there exists ug, . . ., u, such that ug = s, u,, = t and (u;_1,4;) € E
fori =1,...,n. Since R’ is transitive (as it is a partial order), (s,t) € R'. Therefore,

R(G) C R. O

In practice, especially in a dynamic context where the partial order can vary over
time, maintaining an exact representation is inefficient, as this requires keeping track
of every pair of reachable nodes, which is often unnecessary. Here, we use the graph

representation with essential pairs, which is much more efficient to maintain.

Definition 6.20 (Graph representation with essential pairs). Given a sufficient par-
tial order R with respect to a collectton C of subsets on X. The graph representation
with essential pairs, denoted by G***(R), is defined to be G***(R) £ (X, E°**(R)) with

edges connecting the essential pairs, as
E***(R) = {(a, mgx(S)) rae S, SecCl. (6.16)

Again, we use an example to illustrate the essential graph representation. Consider
the partial order given by a < b < ¢, and a collection of subsets C = {{a, b}, {a, b, c}},
then the set of essential pairs is {(q, b), (a, ¢), (b, c)}. However, when C' contains only
one set, as C = {{a,b,c}}, then the set of essential pairs becomes {(a, ¢), (b,c)}.

The following theorem establishes this representation as a valid representation for

minimally sufficient partial orders.

Theorem 6.1. Given a sufficient partial order R with respect to a collection C of
subsets of X, the graph representation with essential pairs G**(R) is a compatible
representation of the minimally sufficient partial order that yields the same choice of
mazximum. In particular, if and only if R is a minimally sufficient partial order with

respect to C, G®**(R) is compatible with R.

Proof. First, we note that according to Lemma 6.2, a given consistent choice of maxi-
mums f corresponds uniquely to a minimally sufficient partial order, which we denote

by R}. Suppose f is the choice yielded by the given sufficient partial order R. Then
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by Proposition 6.3 and Eq.(6.16), we see that E*(R) is contained in R, and every
partial order containing E¢**( R) yields the choice f. According to Proposition 6.5, the
reachability relation R(G®*(R)) is the intersection of all partial orders that contain
E**3(R), which is equivalent to the intersection of all partial orders that yield f as
the choice of maximums. By Lemma 6.2, such an intersection is precisely the unique
minimally sufficient partial order that yields f. Therefore, G***( R) is compatible with

%, and as a result, it is compatible with R when R itself is minimally sufficient with

respect to C. O

Data Structure and Efficient Implementation

In practice, one can instantiate the graph representation with essential pairs as a
graph data structure (e.g. adjacency list) augmented with cross references between
the essential edges and the subsets that require them. In what follows, we describe
our implementation. Note that this is just one way to implement the representation,
which did offer satisfactory efficiency in our experiments. There can be other ways
to implement this.

Given a finite set X with |X| = n, a partial order R, and collection of subsets
C = {S1,...,8k}. Our data structure to represent the graph with essential pairs
G***(R) = (X, E***(R)) comprises a list of edge-set-maps, each for a node z € X.
Such a map associates each outgoing edge e starting from = with a set of enforcing
subsets, denoted by S(e). Concretely, cach essential edge is in form of (a, maxg(S)),
for which S is called an enforcing subset of e. Note that each edge e can have one
or multiple enforcing subsets. For example, if b is the maximum for both subsets S;
and Sy, and a € S; N Sy, then both S; and S, are enforcing subsets of e.

It is not difficult to see that the space complexity of this data structure is O(n +
m+m'), where m £ |E¢**(R)| is the number of edges, and m’ = 3, |S(e)| is the sum
of the number of enforcing subsets for every edge, which, in turn, is equal to the total

number of enumerated essential edges for every subset in C (e.g. if an essential edge
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is enforced by two subsets, it is counted twice here). Hence, we have

K
mgm’:ZLS’k\ < Kn. (6.17)
k=1
It is often the case that | S| < n for each k, then under such circumstances m’ < Kn.

With this data structure, the following operations can be done efficiently:

1. Traversing all outgoing edges of a node z € X. The time complexity of getting
the set of edges given z, and that of visiting each edge in the set are both O(1).

2. Given an edge e = (a,b), getting the reference to S(e) takes O(log(deg(a)))
to retrieve S(e), if the edge-set-map is implemented as a tree-based associative
container. If it is implemented as a hash map, then this operation takes O(1)

time, generally at the cost of increased memory demand.

3. If S(e) is implemented as a balanced tree (e.g. red-black tree), it takes O(log(|S(e)|)
to test whether it contains S, add one element to it, or remove an element from
it. If S(e) is implemented as a hash set, cach of these operations takes O(1)

time.

In practice, we may have to transform from one partial order to another, during
Markov chain based sampling, or dynamic transition. In our approach, the transform
is accomplished via a series of operations on the choices of maximums subject to
consistency constraints, which would, in return, result in the changes of the underly-
ing graph representation. These operations include (1) Withdrawal of a vchoice, (2)
query of candidates for a choice, (3) making a choice from candidates, (4) commit-
ting a choice. Among these operations, the third one, namely making a choice from
candidates, involves a probabilistic inference procedure that we will discuss in next
section. The remaining three operations can be done deterministically through op-
erations on the augmented graph structure as introduced above, which are described
below. Some of these operations may temporarily render the maximum element for

some sets unavailable. We set up an array c of length K to facilitate these operations.
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Algorithm 4 Withdrawal of the choice of max(Sy)

Ensure: c(k) € X and |Si| > 1.

for all ain Sy do
let e = (a, max(Sy)).
remove Sy from S(e).
if S(e) becomes empty then

remove edge e from the graph.

end if

end for

set c(k) = —1.

Algorithm 5 Query of candidates for the choice of max(Sy)

Ensure: c(k) = —1.
set Lsty = (.
set h(z) = 0 for each x € X, which indicates whether some of its descendants are
in Sk.
for all v in S; do
if v has not been visited then
launch a DF'S from w.
during the DFS traversal, if any child ¢ of a node v has ¢ € Sy or h(c) = 1,
then set h(v) = 1.
end if
add u to Lst if h(u) = 0.
end for
return Lst;.

Specifically, c(k) = ¢ € X (in our implementation, each element in X corresponds to
an integer in [0, n — 1]) indicates the value = has been chosen as the maximum of Sy,
and c(k) = —1 indicates that the choice of maximum for Sy is not committed (or has

been withdrawn).

1. (Withdrawal of the choice of max(S)): this operation is to withdraw the
choice of maximum for a set Sy, and accordingly reduce the current graph to
be minimally sufficient with respect to a collection without S;. The operation
involves removing Sy from S(e) for each edge that it enforces, and removing
those edges that are no longer essential (S(e) becomes empty). Note that we
only apply this operation to the subset Si with more than one element, otherwise

the choice of max(Sg) can never change and will not affect others. The steps are
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Algorithm 6 Committing a choice a as max(S)

Ensure: c(k) = —1 and a € Lsty.
for all u in S, do
if e = (u,a) is not present then
add e = (u,a) as a new edge.

set S(e) = 0.
end if
add e S to S(e).
end for
set c(k) = a.

given in Algorithm 4. The time complexity is O(|Sk|), in terms of the number

of basic map/set operations.

2. (Query of candidates for the choice of max(S)): the goal of this operation
is to get a list of possible elements that can be selected as the max(Sg) given
the choices already committed for other sets. The basic idea is to search all
descendants of each element in Si, and an element x € S, can be a candidate
if none of its descendants are in Si. Note that if we do the search for each
element in Sy independently, it is inefficient, as many of the operations are
actually redundant. We can improve the efficiency by coordinating all these
steps as one depth-first-search. The steps are given in Algorithm 5. The time
complexity is O(|D(Sk)|), where D(Sk) is a set comprised of all elements in
Sk and their descendants. In many cases, including layered video modeling,

ID(Sk)| is not much greater than |Sk|.

3. (Committing a choice a as max(S)): the goal of this operation is to formally
accept a value a as the choice of maximum of Si. To enforce the partial order
requirements, it is important that a is selected from the candidates from the set
obtained through the query described above. Committing the choice a involves
adding corresponding essential pairs, as well as the references between these
edges and S;. The time complexity is O(|S|), in terms of the number of basic

map/set operations.
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6.3 A New Approach to Sampling Partial Orders

The section above has established the unique correspondence between consistent
choices of maximums and minimally sufficient partial orders. Consequently, the prob-
lem of inferring the partial order between layers can be reduced to the inference of
the corresponding choice of maximums.

The posterior of the choice of maximums can be written in the following generic
form

K
p(z1,...,Tx) X Hwk(:nk), s.t. (x1,...,Zk) is consistent (6.18)
k=1

Although the probabilistic model is in a product form, the variables are not indepen-
dent from each other, as the assignment of their values have to satisfy some combina-
torial constraints, such that they together form a consistent choice. Therefore, when
some of the variables are fixed, the remaining variables can usually only take values
from a restricted subset of their original domains.

For such a problem, seeking an optimal estimate is in general NP-Hard. Due to
the complexity, we have to resort to approximate inference techniques, among which,
Monte Carlo sampling is a prominent choice. Towards the goal of addressing this
difficulty, we consider a more generic problem, that is, to develop a generic method

to sample from a constrained combinatorial space.

6.3.1 Review of Sampling Methods

Inference of combinatorial configurations under specific constraints arises as an im-
portant problem in numerous areas of artificial intelligence, including structural learn-
ing (32, 28], data mining [77], bioinformatics [106], and circuit verification [54].
Current sampling methods fall mainly into three categories: (1) Direct sampling
enumerates all possible samples and evaluates their probabilities. This is usually
intractable for combinatorial problems as the sample space grows exponentially with
the problem scale. (2) Rejection sampling generate samples without enforcing the

constraints and rejects those that violate them. This can be very inefficient since the
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chance of obtaining a valid sample can be extremely low through random sampling
from the underlying product space. (3) Markov Chain Monte Carlo (MCMC) [108] is
a popular method for Bayesian inference. The idea is to construct an ergodic Markov
chain which has the desired distribution as its equilibrium distribution, thus reducing
sampling to Markov simulation.

MCMC relies on an ergodic Markov chain with rapid mixing. Devising such a
chain over a constrained combinatorial space can be challenging. Gibbs sampling,
where each transition updates a single variable of the sample, is one of the most
widely used MCMC methods. However, in combinatorial problems (e.g. the graph
coloring problem, where the color of each node must differ from that of its neighbors),
there often exist strong and deterministic relations between variables. Hence, the set
of possible values for a variable can be severely restricted by the value of others. At
times, no single variable update is possible without violating the constraints, thus
rendering the underlying Markov chain non-ergodic.

The Metropolis-Hastings algorithm allows for customized proposal kernels, pro-
viding for more flexible moves that may break local traps or jump between different
spaces. Duane et al. [27] proposed Hybrid Monte Carlo, which utilizes Hamiltonian
dynamics to drive the evolution of the target state, resulting in larger strides across
the space. Swendsen and Wang [97] proposed an algorithm for efficient simulation of
Ising models, which partitions the MRF into clusters, and assign a new spin value
for each one at a iteration. Barbu and Zhu [8] later reformulated it as an M-H
algorithm, and extended it to a broader class of posterior segmentation problems.
Green [38, 39] developed Reversible Jump MCMC, which performs Bayesian model
selection, by sampling from a mixture of model spaces with different dimensions, via
trans-dimensional jumps.

Data-driven strategies that exploit the observed data to generate proposals have
received increasing attention, and have been used to solve various problems such as
image segmentation [103] and Bayesian structure learning [28]. These algorithms
are difficult to generalize to other contexts as they are tailored to specific models

(e.g. model selection and MRF labeling).
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In past decade, some methods have been proposed specifically to address the prob-
lem of sampling from combinatorial space. Wei et al. [111] proposed WalkSAT that
seeks solutions to a boolean satisfiability problem (SAT) via random walks interleaved
with simulated annealing steps. Kitchen and Kuehlmann [54] extended this approach
to solve problems with mixed boolean/integer constraints, under the Metropolis-
Hastings formulation. This approach allows constraint violation, and drives the state
towards satisfying solutions using an energy function that incurs costs for the con-
straints being violated. Barrett and Simma [9] proposed an MCMC method that
explicitly addresses the disconnected-space issue. The idea is to assign small proba-
bility mass to each invalid state, a.nd use occasional random restarts to jump between
different regions. Both methods above sample from “smoothed” versions of the target
distribution instead of the exact one, mixing slowly when valid solutions are sparse,
and increase the probability of falling in an invalid region. Hamze and de Freitas [43]
presented a method to sample from a constrained Ising model through self avoiding

walks. It is exact and efficient, but restricted to a specific type of problem.

6.3.2 Bridging Markov Chains

Suppose we wish to sample from distribution g over a constrained combinatorial
space X. Using local moves, we can derive a Markov chain with transition’ matrix
P, which may have slow mixing or even be non-ergodic. In order to mitigate such
issues we suggest the notion of “bridging” as a way to connect different regions of the
sample space that are otherwise difficult or even impossible to communicate.

Specifically, we introduce a set of “bridging states”, denoted by Y. Connecting the
states in Y with those in X, we obtain a joint chain over the union space XUY. If the
joint chain is ergodic and has a stationary distribution in form of (apy, (1 — a)uy )
then sampling from py is equivalent to drawing samples from X UY via the joint
chain and discarding those from Y.

With a goal of constructing a joint chain that is ergodic and mixes rapidly, in
this section, we discuss the generic problem of bridging between two arbitrary finite

Markov chains over disjoint state spaces such that the stationary distributions over
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Figure 6-1: This illustrates how two Markov chains are bridged. In the joint chain over
X UY, each z € X has a probability bQg(z,y) to transit to y € Y, and each y has a
probability fQg(y,z) to transit to x.

the respective spaces are preserved. We also derive bounds of the mixing time, which

are influenced by two factors: the bottleneck ratio and laziness.

Formulation

Consider two finite state spaces X and Y. Suppose we are given two Markov chains:
one over X with transition matrix Px and stationary distribution gy, the other over
Y with transition matrix Py and stationary distribution p,-. By introducing links
that connect between X and Y, as shown in Figure 6-1, we derive the joint transition

malrix, as

P, = (1=0Px Qs | (6.19)

fQr  (1-/)Py

Here, Qp is a |X| x |Y| matrix, QF is a |Y| x |X| matrix, and each row in these
matrices sums to 1. The behavior of the joint chain is described as follows: Starting
from some z € X samples follow the original chain Py with probability 1 — & and
jump to Y with probability b landing at a particular state y with probability Qg(z,y).
Similarly, starting from y € Y, sampling either stays in Y or jumps to X, respectively
with probabilities 1 — f and f.

While sampling from the joint chain we wish to preserve the stationary distri-
butions g, and py within respective spaces, meaning that P_ has a stationary

distribution over X UY, in form of (apy,Buy) with o + 8 = 1. We derive the
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following lemma, which establishes the conditions under which this is satisfied.

Lemma 6.3. The joint transition matriz PL given by Fq.(6.19) has a stationary
distribution in form of (apx, By ), if and only if

xQp =py, and pyQp=py. (6.20)

Under this condition, we have ab = [f. Further, if both Px and Py are both re-

versible, then P is also reversible, if and only if

px(2)Qs(2,y) = py (y)Qr(y, ), (6.21)

forallr e X andyeY.

Proof. Recall that P is given by

(1-0)Px Qs
fQr  (1-f)Py

P+—_~

Suppose P has a stationary distribution in form of (apy, Sy ), then

a(l —=b)uxPx + B8fuyQr = apy,
abuxQp + B(1 — fluyPy = Buy. (6.22)

Since px and py are respectively stationary distributions of Px and Py, i.c. uxPx =

px and py Py = py, we have

BfuyQr =abuyx, and abuxQp = Bfuy. (6.23)

Note that Qp and Qp were defined with the condition that each of their rows sums
to 1, i.e. Qrlix) = 1)y; and Qpljy| = 1,x|. Multiplying 1 to the right of both hand

sides of either equation results in ab = S8f. It immediately follows that

pxQp =py, and pyQr=px. (6.24)
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For the other direction, we assume Qg and Qp satisfy the conditions above, and
ab = Bf. Plugging these conditions into the left hand sides of the equations in
Eq.(6.22) results in (apx, Sy )Py = (apx, By ), which implies that (apx, Sy )
is a stationary distribution of P . The proof of the first part is done.

Next, we show the second part of the lemma, which is about the reversibility. Let
p, = (apx, Bpy). Under the condition that Px and Py are both reversible, we

have for each z,2' € X,

14 ()P (2,2) = a(l - bux(2)Px(z,2),
1, (@)P4 (', 2) = a(l - uy (@) Px (@', ) (6.25)

and thus p_ ()P (z,2") = p (2/)P (2, z) (due to the reversibility of P x). Likewise,
we can get u P (y,y) = p (v¥)P(y,y). Hence, P is reversible if and only if
py(2)Py(z,y) = p (y)Pi(y,z) for cach x € X and y € Y. This can be expanded

as

abpyx (2)Qs(z,y) = Bfpuy (¥)Qr(y, ), (6.26)

which holds if and only if pux(2)Qp(z,y) = wy(y)Qr(y,z) (under the condition
ab = Bf). The proof is completed. O

We name the condition of Eq.(6.21) as cross-space detailed balance. With this

construction, the total probability of cross-space transition is given by

n(b, f) éab+5f:2ab:2ﬂf:%. (6.27)

The value of n(b, f) reflects how frequently X and Y communicate with each other,
which, as we shall see, is closely related to the mixing time of the joint chain.

We note that the matrix Qgr £ QpQpr is a stochastic matrix, which actually
represents a Markov chain over X, where each transition is via an intermediate state
in Y. In particular, to complete a transition starting from z, it transits to y € Y
with probability Qg(z,y) and then back to 2’ with probability Qr(y, z'). Hence, the
probability from z to 7’ is Zer Qs(z,y)Qr(y,2') = Qpr(z,z’). We call this chain
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the collapsed chain of P, over X. We can similarly get a collapsed chain over Y,
with transition matrix Qrp £ Qr Q5.

Intuitively, these chains utilize states in the other space to provide alternative
transition routes, which, as stated by the following lemma, also lead to the same

stationary distributions.

Lemma 6.4. If the condition given by Eq.(6.20) holds, then py and gy are respec-
tively stationary distributions of Qpr and Qrp. Moreover, if P is reversible, then

both Qpr and Qrp are reversible.

Proof. If (apy, By ) is a stationary distribution of P, then Eq.(6.24) holds. Thus,

rxQsQr = pyQr = py, (6.28)

implying that py is a stationary distribution of QgQp. Similarly, we can show that
My 1s a stationary distribution of QrQp.
Furthermore, if P is reversible, according to Lemma 6.3, we have px (7)Qp(z,y) =

ty (¥)Qr(y, z) for each z € X and y € Y. Then for any z,z' € X,

px(2)Qpr(z,2') = px(z) Y Qp(2,9)Qr(y, )

yey

= > nx(@)Qs(z,v)Qr(y, @)

yeyY

= Zuy(y)QF(y, 2)Qr(y, ).

yeyY

Similarly, we can get

px(2)Qpr(z', z) = Z py (¥)Qr (Y, 2 )Qr(y, ).

yeY

Hence,

px(2)Qpr(z,2') = px (') Qpr(a’, ). (6.29)

This implies that Qpp is reversible. Likewise, we can show that Qgp is reversible
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under the condition that P is reversible. The proof is completed. O

On the other hand, as we will discuss later, the ergodicity and the mixing time of

the joint chain also depend on the characteristics of Qpr and Qrp.

6.3.3 Mixing Time Analysis

The efficiency of a Markov chain is often measured by the mizing time. Given an

ergodic Markov chain over X, with equilibrium distribution p, the mizing time is
tmiz(€) = min{t : max P!z, ) — pllrv < €} (6.30)
T

We assume that the eigenvalues of P are 1 = Ay > .-+ > X\, > —1. Then, the absolute
spectral gap of P is defined to be v,(P) £ min{l — X3, 1 + A,}. The theorem [62]

below shows that the mixing time closely relates to this absolute spectral gap.

Theorem 6.2. Given a reversible Markov chain with transition matriz P, and € €
(0,1/2), then
1og(1/(22))(r = 1) < tinia(2) < 10g(1/(Etyn) )7 (6.31)

Here, T is called the relazation time, given by 1/v.(P).

In general, a chain tends to have slow mixing when the absolute spectral gap
is small, and when the gap is zero, the chain is non-ergodic and never mixes. The
absolute spectral gap depends on two factors, namely the bottleneck ratio, which
affects the value of 1 — Ag, i.e. the spectral gap, and the laziness of transition, which

influences 1 + A,.

Flows and Bottleneck Ratio

Given a Markov chain with transition matrix P, which has a stationary distribu-
tion w. For z,2’ € X, we define the transition flow (or simply flow) from z to
7' to be F(x,2') £ pu(z)P(z,2’). For a reversible chain, the flows are symmetric,

i.e. F(z,2') = F(a',z). The notion of flow can also be extended to sets. Let A

237



and B be subsets of X, then the flow from A to B is defined to be F(A, B) £
s Saren Fla o).

Consider a partition of X into two subsets S and its complement S¢, then the
transition flow ratio of S is ®(S, S%P) £ F(S,5¢)/ min{u(S), u(S°)}, where p is
used as a measure, i.e. u(S) = > o p(x). Taking the minimum of such ratio values

of all partitions, we get the bottleneck ratio, which is formally defined as

F(S, 5%
min{p(S), u(5)}

?,(P) = ggg{

. 8,8 # (Z)} . (6.32)

Jerrum and Sinclair [50] derived the theorem below that establishes both a lower

and upper bound of the spectral gap in terms of bottleneck ratio.

Theorem 6.3. Let Ay be the second largest eigenvalue of a reversible transition matriz

P, then
P2(P)/2 <1 -\ < 20,(P). (6.33)

This theorem shows that increasing the bottleneck ratio tends to expand the
spectral gap, and thus reduce the mixing time. Through theoretical study, we found
that the bottleneck ratio of the joint chain P, given by Eq.(6.19) depends on both how
frequently the chain jumps between X and Y and how well the forward and backward
links couple with each other. The former is controlled by f and b, while the latter is
mainly reflected by the spectral structure of the coupled chain: Qpr and Qrg. We

further derived specific bounds that characterize their relations:

Theorem 6.4. The reversible transition matriz Py as given by Eq.(6.19) has

n®,f) ¢
2 g+1

< ®,(P;) < max{b, f}. (6.34)

Here, n(b, f) = 2ab = 20 is the total probability of cross-space transition, ¢ =
min{®.(Qsr), ®.(Qrs)}-

This theorem gives both a lower bound and an upper bound of the bottleneck

ratio of P,. We can see that the bottleneck ratio is influenced by two factors: (1) the
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frequency of cross-space transition. Fréquent transition between X and Y generally
results in high bottleneck ratio; while if the communication between them is inactive,
the bottleneck ratio would be very low, leading to slow mixing. (2) the bottleneck
ratio of the collapsed chains. High bottleneck ratios of the collapsed chains indicate
that transition between different regions is made easy with the intermediate states,

and thus the joint chain can mix rapidly. More importantly, this theorem leads to:

Corollary 6.1. The joint chain P is ergodic when the collapsed chains (Qpr and
QFrg) are both ergodic.

Proof of Theorem 6.4

To prove theorem 6.4, we first establish a lemma on flow decomposition, and then
accomplish the proof based on the lemma.

For the joint chain P, we analyze its bottleneck ratio by decomposing the flows.
Consider a partition of the union space X UY into two parts: AU B (with A € X
and B C Y) and A°U B¢ (with A° = X/A and B¢ = Y/B). The flow between them

comprises three parts:
F(A, A°) + F(B, B°) + (F(A, B°) + F(B, A%)).

Here, F(A, A°) is the flow within X, F(B, B¢) is the flow within Y, and F(A, B®) +
F(B, A®) is the flow between X and Y. The first two are inherited from the original
Markov chains. We focus on the third one, which reflects the effect of bridging. For
this part of flow, we derive the following lemma by decomposing it along multiple

paths.

Lemma 6.5. Given arbitrary partition of X UY into AUB and A°U B¢ as described
above, we have

f(Aa Bc) + J:(Ba Ac) > ab- (I)*(QBF)IJ'X(A)v (635)
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when px(A) < px(A°), and

when py(B) < py (B°).

Proof. To analyze the flow F(A, B¢) + F(B, A°), we further decompose it along mul-
tiple paths. Then, we have

FABY =) > abux()Qs(z,y) (6.37)

€A yeBe

= abz Z “’X(w)QB(x7 y) Z QF(:U’:E/)

€A yeB¢© ’'eX

In this way, we decompose the flow into a sum of the terms in form of px (z)Qg(z,y)Qr(y, '),
which we call the path weight along x — y — 2/, denoted by w(z,y,z’). We can then
rewrite F(A, B) as

F(A,B)=ab> > > w(z,y,a). (6.38)

zeAyeBr'eX
For conciseness, we use w(A, B,C) to denote the sum of paths traveling from A, via

B, and ending up in C, i.e. 3 _4 ZyeB Yowecw(®,y,2'). Then, we have

F(A, BY) = ab(w(A, B, A) + w(A, B, A%)), (6.39)
F(A°, B) = ab(w(AC, B, A) + w(A°, B, A°)). (6.40)

As F is symmetric for a reversible chain, we have F(B, A¢) = F(A¢, B), and thus

F(A,B%) + F(B, A°) > ab(w(A, B, A°) + w(A°, B, A))
=abw(AY, A°). (6.41)
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On the other hand, we note that

w(A, Y, A°) = ZZZ w(z,y,x

z€A yeY z’'cAc

=Y > px(@)Qs(,9)Qr(y, )

z€A yeY z’'cA°

— S ux@) S Qe 1) Qe )

€A v’ A° yeyY
—5 S xle)Qee(a. ). (6.2)
z€A z'€A°

This is exactly the flow from A to A® with respect to the collapsed chain Qgr, i.e.

W(A,Y, A% = Fo,. (A, A°). (6.43)

Assuming py(A) < px(A°), we have Fq,,. (4, A%) > ©.(Qpr)p(A), by the definition
of bottleneck ratio. Combining this with Eq.(6.41) results in

F(A, BY) + F(B, A°) > ab - w(A, Y, A°)
> ab-2.(Qpr)ux(A). (6.44)

Likewise, with the assumption py (B) < py (B¢), we have

F(A,B%) + F(B, A°) = Bf - 2.(QrB) 1y (B). (6.45)

The proof of the lemma is completed. |
Next, we continue to prove the main theorem.

Proof. Let p, = (apx, Bpy) be the stationary distribution of P, . For conciseness,
we let F,(A,B) £ F(AU B, A°U B°). When A and B are clear from the context,
we simply write Fs. Then the bottleneck ratio of P is the minimum of the values
of Fs(A, B)/pu (AU B), among all possible choices of A C X and B C Y such that
p, (AUB) <1/2 and AU B # 0. Throughout this proof, we assume A C X, BCY,
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and p, (AU B) <1/2, i.e. apx(A) + Buy(B) < 1/2.

Under this assumption, there are three cases, which we respectively discuss as
follows.

Case 1. pux(A) <1/2 and py(B) < 1/2.

We have ¢ = min{®,(Qpr), P.(Qrp)} in the theorem. In addition, F, > F(A, B®)+
F(B, A°). Combining this with Lemma 6.5, we get

Fs > ab- (qu(A)a and Fy > Bf - ¢I1‘Y(B) (646)

Note that /2 = ab = 8f and o+ 8 = 1. Thus

F, S aFs + BF;
i (AUB) ~ aux(A) + By (B)

> ng/2. (6.47)

Case 2. px(A) <1/2 and py(B) > 1/2.
Given arbitrary x > 2, there are two possibilities:

Case 2.1. 1/k < px(X) < 1/2 and py(B) > 1/2. Then
F, > ab- dpg(A) > %ab¢. (6.48)
Recall that p (AU B) < 1/2. Thus

F 2ng
e (6.49)

_—
i (AUB) ~

Case 2.2. pux(X) < 1/k and py(B) > 1/2. Here, we utilize the following fact:
Fy > F(B, A°) = F(B,X) — F(B, A). Then, by the definition of flow, we have

F(B,X) = Bfuy(B) > Bf/2, (6.50)
and by the symmetry of F (due to reversibility),

F(B,A) = F(A, B) < F(A,Y) = ab/x. (6.51)
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With ab = 8 f, combining the results above leads to

F, > Bf/2 —ab/k = ab(1/2 — 1/k). (6.52)
As a result, we get
B a2 — 1k = 11— 2/k) (6.53)
p(AUB) 2 ' '

Case 3. pux(A) > 1/2 and py(B) < 1/2. Following a similar argument as we

developed above for case 2, given k > 2, we can likewise get

ﬂfé (nx(X) > 1/k),

3(1=2/k) (ux(X) <1/k).

[

F
— 0 =
p(AUB)

Note that py(A) > 1/2 and py(B) > 1/2 cannot hold simultaneously under the
assumption apyx(A) + By (B) < 1/2. Integrating the results derived for all cases,

we obtain

FS(A’B) >Qmin{%¢’ 1——/2;}, Vi > 2. (6~55)

Note that this inequality holds for all A and B with 0 < p, (AU B) < 1/2. In this
way, we can get a series of lower bound of the bottleneck ratio, using different values
of k. And the supreme of these lower bounds remains a lower bound. It is easy to

see that the supreme attains when 2¢/k = 1 — 2/k, leading to

. [2 2 ¢ \
It follows that
o.(P)> 12 (6.57)
T 2¢+1

This completes the proof of the lower bound. Next, we show the upper bound, which
is easier. Due to the definition of bottleneck ratio, for any given partition of X UY,

the flow ratio derived from that partition constitutes an upper bound of ®,(P,).
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Here, we consider the partition with one part being X and the other being Y.

Then
F,=ab=3f, (6.58)

and thus the flow ratio is given by

F
(. 5) = max(f,b). (6.59)

This gives an upper bound of ®,(P,). The proof of the theorem is completed. O

Laziness

Whereas increasing bottleneck ratio can enlarge the spectral gap, 1 — Ay, the mixing
time also depends on 1+ A, the distance between )\, and —1. In general, a reasonable

value of 1 + A, can be achieved by laziness.

Lemma 6.6. Let P be a reversible transition matriz over X, such that P(x,z) > € >

0 for each x € X then its smallest eigenvalue N\, has \, > 26 — 1.

This shows that by maintaining a probability £ > 0 for the chain to stay (without

transiting to other states), we can keep A, away from —1.

Proof. Let P’ = (P —£I)/(1—&). Since P has P(z,z) > € for each € X, the entries

of the matrix P’ are all non-negative. In addition,

ML Pl (1_¢1) =
Pl_m(P §I)1—1_€(1 £1) =1. (6.60)

This implies that P’ is also a stochastic matrix. Since P is reversible, all its eigenvalues

are real numbers. Without losing generality, we assume they are A; > ... > \,.
As P is a stochastic matrix, we have Ay = 1 and )\, > —1. According to the
spectral mapping theorem, the eigenvalues of P’, denoted by A, ..., \., are given by

A=A —€)/(1 =€), foreach i = 1,...,n. As P’ is a stochastic matrix, we have
A, > —1, and thus ’\1"%_5 > —1. Therefore, A\, > 26 — 1. The proof is completed. O
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Given an arbitrary reversible chain with transition matrix P, we can make it
lazier by changing P to (1 — )P + £1. However, it is worth noting that increasing
the laziness coefficient € would on the other hand shrink the spectral gap from 1 — A,
to (1 —&)(1 — Az). Hence, it is advisable to select a & that balances laziness and
spectral gap. Here, the optimal £ that maximizes the absolute spectral gap is given
by € = (A2 + An)/ (A2 + Ay — 2). When it is difficult to derive Ag and A,, one can use

the estimates to set &.

6.3.4 Hierarchical Bridging Markov Chain

Based on the theory of bridging Markov chains, we develop practical algorithms to

construct the bridges and sarhple from the joint chain.

Construction of Bridges

Come back to our original problem of sampling from a distribution g over X, for
which we can get a Markov chain Px based on local moves. To improve the mixing,
we introduce “bridges” to facilitate non-local transition. Specifically, we first choose a
collection of state subsets of X: Si,...,S,,, and create a bridging state y; for each S;.
In this way, we get a set of new states Y = {y1,...,¥n}. Suppose each target state
in X has been covered by some such subset Next, for each x € X, we set a transition
probability Qp(z,y;) = 1/m(x) for each y; associated with with it, i.e. x € S;, where
m(z) is the number of such bridges, and set Qp(x,y;) = 0 when x ¢ S;. According to

Lemma 6.3, we can construct Qg, the transition probabilities from Y to X, as follows

Qr(3:2) = px(2)/ 3 nx(a). (6.61)

z’'eS;

It is not difficult to verify that the matrices Qg and Qp as above satisty the cross-

space detailed balance in Eq.(6.21), with u, given by

py (i) < Y px (). (6.62)

z€eS;
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(b)

Figure 6-2: (a) shows the hierarchically bridging Markov chain on a simple problem:
x1,22 € {0,1} with constraint 27 # z2. We use red color for the backward transitions
from children to parents, and green for the transitions from parents to children. (b) illus-
trates a typical transition path. We use numbered circles to indicate the transition order.
In this process, the bridges (0, —) and (—, —) are constructed upon the backward transition
from a child state. When (—, —) is instantiated, the right branch has not been visited, and
the forward probability value for that branch is set with an optimistic estimate, encouraging
the chain to visit that branch. Upon seeing (1,0), the forward probabilities of its parents
will be updated accordingly.

The values of f and b are set empirically. The guideline is to keep a balance between
the local updates along the original chain and the transition via bridges.

This construction is very flexible. Given a specific problem, one can choose the
subsets in any way that they see as best. For example, for a problem where we
have a clear perspective of the space structure, we can establish bridges that connect
between the samples in different clusters to speed up the transition between them.

For problems with huge space, one layer of bridging can be very expensive. For
such problems, we devise a novel sampling scheme called hierarchical bridging, which

provides a systematic way to derive an ergodic chain.

Hierarchical Bridging

For many problems, the underlying clustering structure of the sample space is largely
unknown, and thus it is difficult to devise the bridges in advance. In the following, we
describe a generic approach, which extends the construction above to a hierarchical

framework that recursively builds bridges at multiple levels.

246



Initially, we have the target state space X, where each sample is a discrete vector,
in form of (z1,...,zx). The target states constitute the O-th level of the hierarchy.
For the first level of bridging, we introduce a set of bridges, denoted by Y;. Each
bridge in Y; corresponds to a partial assignment, i.e. a vector with one of the value
removed. Take a state space {0, 1} for example. Consider (0,0,0) € X. By removing
the middle value, we get a partial vector (0, —,0), where — indicates a slot at which
the value is removed. All vectors in form of (0,z,,0), which include (0,0,0) and
(0,1,0) here, are called the children of (0,—,0), and (0,—,0), in turn, is called the
parent of them.

Given by, f1 < 1, the transition between X and Y is described as follows. Starting
from a target state x € X, with probability 1 — by, the chain stays in X, and with
probability by, it transits to the parent of z in Y;, by randomly removing a value.
Note that a vector of length K has K different parents, and thus the transition
probability from z to any particular parent is by/K. Starting from a bridge y € Y,
with probability 1 — fi, it stays at y, and with probability fi, it transits back to
X. In particular, the transition probability from y = (z1,...,—,...,2k) to z =
(z1,...,%4,...,2K) is proportional to u(z). To calculate this probability, one only
have to evaluate of p(z) up to a scale. This is a useful property, as the normalization
constant of a distribution is often difficult to evaluate in practical problems.

The construction of the hierarchy can be completed by recursively adding levels
up to the root (the K-th level). Each bridge at the k-th level (denoted by Yj)
is a partially assigned vector with k entries removed. Starting from y € Y}, the
probability of transiting to the upper level Yy, is by. Specifically, each y € Y} has
K — k assigned values, and thus it has a probability b /(K — k) to transit to any of its
parent by randomly removing one of the assigned values. The chain also has a total
probability fi to transit to the lower level Y;_;. To accomplish such a transition, we
randomly pick one of the £ unassigned slots (say the j-th entry), and draws a value
for x;, resulting a child state y’. The forward transition probability from y to 3’ is

proportional to p;_;(y"). For any bridge state y € Y, the value p,(y) is defined via
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the recursive formula below

Z -1 (y)- (6.63)

y'€Chly)
When k =0, po(z) £ pu(z) for z € X. Here, Ch(y) is the set of y’s children in Yj_;.
Through this construction, we obtain a joint chain over X UY; U - U Y, which
we call the hierarchically bridging Markov chain, as illustrated in Figure 6-2(a). We

derive the theorem below that characterizes this chain:

Theorem 6.5. The hierarchically bridging Markov chain withb, < 1 fork =0,..., K—
1, and fr <1 fork=1,...,K is ergodic. If we write the equilibrium distribution in
form of (opagy, Bipsy, - . ., B i), then (S1) pg equals the target distribution p; (S2) for
each k > 1, andy € Yy, pu(y) is proportional to the total probability of its descendant
target states (the target states derived by filling all its placeholders); (S3) a, the prob-
ability of being at the target level, is given by o™ =1 + ZkK=1(bO ceobg—1)/(f1 e fi)-

Here, we briefly explain the statements. (S1), together with the proved ergodicity,
establishes the correctness of the construction, i.e. drawing samples from the joint
chain and retaining only those from X amounts to directly sampling from p. (S2)
characterizes the distribution within other levels. (S3) gives the probability that a

state drawn from the joint chain is a target state. From this statement, we derive
Corollary 6.2. Ifby/fri1 <k <1 foreachk=1,...,K, thena>1—k.

This lower bound of « is independent from the number of levels K. Consequently,
despite the problem scale, one can maintain a considerable chance of drawing a target
state from the joint chain by keeping the backward/forward ratio below 1.

This corollary can be easily shown as follows.

Proof. Based on Theorem 6.5, we have

1
=1+ < 1+ K" = 6.64
Z fk Z — (6.64)
Hence, a > 1 — k. The proof is done. a
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Proof of Theorem 6.5

We show this theorem by progressively proving a series of claims as follows.

Claim 1. The augmented Markov chain is ergodic.

Proof. With b, > 0 for £k = 0,..., K — 1, the root is accessible from each state
(including both complete and partial assignments). With fp > 0 for k = 1,..., K,
each state is accessible from root. These imply that any two states are accessible
from each other via the root. Therefore, the chain is irreducible. In addition, fx < 1
makes the chain aperiodic. As this is a finite Markov chain, we can conclude that it
is ergodic.

Since the chain is ergodic, it has a unique stationary distribution, i.e. its equi-
librium distribution. Therefore, it suffices to show that (apg, S1peq, . - -, Bxpry) that

satisfies the three statements in the theorem is a stationary distribution. a

Claim 2. Given vectors py, ..., g respectively over the set of states at level
0,..., K, such that py = p is a distribution over X, and for each k =1,... K, p

1s defined recursively by

1
pr(y) = K—(k=1 > ma(x), foryeYi (6.65)
z€Ch(y)
Then, py, for each k =1,..., K represents a distribution over Yy, and
-1
K
. (y) = > ulx), Yyt (6.66)
k zeX: x>y

Here, x > y means that x is a descendant of y.
Proof. Obviously, when k£ = 1, according to the definition above, we have

=% ¥ @ =g Y ) (6.67)

zeCh(y) z€Ch(y)
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K
This satisfies Eq.(6.66), as = K, and it is clear that p; is non-negative. In

addition, we have

Sme =% ¥ u

yeY: yeY: zeCh(y)

D)

y€Y1 zeCh(y)

=—;{—Zu,(a:) > o1=1 (6.68)

TeX yePa(x)

Here, Pa(z) is the set of parent states of z. In the derivation above, we use the fact
that x has K parents, i.e. |Pa(z)| = K. The identity above implies that u, is a valid
distribution over Y;. Therefore, the claim holds when k& = 1.

Suppose that the claim holds for k = 1,...,m with m < K, we are to show that it
also holds for k = m + 1, so as to complete the induction. Note that u,, . is defined

as

1
“’m+1(y) = _k_'—mme%;(y) ""’m(x)a for (TS Ym+l-

Again, p,, . is obviously non-negative, and

> um+1(y)=Kim 0D a2

YEY 1 YE€Yim11 2€Ch(y)

Kim D () Y 1=1. (6.69)

2€Ym yEPa(z)

Similar to the derivation for k = 1, here we apply the fact that |Pa(z)| = K — m for

each z € Yy,. This shows that u,, , is a valid distribution over Y,,. Moreover, we
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have for each y € Y41,

-1

K

Pmi1(y) = Kim > PRTIES

2€Ch(y) \T zeX:x>2

1 K —m)m!
:K—m( K!) PRI

2€Ch(y) z€X:x>2

_ (K—m—l)!m!(m+1) Z ()

|
K! 2EX Ty
-1
K
= > plo). (6.70)
m+1 zeX:x>y
By induction, we can conclude that the claim holds for each £k =1,... K. O

A

Claim 3. When the construction is done up to the k-th level, the distribution p;
(Ckotbgs - - - ChpMby) 18 a stationary of the augmented Markov chain. Here, p, ..., py

are given by Claim 2, and cyp, ..., cxr s defined such that for each k' =0,...,k

1 1 bp---b—1
Cko=—, C — , 6.71
M7 A A (6.71)
with
k b -by_s
=1+ —_ 6.72
b l:zl fifi (6.72)

Proof. We are going to show this claim by induction. Note that p, = p over X is a
stationary distribution of P. And ud = coopo, thus cgo = 1. It immediately follows
that the claim is true for £ = 0. Suppose this claim holds for £ = 0,...,m with
m < K, we are to show that it also holds for k = m + 1. Note from Eq.(6.71) that

Crm+1,k Zm .
= = , Vk=0,...,m, 6.73
Cm,k Zm+1 ( )

Hence, showing the claim holds for £ = m+1 is equivalent to showing that (ap,), Bpt,,11)
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is a stationary distribution of the augmented chain (up to (m + 1)-th level), with

: (6.74)

and
Zm+1_Zm_ 1 bO"'bm

Zm+l B Zm+1 fl"'fm+1.

According to Lemma 6.3, it suffices to check that this distribution satisfies the cross-

B= (6.75)

space detailed balance given in Eq.(6.21), which is not difficult to verify based on the

construction described in section 3.2. d

In this proof, Claim 1 proves the ergodicity of the joint chain. Claim 2 con-
structs a set of vectors p, ..., Uy, and states that they are valid distributions over
X, Yy, ..., Yk, and satisfy the properties given in (S2). Claim 3 (induction up to
k = K) shows that the distributions constructed in Claim 2 is exactly a stationary
distribution of the joint chain. Since the chain is ergodic, this is the equilibrium
distribution. As a by product, Claim 3 also shows the the statement (S3) of the theo-
rem. For (S1), it is automatically established by the construction described in Claim

2. Therefore, we can conclude that the proof of the theorem has been completed.

6.3.5 Dynamic Construction

Whereas the total number of bridges can be huge generally for a moderate problem,
which however need not be explicitly instantiated prior to sampling. Instead, we can
build the chain progressively along with the sampling procedure. As shown in Figure 6-
2(b), except for the initial state that we start with, each state is instantiated only
upon the first transition to it. In addition, we maintain references from each state to
all its parents and children, to facilitate the transition from one state to another.
When a bridge state is constructed, one needs to determine the forward transition
probabilities from this state to its immediate children. Exact evaluation of these
probabilities requires complete knowledge of the distribution of all its descendants,

which is generally unavailable upon the construction. A natural idea is to obtain such
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information by recursively visiting all the descendants. However, the complexity of
this method can grow exponentially as we travel up along the hierarchy, making it
infeasible in practice.

To address this issue, we adopt a dynamic programming strategy. Consider a
bridge y at the k-th level with a set of children C'h(y). Recall that for each child
state ¥’ € Ch(y), the forward transition probability from y to ¥ is proportional to
i1 (y'). If ¥ has been visited, then p,_,(y') is immediately available. Otherwise, we
initially use a quick estimate of p;_,(y") and update it when ¢y’ and its descendants
are visited.

In general, one can overestimate the forwarding probability of an unvisited branch,
thereby encouraging exploration of unknown regions. The initial value need not be
accurate, as it is updated as the branch below 7’ is visited. A possible way to this
quick estimation is to assume all assignments in that branch are valid (i.e. satisfying
all constraints). For both applications described in next section, we employ this
way, which results in an estimate as the product of the marginal probabilities of the
available values.

In this scheme, the transition probabilities can change dynamically, resulting in
time-inhomogeneity. In practice, such changes to the chain happen primarily during
burn-in, and thus have negligible effect on asymptotic behavior. It is also worth noting
that while the total number of states in X can be tremendous even for a problem
with moderate size, our algorithm generally only visit those states with non-negligible
probabilities. Though just constituting a small fraction of the entire space, they still

provide a close approximation of the target distribution.

6.4 Experiments

We assess the effectiveness of the proposed method on both synthetic and real data.
Specifically, we first test it on a constrained binary labeling problem, where the pro-
posed sampling algorithm is used to sample from the solution space subject to a set

of synthetic constraints. As the ground-truth is available for this problem, we can
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perform a systematic study through this set of experiments.

We also test this approach on laycred modeling for images and videos. The aim
here is to demonstrate both the effectiveness of the sampling method in sampling
partial orders and the the use of partial orders combined with our sampling approach

improves the solution.

6.4.1 Constrained Binary Labeling

Given a graph with n nodes and m edges, we are to set a binary label z; € {0,1}
to each node. Here, each edge is associated with a constraint on the labels of its
two ends (e.g. z; # x;). We use an n-dimensional vector z € {0,1}" to represent a
label configuration, and use {1 to denote the set of all configurations that satisfy the
constraints. In addition, each node has a preference function w; : {0,1} — R*. Then,
we get a distribution over 2, given by p(z) o« []\; wi(2;). While the probabilities are
in a product form, the labels are not independent as they are related to each other
via the constraints. This formulation actually stems from real world problems, such
as circuit design, scheduling, and object placement.

We first consider a 4-connected graph with 5 x 5 nodes. Though the graph might
seem small, it is sufficient to generate a large enough state space (up to 2%°), where
the differences of algorithm behaviors can be clearly seen. Importantly, with this
scale, it is feasible to evaluate the entire distribution through enumeration, enabling
direct comparison between the sample distribution and the true one. To obtain a
constrained problem, we randomly draw a constraint for each edge from a set of
constraints (z; = x;, ; # T;, T; = 1 or z; = 1, etc). In this way, we generate a set of
20 constrained labeling problems as a testbed.

On these problems, we compare three algorithms:

1. Gibbs sampling with long jump (GS-Jump): a method adapted from the one
proposed by [9]. At each iteration, we update all variables by Gibbs sampling,
and then propose a jump to arbitrary configuration drawn from the product

distribution, accepting it if the result is valid.
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Figure 6-3: Each curve shows the mean energy values (—logp(z)) as a function of elapsed
iterations. Since Relaxed-GS and HBMC may yield states that are not in 2, we use the
energy of the last valid state as the energy value for an iteration. This also shows bars at
10% and 90% quantiles for 100 repeated runs.

2. Relaxed Gibbs sampling (Relazed-GS): similar to WalkSAT [111, 54], we mod-
ulate the probability with a factor exp(—c - #{violated constraints}), and turn
the constrained model into an unconstrained MRF, upon which Gibbs sam-
pling is applied. Here, ¢ is empirically set to balance approximation accuracy

and sampling efficiency.

3. Hierarchical Bridging Markov Chain (HBMC): this is our approach. Here, we
set by = 0.5, meaning that starting from a target state, the chain performs a
Gibbs update with 50% chance, and transits to upper level with 50% chance.
For all other levels, we set by = 0.4 and f; = 0.6. Each iteration consists of 25

walks, just like the other methods in comparison.

Figure 6-3 compares the energy trajectories obtained from 100 independent runs
on a constrained problem as described above. We can see that GS-Jump gets stuck
locally before a long jump is accepted, which rarely happens (once per over 1000 itera-
tions on average). By allowing violation of constraints with cost, Relaxed-GS escapes

from local traps, though rather slowly. HBMC significantly outperforms the other
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Figure 6-4: The energy auto-correlation function.

methods. Initially, encouraged by the optimistic weights set for unseen branches, the
HBMC sampler quickly travels over the sample space, and at the same time builds
bridges at different levels. In this process, the forward probabilities will be updated,
with small values set to the branches leading to unlikely regions. Consequently, the
chain rapidly gets to the states with high probabilities and rarely travels away.

Using the energy trajectories, we compute the autocorrelation function, averaged
over all runs on all problem sets (in total 2000 runs for each algorithm). The results
are shown in Figure 6-4. For HBMC, the correlation decreases to 0.1 after 50 itera-
tions, and samples obtained with an interval of 80 can be considered as independent.
Significant correlation remains for the other two methods even after 500 iterations,
indicating that the underlying chains mix slowly.

We also investigate how many samples are needed to approximate the underlying
distribution. For this study, we choose a constrained problem of which the number of
distinct samples is about 10,000, and collect 50, 000 samples for each algorithm, each
per 200 iterations. We compute the correlation between the empirical distribution p
and the true distribution p, i.e. p7p/ W . The results are shown in Figure 6-
5. The sample distribution obtained via HBMC is significantly closer to the true
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Figure 6-5: The correlations between the empirical distributions of the collected samples
and the true distribution. Note that the y-axis is at log-scale.

distribution as compared to the other methods, obtaining a correlation of 0.9 after
only 5,000 samplers. The other two methods exhibit drastically slower behavior.
After 10 times greater samples, they remain stuck in a low-probability region with

the correlation below 0.01.

6.4.2 Inferring Layer Orders from Synthetic Images

Next, we test the proposed method on the inference of the relative depth-order of
visual layers. Specifically, we first performed a series of controlled experiments on
synthetic images. To generate each image, we superimpose a set of templates in a
random order and add white noise to it. We compared four methods for partial order

inference, with the templates and their domains given to each method being tested.

1. MRF: directly estimates the indicator map of layers, with an MRF prior to

enforce smoothness.

2. BLK: groups all pixels into blocks, with each covered by the same set of layers.

It infers one top layer for each block.
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Figure 6-6: An illustrative example: (a) synthetic image with markups (this image + noise
of ¢ = 0.2 is the input), (b) ground-truth (HBMC obtains this in most cases), (c) a result
via MRF, (d) a result via BLK.
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Figure 6-7: The average ratios of error labels on both test regions and hard regions over

all 200 synthetic images, obtained using four methods under different levels of noise and
model bias.
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3. D-PORD: progressively determines the most probable top layer for each block,
starting from the ones with high confidence. This method is based on our
graph representation, and thus respects the partial order constraints. It is the

best-performing heuristic method in this context.
4. HBMC' our sampling method based on a hierarchically bridging Markov chain.

The forward and backward probabilities are set to f = 0.7 and b = 0.3. We
initialize the chain with the D-PORD result, take the first 500 steps as burn-in,
and then collect 20,000 samples at the interval of 50 steps. To verify our method,
we computed the exact posterior distributions on a set of cases with K < 5. The
resulting sample distributions are very close to the exact ones with Ll-distance at
about 1073,

Figure 6-6 shows the results on a synthetic image specially made for illustration.
The input image, corrupted by white noise, contains three rectangles with order
B < v < a. Most samples (> 99%) obtained via HBMC are identical to the ground-
truth. Without utilizing the ordering constraint, the MRF relies on local pixel values
and smoothness, which are often ambiguous, leading to noisy labeling. Here, we
have tuned the weight of smoothness terms to yield best overall performance. BLK
generally performs better than MRF by making decisions based on entire blocks.
However, the ambiguous block (ang) is labeled incorrectly 20% of the time, something
which could be easily resolved by incorporating partial order and using the knowledge
a > v and v > S from other blocks.

We also performed systematic comparison between these methods. Specifically,
we use templates of different types such as people, animals, and vehicles to synthesize
a collection of 200 images. Each image is generated by superimposing some randomly
positioned objects in a random Z-order. We then apply each method to infer the layer
map. The testing was done with different levels of white noise. To reflect the common
problem that the appearance templates are in themselves biased, we further added a
random bias to the templates provided to the inference algorithm. The performance

was measured by the ratio of error labeling over test regions, the ones covered by
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more than one layers.

The left column in Figure 6-7 shows the performance under different levels of
noise, with 4. ranging from 0.05 to 1 (the dynamic range of pixel values is [0, 1]),
while the right column shows the performance under different levels of appearance
model bias, with o445 from 0.05 to 0.3. The first row shows the average error rate
over all test regions in all images. To make the distinction clearer, we identified those
regions of which the average differences between two closest covering templates are
below 0.1 as hard regions, and show the average error rates over them in the second
TOW.

The results show: (1) The methods utilizing block-constraints (i.e. the pixels
in the same block have the same top layer) exhibit much better robustness against
noise. (2) The methods based on partial orders (D-PORD and HBMC) consistently
and significantly outperform others, subject to both noise and model bias, as the
consistency constraints effectively coordinate the labeling across different blocks. (3)
HBMC, which derive the results by summarizing from 20, 000 samples, is much more
robust than D-PORD. It yields perfect performance (i.e. 0% errors), under moderate

noise and model bias.

6.4.3 Inferring Layer Orders from Real Videos

To assess its practical utility, we applied our method to solve a real world problem,
namely inferring the partial Z-order of cars in a 10-minute long video of a busy avenue.
The focus here is on sampling partial orders, rather than developing a full-fledged
video model, and therefore we employ simple approaches for motion and appearance
modeling.

Specifically, we treat each car as an object layer, with a rectangular domain, and
use Kalman filtering to update the positions of the cars and their templates. The
Z-order is re-inferred each time based on the updates, using the previous Z-order as
a prior.

Part of the results are shown in Figure 6-8, which shows that our method performs

very well in inferring the partial Z-orders, despite the simplicity of the motion and
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Figure 6-8: The inferred partial orders of vehicles in 4 frames of a video (interval = 3 sec).
Vehicles are marked with transparent rectangles in different colors. Below them are opaque
blocks that illustrate their Z-orders.

appearance models.

Implementation and Efficiency

In our C++ implementation, two techniques are used to accelerate the sampling
process: (1) caching visited states together with their transition tables in a hash map,
and (2) dynamically rearranging the entries of the transition table in descending order
of probabilities (We will publish our code).

The sampler runs very efficiently. For a typical layered video model with 8 to 10
layers, it makes about 10 million Markov transition steps per second. Hence, using our

scheme (20, 000 samples with 50 steps each), it takes 0.1 second to perform inference.

6.5 Summary

We developed a new representation of partial order based on minimal sufficiency,
and a principled approach for sampling from a constrained combinatorial space. The
method provides a general way to address the difficulty arising from disconnected state
spaces. The experiments demonstrated that our approach is effective and efficient in
sampling from the posterior distribution of partial orders, and that explicit utilization

of partial order can remarkably improve the robustness of the layered video model.

261



Chapter 7

Conclusions

In this work, we studied the modeling of dynamic visual scenes using a generative
Bayesian approach, particularly focusing on three key aspects: appearance, motion,
and the depth order between layers. we developed a series of machine learning tech-
niques to address the challenges arising as a consequence of the model formulation
and associated probabilistic inference. Included among these developments were a
new construction of dependent Dirichlet processes and a new method to sample from
constrained combinatorial spaces.

While does not yet achieve the ultimate goal of providing a complete and uni-
fied interpretation of visual scenes, this work does demonstrate the great potential
of probabilistic generative models in vision applications. Currently, discriminative
methods dedicated to specific tasks dominate the field of computer vision, probably
due to the fact that they showed good performance on numerous real world applica-
tions. However, the task-oriented nature of these methods makes it difficult, if not
impossible, to bring them together to interpret the visual world that we see every day
in a coherent fashion.

The exploration of generative approaches in this thesis is motivated by our deep
belief in the value of generative models for computer vision. The main advantage of
generative models is not that they perform better than discriminative methods on
specific tasks, but that they provide a flexible and elegant framework to incorporate

prior knowledge of different types and to integrate models of different structures
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without comprising the mathematical rigor.

Using generative modeling, one may easily leverage the relations between different
aspects of a problem, and thus derive better solutions, addressing issues that would
otherwise be difficult to resolve. For example, as we have shown in Chapter 3, the
desire to express rich structures of local patterns and the need to ensure global co-
herence can be coupled elegantly through a generative MRF model. Moreover, in
Chapter 5, we showed that the construction of mixtures whose number of compo-
nents may change over time can be accomplished using a nonparametric generative
formulation. However, to our best knowledge, discriminative methods that solve such

problems in a satisfactory way have not existed yet.

7.1 Summary of Contributions

A major contribution of this work is the development of a Bayesian generative frame-
work that integrates the modeling of appearance, motion, and the depth order of
layers. In addition, we made a series of significant contributions to various topics, as

summarized below.

A new image model

To describe images and video frames, a new image model is developed in Chapter 3,
which integrates a probabilistic manifold model that can express a rich set of local
structures with a Markov random field that enforces coherence across local patches.
An important aspect of this formulation that distinguishes it from other high-order
MRF models, such as the Field of Experts [83], is that the likelihood that a patch
is generated from the patch manifold is used as the potential functions. This new
design of potential functions offers much greater capability of expressing local struc-
tures, as compared to those based on linear filter responses. In addition, through
the overlapping of local patches, the joint MRF encourages the global coherence of

images.
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A new model of persistent motion patterns

Dynamics plays an important role in visual scene understanding. Whereas extensive
study has been devoted to accurate estimation of local velocities (e.g. object tracking
and optical flow), capturing persistent motion patterns over a region and during a
period may be more important in terms of understanding the activity underlying a
given scene. To effectively model persistent motion patterns, a new notion called
the geometry flow is introduced in Chapter 4, which unifies two different types of
motion characterizations, particularly an ensemble of trajectories and a continuous
transformation process. A Lie algebraic representation is then derived, which maps
each flow to an element in a vector space, thus greatly simplifying both probabilistic

formulation and flow estimation from observed scenes.

A new non-parametric construction of dynamic mixture models

Mixture models are used in both the image model and motion model to capture
complex distributions. For example, the patch manifold of the image model uses a
mixture distribution to describe local patterns, and the motion model uses a mixture
of flows to describe the motion patterns in a complex scene. In the past decade, non-
parametric mixture models based on Dirichlet processes were developed and became
popular. Such models allow for an indefinite (countably infinite) number of compo-
nents and as such, provide a flexible mechanism to construct mixture models when
the number of components is difficult to specify a priori.

To model dynamic scenes, we desire a mixture model which may evolve over time.
The key challenge here is to incorporate temporal dependency between mixture mod-
els at different time steps. To address this problem, we developed a new construction
of dependent Dirichlet processes in Chapter 5. By exploiting the inherent theoretical
connections between the Poisson and Dirichlet processes, this construction allows dy-
namically creating and removing components and varying the component parameters,
while guarantees that the marginal distribution of components at each time step is

itself a Dirichlet process.
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A new method to infer partial orders

Our framework used layers to model visual scenes with multiple objects. A challenge
arising here is to determine the occlusion relation between layers, which, in turn,
is determined by their relative depth order. Layered models developed in previous
work either uses ad-hoc methods to estimate this order, or circumvents the problem
by directly inferring the association between pixels and layers. Neither approach
guarantees consistent occlusion reasoning.

We explored a generative approach to this problem in chapter 6, that is, to formu-
late a prior over the partial order between layers, and estimate it through inference. A
difficulty here is that a partial order has to satisfy a set of combinatorial constraints
(e.g. anti-symmetry and transitivity), and it is difficult to perform inference while
preserving these properties. In tackling this difficulty, we developed a new method
for MCMC sampling, which dynamically introduces virtual states that bridge differ-
ent parts of the space that would otherwise be disconnected due to the combinatorial
constraints. Though motivated by a specific vision problem, this is a generic method-

ology that can be applied to solve other inference problems over combinatorial spaces.

7.2 Future Directions

As mentioned, the work presented in this thesis shows the great potential of genera-
tive modeling in vision applications. However, many problems are yet to be solved.
Next, we briefly discuss several future directions to extend this work that we feel are

important and deserve further efforts.

Modeling dynamic shapes

One aspect that has not been addressed in this work is the modeling of shapes,
which, in our framework, determines the domain of each layer. Whereas there has
been extensive work on shape modeling, including active contours, level set methods,
and deep models, generative modeling of shapes, especially in a dynamic context,

remains a nontrivial challenge. In addition, it is also interesting to study how to
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model the interactions between shapes and motion, and how to perform inference on

shapes when part of an object is occluded.

Semantic interpretation

The appearance and motion models establish an intermediate representation of vi-
sual scenes, which, however, does not directly provide a semantic interpretation of
the scene. An additional layer is needed to connect between this intermediate rep-
resentation and the semantics (e.g. the categories of objects and scenes, and their
relations). A possible approach to this problem is to consider a scene as composed
of parts coming from different topics, each associated with its own appearance and
motion model. To compose a scene, the spatial arrangement of these topics should

follow some regular patterns, which, again, can be captured using a generative model.

Adaptation for discriminative tasks

Though a generative model can be formulated and trained in a task-independent way,
it is often desirable to adapt the model to the target context when it is applied to
a specific task, especially the discriminative tasks (e.g. object recognition and scene
classification). We believe using specific knowledge about a particular context to
adapt a generic model not only increases the accuracy and efficiency, but also helps

to address ambiguities that would need specific contextual information to resolve.

Structured non-parametric models

Bayesian nonparametrics offers an elegant and powerful means to construct mixture
models without the need to specify the number of components in advance. However,
it is nontrivial to incorporate statistical dependencies between nonparametric models.
Previous efforts, including Hierarchical DP, Hierarchical Beta Process, and one of the
contributions of this thesis on Poisson-based Dependent DP, provide useful ways to
construct dependent nonparametric models. Yet, these are limited in several respects,
most notably the following: they can only be applied to the case where the dependency

graph has a tree structure, and there are no interactions between components.
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The need to capture more complicated dependencies often arises in vision prob-
lems. Solving these problems requires the development of new nonparametric models.
Generally, there are several approaches to accomplish this: (1) introducing auxiliary
stochastic processes to help establish dependencies, (2) generalizing the point pro-
cesses that underlie the Dirichlet processes, or (3) generalizing the stick breaking pro-
cesses. We believe that these approaches are related to each other, and the analysis of
their relations may lead to the development of a more generic family of nonparametric

models.
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Appendix A

Basics of Group Theory

A.1 Basic Concepts of Group

Group is a fundamental concept in modern algebra, which has played a significant

role in various fields in mathematics, physics, and computer science.

Definition A.1 (Group). A group (G,-) is defined as a set G with a binary operation

-, which satisfies the following axioms:
1. The group is closed under the product operation -, i.e. Vz,y € G, a-b € G.
2. The product operation satisfies associativity: Va,y,z € G, (z-y)-z=z-(y-2).
3. There exists an identity element e, such thatVx € G, e-x =z -e = z.

4. For each element x € G, there exists an inverse element =1 € G, such that

It can be easily shown that the identity element of a group is unique, and for each
element in the group, its inverse element is unique.

In addition, the inverse operation has the following properties. For arbitrary
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elements x,y in a group G,

(z-y) =y 2l
(x—l)-l =T,
el =¢

Definition A.2 (Abelian Group, Commutative Group). A group G in which the
product operation satisfies commutativity, i.e. Yr,y € G,x -y = y - x, s called an

Abelian group, or a commutative group.
Abelian groups have a lot of nice properties that we will discuss later.

Definition A.3 (Symmetric Group). The symmetric group of a set X, denoted by
Sym(X), it the group consisting of all bijective mappings from X to X with the
product operation being the composition of mapping. Let f,g € Sym(X), then Yz €
X, (f-9)(=) = f(g(z)).

The identity element of a symmetric group is the identity map, that maps each
element to itself.

When X is a finite set, its symmetric group comprises all the permutations, which
is thus called a permutation group. When X is a continuous space, Sym(X) is con-

ventionally called a transformation group.

Definition A.4 (Subgroup). A subgroup of a group G is a subset H which is closed

under the group operation, i.c. it satisfies the following properties
1. H s closed under product operation, i.e. Vx,y € H, x-y € H.
2. H contains the identity element, e € H.
3. H is closed under inverse operation, i.e. Vo € H, x7! € H.

Actually, the three properties above is equivalent to the following: V,xz,y €

H oz 'ye H.
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Obviously, for each group G, {e} and G itself are subgroups of G, which are called
trivial subgroups. Other subgroups are called nontrivial subgroups.

Given any subset S of a group G, the subgroup generated by S is the smallest
subgroup that contains S, which comprises exactly all the products of elements in S

and their inverses.

Definition A.5 (Product Group, Direct Product). Let G and H be groups, their
product group, also known as direct product, denoted by G x H, consists of the Carte-
sian product of their underlying sets {(g,h)lg € G and h € H}, with the product

operation defined as

(91, k1) - (g2, h2) = (g1 - g2, h1 - ho).

The element of the product group is (eg,en), in which eq and ey are respectively the

identity elements of G and H. And the inverse operation is thus defined by

(g:h)F =(g7"n 7).

The definition above can be extended to the product of multiple groups straight-

forwardly.

A.2 Group Homomorphisms and Kernels

We can define maps between groups, among which homomorphisms are of particular

interests.

Definition A.6 (Homomorphism). Let G and H be groups. A map ® : G — H is

called a homomorphism if it preserves product operations, i.e. Vz,y € G, ®(x-y) =

o(z) - 2(y)-

It can be easily shown that the group homomorphism also has the following prop-

erties

1. It maps identity element to identity element, i.e. ®(eg) = eg.
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2. It preserved inverse operation, i.e. Vz € G, (®(x))™! = &(z71).

If ® is a bijective map, then @ is called an isomorphism. An isomorphism of
a group onto itself is called an automorphism. Note that the set comprising all
automorphisms of a group G together with the composition as product operation is
also a group (a symmetric group), denoted by Aut(G).

Two groups G and H is said to be isomorphic, if there exists an isomorphism

between them.

Definition A.7. Let G and H be groups, and ® : G — H be a homomorphism, then
the kernel of G, denoted by ker G, is defined as {z € G|®(x) = en}, in which ey is
the identity element of H.

It can be easily shown that ker @ is a subgroup of G. The kernel of an isomorphism

is {eg}.

A.3 Normal Subgroups and Quotient Groups

Definition A.8 (Coset). Given a subgroup H of a group G, the left coset of ¢ € G
is tH = {zh|h € H}, and the right coset of x is Hx = {hz|h € H}.

The set of all left cosets forms a partition of G, i.e. two left cosets are either equal
or disjoint. The same applies to the set of all right cosets.
Given an arbitrary subgroup H, the left and right cosets may or may not be equal.

If they are equal, H is called a normal subgroup.

Definition A.9 (Normal Subgroup). A subgroup N of a group G is called a normal
subgroup, denoted by N < G, if it is invariant under conjugation, i.e. Vn € N,z €

G, znz”' € N.

For a subgroup N of a group G, the statement that N s a normal subgroup is
equivalent to the following

For each x € G, xN = Nz, in other words, left cosets and right cosets are equal.
Hence, for a normal subgroup N, the left coset and right coset are both simply called

the coset.
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Not every subgroup of a group is normal. However, all subgroups of an Abelian
group are normal. And, trivial subgroups are always normal.

Let N be a normal subgroup of G, we can define equivalence between any two
elements in G as

T~y & ry ' €N.
With this equivalence, the equivalent class of z € G, is
[x] = aN = Nz,
which is exactly the coset of z.
In addition, the equivalence has the following properties.

1. the equivalent class (coset) of the identity element is the normal set, i.e. [e] = N.

2. equivalence is preserved under product operation, i.e. if 1 ~ zy and y; ~ ys,

then T1 Y1 ~ T2+ Y.
3. equivalence is preserved under inverse operation, i.e. if z; ~ x3, then 27! ~ z;*.

From these properties, we can see that the cosets in themselves constitute a group,

called the quotient group.

Definition A.10 (Quotient Group). Let N be a normal subgroup of a group G, the

quotient group, denoted by G/N, is the set of all cosets with respect to N, with the
product operation defined by

(2] - [y] = [z - y].

In addition, it can be easily shown that the identity element in G/N is [e] = N, and

the inverse operation can be given as
2] 7t = [z71].

Normal subgroups and homomorphisms have close relations.
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Theorem A.l. Let G and H be groups, and ® : G — H be a homomorphism, then
ker @ is a normal subgroup of G.

Conversely, Let N be a normal subgroup of G, then the map: ® : G — G/N that
maps each element to its coset, i.e. ®(x) = [z] = zN, is a homomorphism, whose

kernel is N.

The above theorem establishes the correspondence between normal subgroups and
homomorphisms.

One of the particular important normal subgroup of a group is its center.

Definition A.11 (Group Center). The center of a group G is the set Z(G) that

consists of the elements that commute with all elements in G, i.e.
Z(G)={z€Glg-z=2-g, Vg€ G}
It can be easily seen that
Vee Z(G),Vg€E€G, g-z-g =z

Hence, Z(G) is a normal subgroup of G. And, it is obvious that Z(G) is an Abelian

group.
Let G be an Abelian group, then the center of G is G itself. At the other extreme,

a group is said to be centerless if its center is the trivial group {eg}.

Definition A.12 (Inner Automorphism Group). The map ® : G — Aut(G) which
maps each element g € G to the corresponding conjugation ¢g defined by Vo €

G, ¢4(z) = grg™t. The range of ® is called the inner automorphism group, denoted

by Inn(QG).

Consider When g € Z(G), we can easily see that ¢4(z) = z. Actually, it can be
shown that Z(G) is exactly the kernel of @, i.e. G/Z(Q) is isomorphic to Inn(G).
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A.4 Semidirect Product

Direct product discussed above is an elementary way to construct groups by inte-
grating component groups. However, many important groups are formed with its
generalization, called semidirect product. A semidirect product group also uses the

Cartesian product as underlying set, but with a generalized multiplication operation.

Definition A.13 (Semidirect Product). Let G be a group, N be a normal subgroup

of G (N < H), and H be a subgroup of G. Then G is said to be a semidirect product
of N and H, if
G = NH and NN H = {e}.

This condition is equivalent to any one of the following.
1. G=HN and NN H = {e},
2. each element in G can be written uniquely in form of n-h withn € N and H.

3. each element in G can be written uniquely in form of h - n with h € H and

n € N.
If this case, we say G splits over N.

Let G be a semidirect product of a normal subgroup N and a subgroup H, then

we have

1. In each equivalence class in the quotient group G/N, there exists a unique

element in H.

2. H is isomorphic to G/N, a natural isomorphism is to map each element h to

[h] = hN = Nh.

3. The map G — H that takes each element x € G to the unique element in

H N [z] is a homomorphism. It can be seen that the map is an identity map on

H and its kernel is V.
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Definition A.14 (Normal Factor Semidirect Product w.r.t. Group Homomorphism).
Let N and H be two groups, and ¢ : H — Aut(N) be a group homomorphism. Then
the left normal factor semidirect product of N and H with respect to ¢, denoted by
N x4 H, is a group with the Cartesian product N x H as the underlying set, and the

multiplication defined as

(n1, hi) - (ng, ha) = (n1 - ¢h1(n2), hi - ho)

Hence, the identity element is (en,eg), and the inverse operation is given by

(nv h)_l = ((bh‘l(nwl)’ hAl)'

Likewise, we can define the right normal factor semidirect product of N and H with
respect to ¢, denoted by N X4 H as a group with H X N being the underlying set, and

the multiplication defined as

(h1,m1) - (hg,n2) = (h1 - by, N1 - @p, (n2)).

It is obvious that if ¢ is a trivial homomorphism that sends each A to the identity
map of N, i.e. ¢p = Idy, then the normal factor semidirect product degenerates to
direct product.

In G = N x4 H, the pairs (n, eg) form a subgroup of G that is isomorphic to N,
while the pairs (ey, k) form a subgroup of H that is isomorphic to H. Similar results

can also be obtained for right normal factor semidirect product.

Theorem A.2. Let G be a semadirect product of its normal subgroup N and another
subgroup H, i.e. G = NH with NN H = {e}. Then G is isomorphic to N x4 H and
H x4 N for some group homomorphism ¢.

One example is the ¢ that maps each h € H to ¢p € Aut(N) defined by

n(n) =h-n-h™t
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Appendix B

Basics of Differential Geometry

B.1 Basic Concepts of Manifolds

Manifold is a fundamental concept in modern geometry, which is established based

on topology.

Definition B.1 (Topological Manifold). A topological space M is said to be a topolog-
ical manifold of dimension n, or a topological n-manifold, if it satisfies the following

properties

1. M is a Hausdorff space, i.e. each pair of distinct points in M have disjoint

neighborhood.
2. M is second countable, i.e. there exists a countable basis for the topology of M.

3. M s locally Euclidean, i.e. each point in M has a neighborhood that is homeo-

morphic to an open subset of R™.

Definition B.2 (Chart). Let M be a topological n-manifold, a coordinate chart on
M is a pair (U, ), in which U is an open subset of M, and ¢ : U — R" is a
homeomorphism. Here, U is called the coordinate domain, while ¢ is called a (local)
coordinate map. For each p € U, ¢(p) = (X(p), z*(p),...,z™(p)) is called the local

coordinates with respect to the chart.
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Definition B.3 (Smoothly Compatible Charts). Let (U, ) and (V, ) be two charts,
they are said to be smoothly compatible, if they are either disjoint, or both the tran-
sition map o o' @(UNV) = »(UNV) and its inverse @ o ¥~ are infinitely
differentiable.

Definition B.4 (Smooth Atlas). A smooth atlas is a collection of charts covering the
manifold which are smoothly compatible with each other. The smooth atlas is said to
be mazimal if every chart that is smoothly compatible of each chart in the atlas has

been in the atlas.

Definition B.5 (Smooth Manifold). A smooth manifold is a topological n-manifold
M with a maximal smooth atlas A. This smooth atlas is also called the smooth

structure of M.

B.2 Smooth Maps

Definition B.6 (Smooth Map). Let M and N be smooth manifolds, then F': M — N
is said to be smooth if for every p € M, there exists local charts (U, ) and (V,v)
which respectively contain p and F(p), such that the function F= Yo Fop™t isin-
finitely differentiable from o(U) to (V). Here, the function F is called the coordinate

representation of F' with respect to the given coordinate charts.

Especially, the function F : M — R* is said to be smooth, if for each p € M,
there exists a local chart (U, ) that contains p such that f = f o !is infinitely
differentiable.

The set of all smooth real-valued functions f : M — R constitutes a real vector
space, denoted by C®(M).

Smooth Maps have the following properties

1. Smoothness is local. It means that a map F : M — N is smooth, if and only if
for every point p € M, there exists a neighborhood of p, say U, such that the

restriction F'|y is smooth.
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2. Let M and N be smooth manifolds, and let F' : M — N be continuous maps.
{(Uqas o} and {V3,45} are smooth atlases for M and N. Then F' is smooth if
and only if for each o and 3 with U, NV # 0, wgl o F' oy, is smooth on its

domain of definition.
3. Any composition of smooth maps between smooth manifolds is smooth.

Definition B.7 (Diffeomorphism). A diffeomorphism between smooth manifolds M
and N is a smooth bijective map, whose inverse is also smooth. Two manifolds are

said to be diffeomorphic is there exists a diffeomorphism between them.

B.3 Tangent Vectors and Tangent Space

Tangent Space is a local linear approximation of the manifold, which is the basis of
Lie algebra theory. The elements in a tangent space are tangent vectors, which have

close relations with derivatives of smooth curves.
Definition B.8 (Derivation). Let M be a smooth manifold and p € M. A linear

map X : C®°(M) — R is called a derivation at p if it satisfies

X(fg9) = f(p)Xg+9(p)X/,

for all f,g € C®(M).

Definition B.9 (Tangent Space). The set of all derivations of C®(M) at p constitute
a vector space, which is called the tangent space of M at p, denoted by T,M. Each

element in T,M is called a tangent vector.

We can see that each tangent vector corresponds to a derivation functional.
Tangent space of an n-dimensional manifold is isomorphic to R™.

Push-forwards are linear maps between tangent spaces.

Definition B.10 (Push-forward). Let M and N be smooth manifolds, and F : M —
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N be a smooth map, for each p € M, the map F, : T,M — Trpy) N defined as
(FX)(f) = X(fo F)

for each f € C*®(N), is called the push-forward associated with F'.

It can be easily shown that F, : T,M — Tp) N is linear.
In addition, the map that takes F' to F, has the following properties:

1. Tt takes identity map to identity map: (Idas). = Idz,ar.
2. (GoF),=G,0F,.
3. If F'is a diffeomorphism, then F) is an isomorphism.

Let (U, ) be a smooth chart on an n-manifold M, then ¢ is a diffeomorphism
between U and its range, hence, ¢, : T,M — T,,,)R" is an isomorphism, so as (¢7})..
T, R™ has a natural basis with the derivations 8/0z%|,¢),% = 1,2,...,n. Then

(¢™1), will take this basis to form a basis of T,M:

0 0
prd Rl (AN B
Oz P Oz ©(p)
which acts on f € C®(M) as
B 9 o Of .
| f=am] (Fow™)=2=09),
oz |, 92| ) Ox

where f and p are respectively the coordinate representations of f and p with respect
to the given chart.

Then any vector X € T, M can be uniquely written as a linear combination of the
basis

)
p

.0
X:;Xa{?
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which acts at a smooth function f € C®(M) as

Of
X5 =Y x'5L)

Here (X!, X?2,..., X"™) is the coordinate representation of X, which can be obtained
by
X' = X (),

where z° is the i-th coordinate function in C®.

Consider a smooth map F : U — V with U € R™ and V € R™, then F, is a linear
operator from an n-dimensional space to an m-dimensional space, which thus can be
represented by an m X n matrix. It can be shown that, this matrix is exactly the
Jacobian matriz of F at p, denoted by DF(p).

For a smooth map F' : M — N between two general manifolds, the matrix

representation can be obtained with respect to fixed charts.

Definition B.11 (Curve). Let M be a manifold, a curve in M is a continuous map
v:J = M, with J € R being an interval. If M is a smooth manifold, and v is a

smooth map, it is called a smooth curve.

Definition B.12 (Tangent Vector to a curve). Let v be a smooth curve in a smooth

manifold M, the tangent vector to v at to € J is

d
Fyl(tO) = Y« <% > € T’y(to)M-

It acts on a function f € C*°M as a derivation by

to

Yito)f = 2| (fom) = AL

7 (to)-

Let (U, ) be a smooth chart on M that contains v(¢5), then we can have

Y (to)f = (V) (to) 55
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where ~¢(t) is the i-th coordinate component of v(t), ((v*) (o), ..., (v") (t0)) is the
coordinate representation.

There exists close relations between tangent space and smooth curves.

Theorem B.1. Let M be a smooth manifold and p € M. Each X € T,M 1is the

tangent vector to some smooth curve in M.

For composite curve, we have

Let F : M — N be a smooth map, and v : J — M be a smooth curve in M, then
Fo~:J— N is a smooth curve in N. The tangent vector at t =ty to the composite
curve F o~ is given by

(F o) (to) = F(7/(to))- (B.1)

This proposition is often utilized to compute the push-forwards, as
F.X = (Fo7)(0), (B.2)

where ~ is some smooth curve whose tangent vector is X at ¢t = 0.

B.4 Vector Fields

Definition B.13 (Tangent bundle). The tangent bundle of a smooth manifold M,

denoted by TM, is the disjoint union of the tangent spaces at all points of M :

™ = | | T,M.

peM

Each element in TM is a pair (p, X) with X € T,M.

The tangle bundle has a natural projection map = : TM — M, which maps (p, X)

to p. The natural projection map is a smooth map.

Definition B.14 (Vector Field). A vector field is a continuous map Y : M — TM,
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usually written as p — Y, which satisfies
oY = Idyy.

In other words, it is a continuous map that maps each point p in M to a tangent
vector in the corresponding tangent space T, M.

If the map is smooth, it is called a smooth vector field.

Considering that each tangent vector is a derivation operator, then each vector
field is also a map that maps a real-valued smooth function to a real-valued smooth
function, by taking derivatives at each point in M using the corresponding tangent

vector.

B.5 Embedding and Submanifolds

Definition B.15 (Rank of Smooth Map). Let M and N be smooth manifolds, and
F: M — N be a smooth map. The rank of F at p € M is the rank of the linear
map Fi : T,M — TrgyN, which is just the rank of the Jacobian matriz DF(p) with
respect to any smooth chart.

If a smooth map F has the same rank k at every p € M, it is said to have a

constant rank k, denoted by rank(F') = k.

Definition B.16 (Submersion). A smooth map F : M — N s called a submersion

if F, is surjective at every point, i.e. rank(F') = dim N.

Definition B.17 (Immersion). A smooth map F : M — N is called an immersion

if F. is injective at every point, i.e. rank(F) = dim M.

Definition B.18 (Smooth Embedding). A smooth embedding is an immersion F :

M — N that is also a topological embedding, i.e. a homeomorphism onto its image

F(M)CN.

The inverse function theorem relates the rank of a smooth map to invertibility.
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Theorem B.2 (Inverse Function Theorem). Let M and N be smooth manifolds,
pE€ M, and F : M — N is a smooth map such that F, : T,M — Try) N is bijective,
i.e. DF(p) is of full rank, then there ezists connected neighborhoods Uy of p and Vj
of F(p) such that Fy, : Uy — Vo is a diffeomorphism.

As a consequence, we have the following theorem.

Theorem B.3 (Rank Theorem). Suppose M and N are two smooth manifolds, and
F: M — N is a smooth map with constant rank k. For each p € M, there exist

smooth coordinate charts (U, ) centered at p, and (V,1) such that
YoFopt(at,... o8 . 2™ = (z}...,2%,0,...,0).

Smooth submanifolds are modeled locally as embedding of R¥ into R™, identifying

R* with the subspace of R™ in form of

Definition B.19 (k-slice). If U is an open subset of R", a k-slice of U is any subset

in the form of

for some constants cFt

s, C
The definition can be easily extended to generic manifold. Let M be a smooth
n-manifold, and (U, ) be a smooth chart on M. A subset S C U is a k-slice of U if

o(S) is a k-slice of p(U).

Definition B.20 (Embedded Submanifold). A subset S C M is called an embedded

submanifold of dimension k, or embedded k-submanifold, if for each point p € S, there

exists a smooth chart (U, ) on M such that p € U and UN S is a k-slice of U.
Here, the chart (U, ) is called a slice chart for S in M.
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Let S be an embedded submanifold of M, then dim M — dim S is called the

codimension of S in M.

Embedded submanifolds and embedding have close relations.

Theorem B.4. The image of a smooth embedding is an embedded submanifold.
Conversely, let S be an embedded submanifold of M, it has a unique smooth struc-

ture such that the inclusion map S — M is a smooth embedding.

The tangent space to a submanifold is a subspace of the tangent space to the

ambient manifold.

Theorem B.5. Suppose S C M is an embedded submanifold and p € S. The tangent
space T,S is a subspace of T,M, and it is given by

T,S ={X € T,M : X f =0 whenever f € C®°(M) and f|s = 0}
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Appendix C

Affine Transformation Group

In geometry, an affine transform is a transformation which preserves straight lines
and ratios of distances between points lying on a straightline. Affine transforms are
one of the most important family of geometric transforms and have been extensively
studied. In this work, we derive the first family of geometric flows — the affine flows
by extending affine transforms into continuous transform processes. Moreover, one
can construct more complex flows, using affine flows as the basic building blocks.
This section provides a brief review of affine transforms, and discusses their Lie

algebraic representations.

C.1 The Affine Transformation Group

The affine transform can be defined in either an algebraic way or a geometric way.

Definition C.1 (Affine Transformation). In algebra, an affine transformation, or
called an affine map, between two vector spaces consists of a linear transformation
followed by a translation

Tx = Ax + t,

here, the affine transformation is characterized by the pair (A, t), where A represents
the linear transformation, while t represents the translation.

In geometry, an affine transformation is a map that preserves collinearity of points
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and ratios of distances between collinear points.

Affine transformation is not always invertible. An affine transformation (A, t) is
invertible if and only if the linear map A is invertible. In this notes, we only discuss
invertible affine transformations. Without explicit statement, an affine transformation

means an invertible one in the following text.

Definition C.2 (Affine Transformation Group). The set of all invertible affine trans-
formations for n-dimensional space form the affine transformation group, or called
Affine Group, denoted by Aff(n), with the group operations defined as follows. Let
Ty = (Aq,t1) and To = (Ag, t3) be two affine transforms, their composition acts on x

as

(T1 o} Tg)(x) = T1 (TQ(X)) = A1A2X + (tl -+ Altg).

Hence, the multiplication is defined as

(Aq,t1) - (Ao, ta) = (A1Ag, t; + Ajty).

In addition, the inverse of T = (A, t) is
T'= (A" —A71t).

The identity element of the group Aff(n) is the identity transform (I, 0).

It can be shown that the affine transformation group is a Lie group with the natural

topology of the Cartesian product space GL(n,R) x R”?. The affine transformation
group is not commutative.
Homogeneous coordinates and Matrix representation

Next, we discuss how an affine transform can be represented in a matrix form. An
affine transformation is generally not linear, and thus it cannot be directly represented

by a matrix.
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To derive the matrix representation of affine transforms, homogeneous coordinates

is introduced.

Definition C.3 (Homogeneous Coordinates). In an n-dimensional space, the homo-

geneous coordinate of a point X = (x1,Ta,...,x,)T is a vector of length n + 1, which

augments X with an extra one. In this notes, it is denoted by X, as
% = (z1,29,...,2,, 1),

Using homogeneous coordinates, the affine transformation defined above can be

written as
Tx A t| |x

1 0 1|1

Hence, the affine transformation (A, t) can be uniquely represented by the (n + 1) x

(n + 1) matrix . The matrix is invertible if and only if the transformation is
01

invertible.

With the matrix representation, we can formulate the application and composition
of affine transforms in form of matrix multiplication. What’s more important, the
matrices in the aforementioned form constitute a group, which is a Lie subgroup of
GL(n + 1,R). The affine transformation group Aff(n) is isomorphic to this matrix

Lie group. In the following discussion, we treat them as identical.

Lie algebraic representation

According to the theory of Lie group and Lie algebra, for each matrix Lie group,
there exists a corresponding Lie algebra. The Lie algebra of Aff(n), denoted by
aff(n), comprises all the matrices such that the induced one-parameter subgroups lie
in Aff(n), that is

X €aff(n) & VteR, ¥ c Aff(n).

Fi=o

Hence, Ze = X. As the bottom row of the matrix representation of affine

) dt

transforms are fixed, the bottom row of each matrix X € aff(n) must be an zero row
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vector. In addition, for each matrix in form of

Y u
X = ,
0 0
we have
Y u e¥Y o(Y)u
eX = exp = oY) (C.1)
0 0 0 1
Here, we have
e Yk—l
oY) =D —
k=1 ’

which converges for every Y. When Y is invertible,
e(Y)=(e¥ —D)Y =Y ¥ - 1).

Therefore, e®* € Aff(n). Hence, the Lie algebra aff(n) of Aff(n) consists of all
(n+1) x (n+ 1) consists of every matrix with zero bottom row. The dimensionality

of the Lie algebra aff(n) is equal to that of the Lie group Aff(n), which is
dim Aff(n) = dimaff(n) = n(n + 1). (C.2)

In particular, when n = 2 (i.e. for a two-dimensional space), the dimension is 6.

C.2 Factorization of the Affine Group

Next, we perform a complete analysis of the affine transform group, in order to
obtain a deeper understanding of its structure. The process would lead to a series of
important subgroups with interesting geometric and algebraic characteristics.

General linear group and translation group

First of all, the affine group Aff(n) can be factorized as the semidirect product between

the general linear group GL(n,R) and the translation group, which is isomorphic to
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(R™, +), as
Aff(n) = GL(n,R) x R", (C.3)

This equations suggests that each affine transformation is uniquely expressed as a
linear transform followed by a translation.
Particularly, the translation group consists of all translation transforms. Each trans-

lation is characterized by a translation vector t, and acts on a point x as
Tx =x+t.

The group product of translations t; and ts is t;+t5, and the inverse of the translation
t is —t. The identity element is given by 0. The translation group of an n-dimensional
vector space is an n-dimensional Lie group, which is commutative and isomorphic to
the additive group of real vector space (R", +).

The general linear group, denoted by GL(n, R), consists of all invertible real matri-
ces. GL(n,R) is an n?-dimensional Lie group. As a matrix Lie group, its Lie algebra,
denoted by gl(n,R), consists of all n x n matrices.

GL(n,R) is not connected, and comprises two components. The matrices in one
component have positive determinant, while those in the other component have neg-
ative determinant. The component of matrices with positive determinants in itself is
a Lie subgroup, denoted by GL*(n,R).

Specifically, given a particular axis b, the linear group GL(n,R) can be factorized

into a semidirect product as
GL(n,R) = GL*(n,R) x ({1, -1}, x), (C.4)

where ({1,—1}, X) is isomorphic to the reflection group, with 1 corresponding to
the identity map, while —1 corresponding to the reflection along the axis b. The
above equation essentially establishes an important fact: Given an axis, each linear
transform can be either a transform with positive determinant or a transform with

positive determinant followed by a reflection along the given azis.
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Special linear group and uniform scaling

Consider the determinant function det : GL*(n,R) — R* that maps each linear
transform matrix to its determinant value. It is not difficult to see that this function
is a group homomorphism. The kernel of the determinant function is what we call
the special linear group, while the induced quotient group is isomorphic to the mul-
tiplicative group of positive real numbers (R*, x), which is also isomorphic to the
group of uniform scaling.

This suggests that GL*(n,R) can be further decomposed into a direct product of

a special linear group SL(n,R) and a the group of uniform scaling, as

GL*(n,R) = SL(n, R) x (R*, x) (C.5)

The special linear group over the real number field, denoted by SL(n, R), consists
of all linear transforms with determinant one. All transforms in SL(n,R) are volume-
preserving. The dimension of SL(n,R) is n? — 1.

The uniform scaling group consists of all uniform scaling transforms. Each uni-

form scaling is characterized by a scaling factor s € R*, and acts on a point x as
Tx = sx.

The uniform scaling group is a one-dimensional Abelian group, which is naturally

isomorphic to the multiplicative group of positive real numbers. It is the normal

subgroup of GL*(n,R) and GL(n,R).

Orthogonal group and special orthogonal group

A subgroup of the general linear group deserves special attention, that is, the group of
transforms that preserve Euclidean distances, called orthogonal group. The orthogonal
group of n-dimensional space, denoted by O(n), is the group of all n x n orthogonal
matrices. A matrix A is said to be orthogonal, if A~ = AT j.e. ATA = AAT = 1.

The dimension of O(n) is n(n — 1)/2. The determinant of an orthogonal matrix
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can be either 1 or —1. Correspondingly, the orthogonal group has two connected
components, respectively contain the matrices of determinant 1 and —1. The com-
ponent corresponding to the determinant one is a Lie subgroup of O(n) of the same
dimension, called special orthogonal group, denoted by SO(n). In general, SO(n) is
not commutative, except when n =1 (in this case, it degenerates to the trivial group
1) and n = 2 (the 2D rotation group).

The transforms in O(n) preserve inner product, as

VR € O(n),vx,y € R", (x,y) = (Rx, Ry).

As an immediate corollary, they preserve Euclidean distance, as

VR € O(n),¥x,y € R", ||x — y|| = ||Rx — Ry]|.

Conversely, every linear transform that preserves distances is orthogonal. In this
sense, the orthogonal group can be defined as the group of all distance-preserving

linear transtorms.

Euclidean group

The transforms in translation group and orthogonal group, as well as their compo-
sitions are all distance-preserving, which together with their composite transforms
constitute the Fuclidean group.

The Euclidean group of an n-dimensional vector space, denoted by E(n), consists
of all distance-preserving affine transforms. Each affine transform in E(n) is given by
(R, t), in which R € O(n). The dimension of E(n) is n(n+1)/2. It can be factorized

as the semidirect product of the orthogonal group and the translation group.

E(n) = O(n) x R". (C.6)

In other words, each Euclidean transform can be uniquely expressed by an orthogonal

transform followed by a translation. Like GL(n,R), E(n) has two connected compo-
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E*=SOXT

GLf)dq
GL*'=SL><U.S.T\

(sL)

so=s}s./g

(so

Figure C-1: This graph illustrates the relations of subgroups of the Affine group. In
this graph, Aff represents Aff(n), Aff+ represents Aff*(n), GL represents GL(n,R),
GL+ represents GL™(n,R), 0 represents O(n), SO represents SO(n), D represents the
diagonal group, D+ represents the positive diagonal group, U.S. represents the uniform
scaling group, T represents the translation group, E represents E(n), E+ represents
E*(n). The arrows represent the sub-group relationship, while the symbol x in the
formulas represents the semidirect product factorization.
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nents, respectively corresponding to determinants 1 and —1. The component with

transforms of determinant one in itself is a group, denoted by E*(n), which has
E*(n) = SO(n) x R™. (C.7)

Figure C-1 shows the relations between the aforementioned subgroups and how

the affine group is factorized into semidirect product of subgroups.

C.3 Two-dimensional Affine Transforms

In this work, we particularly focuses on the geometric transforms on a two dimensional
space. Here, a detailed analysis is performed on the two-dimensional affine group and
its associated Lie algebra.

In a two-dimensional space, an affine transform is characterized by a 2 x 2 matrix
ain a2 . 131

A = and a translation vector t = . Let the transform T = (A,t)
Qo1 Q22 t2

send a point x = (z1,z2) to X' = (2], =), we have

A
Ty = a117 + a12T2 -+ tl,

IL"2 = Q91X1 + G99y + Ig.

All invertible 2D affine transforms constitute the 2D affine group, denoted Aff(2), of
dimension 6.
The Lie algebra of Aff(2), denoted aff(2), consists of all 3 x 3 matrices in the

following form

Y1 Y2 U
Y u

= (Y21 Y22 U2
0 0

0 0 0
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Evaluation of the exponentiation mapping

Let

Y u At
exp = , (C.8)
0 0 0 1

then the matrices are related as follows.

X Yk-1
A=¢¥Y and t=¢(Y)u= z u. (C.9)
k=1
In this above, ¢(Y) is related to eY as
e¥ =1+ (Y)Y =1+Yo(Y). (C.10)

To derive the method of evaluating ¢(Y), we first generalize ¢(-), getting a family
of functions {¢q) : M,(R) — GL(n,R)}, indexed by a nonnegative integer [ as

x Ykl
k=l '

It can be shown that for each [, this series is convergent. Obviously, when [ = 0, it is
the exponential mapping, when [ = 1, it is ¢(+) defined above. Moreover, the identity
in (C.10) can be generalized to

1

1
l'I + 80(l+1)(Y)Y = =1+ Y‘P(l+1)(Y) (C.12)

ep(Y) = =7

Especially, we have
O(Y) =14+ @) (Y)Y =1+ You (Y). (C.13)

When Y is a 2 x 2 matrix, the computation can be done as follows. If Y is

non-singular, then

e(Y)=Y ¥ -T) = (¥ —I)Y .. (C.14)
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When Y is singular, we can accomplish the computation as below

oY) = I+ ) (r(Y)) Y. (C.15)
with
—2(,r _ 1 _ T
Pe)(T) = T 1), s £ 0 . (C.16)
0.5, x=0.

C.4 Entries of the Lie algebraic representation

Here, we are going to investigate the meaning of each entry in the Lie algebraic
representation and study how they are related to the transforms. For the affine

transform T = eX, we write the Lie algebraic representation X as

Y11 Y12 W
Y u

X = = Y21 Y22 U2
0 0
0 0 0

Let E;; be a 3 x 3 matrix with the entry at the ¢-th row and j-th column being 1

and others being 0. Then, the canonical decomposition of X can be given by
X =yuEn + y12E1 + y21 Bt + y20Egg + w1 Eq3 + ugEos. (C.17)
Now, we examine these six components respectively.

Logarithm of scaling factors: y;; and ¥,

eyll 0 0
T e¥ily,
explyuEw) =0 1 0f: e
To Lo
0 01
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1 0 O
T 1

exp(y2eEo) = [0 e¥22 0] : —
To ey22x2
0 0 1

Hence, the transforms corresponding to y11E1; and y22Eqy are the scalings respectively
along x-axis and y-axis, by factors e¥'! and e¥22. In this sense, y;1 and y92 encode the

logarithm of scale factors along x-axis and y-axis.

Shearing coefficients: y;» and ys;

Ly 0| 7 ¢ :

Ty Z1 + Y1222
exp(yeE12) =10 1 0]: —
iy To
o0 1] Lt L :
1 00 -1 T -
I 1
exp(yo1E2) = |yn 1 0} : —
To T2 + Y2121
o o1 4 L -

Hence, the transforms corresponding to y;2E1s and yo; E9; are the shearing transforms
respectively parallel to x-axis and y-axis, with coefficients ¥ and yo;. In this sense,

y12 and yo; encode the shearing coefficients parallel to x-axis and y-axis.

Translation displacement: u; and u,

1 0 U1
T Ty + Uy
exp(wiE;3) = [0 1 0] -
D) T2
0 0 1
1 0 0
xr T
exp(ugEq3) = |0 1 Ug | * ' — '
T T + Ug
0 0 1

Hence, the transforms corresponding to u;Ej3 and usEs; are translations along x-

direction and y-direction respectively, and u;, us encode the amount of displacement.
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When X is a combination of multiple components, transforms of different types
will be interleaved together to form the compound transform. In this process, the

meaning of the individual elements will not be exactly what has been described above.

C.5 Important Subgroups of the 2D Affine Group

Now, we study the algebraic characteristics of several important geometric transforms.

Translation
Translation is moving points along some direction by a constant distance. It is char-
acterized by the translation vector t = (t;,%3)7, and can be expressed by

I T + tl
I d

T T + tg
Here, t; and ty respectively represent the displacement along two axes. All transla-
tions form a subgroup of Aff(2), in which, the composition of two translations t; and
to is t; + to, and the inverse of the translation t is —t. This group is an Abelian

group isomorphic to (R?, +).

The matrix representation of the translation t is T = . It is Lie algebraic
01
o 0t :
representation is X = . T has a three-folded eigenvalue 1, and X has a
00

three-folded eigenvalue 0. When t # 0, both T and X are not diagonalizable, as the
dimension of eigenspace is 2. Translation is isometric, and except for the identity
map, translation has no invariant point.

Rotation

Rotation is moving points around the origin in a circular manner, keeping the distance

from each point to the origin unchanged. It is characterized by the rotation radian
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6, and can be expressed by

x1 21 cosf — xysinf
H
T2 21 8in 0 + x5 cos

All rotations form a subgroup of GL(2,R), in which the composition of two rotations
with radians 6; and 6 results in the rotation with radian 8; + 6,, and the inverse of
the rotation with radian 6 is the one with radian —. Its dimension is 1.

This group is actually the two-dimensional special orthogonal group SL(2,R). It
is Abelian and is isomorphic to the circle group i.e. the group consisting of unitary
complex numbers under multiplication.

The matrix representation of the rotation with radian 6 is given by (R(6), 0), with

cosf —sinfd ) . i ) 0 -6
R(6) = . The Lie algebraic representation of R(6) is Y =
sin@ cos@ g 0
The eigenvalues of Y are A\ = =£ifl, corresponding to eigenvectors 1, F4]7.

Hence, the eigenvalues of R(f) are e = cosf + isinf, with the same eigenvalues.

Rotation is isometric, and has an invariant point at origin.

Scaling

Scaling is to enlarge or diminish an object, keeping the angle with respect to axes. It
is characterized by the scaling coefficients along axes (s;, s5) where s; > 0 and s, > 0,

and can be expressed by

x1 $1T1
—

T2 S22

All scaling form a subgroup of GL(2,R), in which the composition of two scaling
transforms (si, s2) and (s}, s5) results in the scaling transform (s, 8}, sos5). The inverse
of scaling (s1, s2) is (1/s1,1/5ss).

The scaling group is a 2-dimensional Abelian group, which is naturally isomorphic
to (R, x)2.

When s; = s;, the scaling is called uniform scaling. All uniform scalings form a
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subgroup of the scaling group of dimension 1. Obviously, it is also Abelian, and it is
isomorphic to (R*, x).
The matrix representation of the scaling (s1,s2) is given by (S,0), with S =

s1 0 o . . logsy 0
, and its Lie algebraic representation is Y =
0 s 0 log s

When s; # sz, S has two non-zero eigenvalues s; and s, with eigenvectors [1,0]7
and [0, 1]7 respectively. And Y has two eigenvalues logs; and log s with the same
eigenvectors. When s; = s3 = s (the case of uniform scaling), S has a two-folded
eigenvalue s which corresponds to the eigenspace R?, and Y also has a two-folded

eigenvalue log s with the eigenspace being RZ.

Shearing

Shearing is fixing all points on one axis and shifting other points parallel to the
axis by a distance proportional to their perpendicular distance from the axis. It is
characterized by a shearing coefficient «.

The shearing parallel to x-axis with coefficient « is expressed by

1 T + axy
|_>

L2 T2
While the shearing parallel to y-axis is expressed by

Z1 T
—

Zo 9 + oxy
All shearing parallel to the x-axis form a subgroup of GL(2,R), in which the
composition of shearing transforms with coefficients «; and as results in the shearing
with coefficient a1 +a9. The inverse of the shearing of coefficient « is that of coefficient
—a. It is a one-dimensional Abelian group, isomorphic to (R, +).

The matrix representation of the shearing along x-axis with coefficient « is given

1 «a 0 «a
by (A,0), with A = . Its Lie Algebraic representation is Y = .
0 1 0 0
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A has a three-folded eigenvalue 1, while Y has a three-folded eigenvalue 0. When
a # 0, both A and Y are not diagonalizable, as the dimension of the eigenspace is 1

with basis [1,0]7. The shearing parallel to the y-axis has similar properties.

To sum up, all subgroups discussed above are Abelian groups. Except for scaling,
others are volume-preserving. The translations and rotations are further distance-
preserving. Actually, the Euclidean group in 2D space with positive determinant

E*(2) is the semidirect product of the rotation group and the translation group.
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