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CHAPTER ONE

Overview



An important job of a statistician is to summarize data. To this end, many statistical
methods were developed in the 18th century, when mathematicians like Laplace and
Gaussian introduced the least square method and the least absolute value regression.
These “classical” statistical tools become the foundation of modern statistics, even
though people was only able to deal with a very small amount of data. Then, in the
early 20th century, computers were invented and these once considered “impractical”
methods finally shined. However, as computer technology advanced, it brought more
challenges. For example, as data being digitized, we started to consider the most
efficient way to store and transmit them. In 1940s, Claude Shannon published topics
about data compression and entropy. The idea of compression is to use probabilities
to “filter out” the unnecessary information in the data. Just like many statistical
tools—it summarizes the data. A related field is called the “lossless compression,”
which compresses the data in a way that people can even reconstruct the original data
from the summarized information. Another example is a field called data clustering,
which emerged with the increasing amount of data. In 1950s, K-means algorithm
was invented to cluster, or say, to summarize, data points into several representative
points. About the same time, people started to realize that some problems cannot
be solved with polynomial computational time, like the problem of minimizing the
loss function of K-means. These are called NP-hard problems, where it might need
another technology revolution to deal with. We look into these two old topics, data

compression and data clustering, in this thesis, and gives some new ideas upon it.

In Chapter 2, we will examine theories behind lossless image compression algo-
rithms. It is surprising that people didn’t explore the theories of image compression
a lot. There were many literature in information theory, but only a few of them were

applied for describing information on images. In this chapter we will try to be as



self-contained as possible so that people who have some knowledge in probability the-
ory should be able to appreciate it. We will expand existing theories for information
on images, and come up with an optimal compression algorithm from it. Just like
those statisticians invented the classical methods far before computers, the algorithm
is very impractical in view of modern computers. However, during experiments we
see that it triumphs a state of the art image compression scheme and we can further
push our algorithm more to achieve the theoretical optimal compression rate of an

image.

In Chapter 3, we generalize the loss function of K-means to hyperplanes, where
it was defined on points. The problem is still NP-hard and the original K-means
algorithm is inapt for this generalization, since it gets stuck on local optima easily.
The data concerned require rotation equivariant methods to summarize it, rendering
most regression methods useless. We utilize a concave distance function, called the
sparse distance, who helps us gain huge robustness. One will see the effect of using
such a distance, where it successfully summarizes the data with high amount of noise
and outliers. Moreover, the sparse distance makes the solution of our loss function
“interpolating”—an important properties to allow us to solve the minimizer. While it
is still difficult to solve if there are many inherent clusters, we designed a well-suited

algorithm that can approximate the exact solution very well.
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Entropy Rate on Images



Figure 2.1.1: A typical context for 3 x 5 black-and-white image patch, where y €
{0,1,---,255} is the value of a target pixel, and its context value is represented as
(11,29, ,212) € {0,1,--+,255}12.

2.1 Introduction

After the arithmetic coding was invented, most research on lossless compression al-
gorithms focus on building models. Most of the image compression algorithms, and
most successful ones, fall into the category of predictive context modeling, which build
a statistical model on the value of a target pixel given the surrounding pixels, or say,
the context. A better prediction of target pixels from their context rendering a better
compression rate. One of the hardest problem on image compression is the unman-
ageable number of contexts. For example, in a typical context in a small 3 x 5 image
patches as shown in Figure 2.1.1 , where each pixel has 256 depth of intensities will
result in 2562 of possible contexts. This size grow fast when one consider a larger
sized context. Of course, most of them are not seen in images, and lots of them are
similar to each other. To find suitable and representative contexts is a generally done

by data clustering.

Here are some successful algorithms that use predictive context modeling. A
Famous algorithm LOCO-I/Jpeg-LS[25] uses a very simple predictor with different

residual models on several clusters of contexts. The advantage of it is the minimum



memory and computation resources requirement. CALIC [41] algorithm uses a simple
predictor and ideas such as the error feedback to better classifying contexts. It’s a
successful image compression and usually has 0.5 to 1 less bits per pixel ! than that
of LOCQO. Practically, most of the time CALIC is among the best when comparing
different compression schemes. The reason it is not as widely-used as LOCO-I is the
requirement of relatively expensive computation resources. There are some compres-
sion scheme that is comparable to the results of CALIC. For example, TMW [29]
introduces multiple linear predictors and utilize the idea of blending on different class
of context. Another example is Golchin et. al. [15] who build several linear predictors
and assigns blocks of images into its best predictor. While these algorithm uses local
information, there are also attempts of using global attributes of image, [35] using
segmentation method to reduce the number of the contexts to area like edges and

smooth textures in the image.

These algorithms achieve some success on practical end, and often time the best
and the second best have marginal differences of compression rates. However, theo-
retical supports are rarely found. One of the algorithm that has theoretical backup
is called the universal modeling, which is a variation of the Ziv-Lemple coding. The
core of this algorithm is to exploit repetitions of the context inside of the source, and
build an empirical distribution on that. The application of the universal modeling
on image compression can be found in [26]. Due to the nature of huge amount of
contexts in images, its not easy to find similar patches on sources with small size. The

result is often poor and cannot compete to some of the best compression schemes,

like CALIC.

Lthe average number of bits required to code an image




The motivation of this article is to get some idea about how much room was left
for improvement in lossless compression. Thus, we look for the notion of “minimum
coding rate” in the literature, the most related article is written by Ornstein and Weiss
[34], where it extends the Shannon-McMillian-Breimen theorem on higher dimensions.
It indicates, under stationary and ergodic condition, the minimum coding rate (or
say, bits per pixel) for an image ? will converge to a constant, which happens to
be the entropy rate. However, it is hard to believe that all images have the same
theoretical minimum bits per pixel. We often see the compression results differ from
one another. For example, the image with higher amount of noise will require higher
amount of bits to code it, since there is more “surprises” in the image. So what is
going wrong with the theory and the real world? Apparently, the theory is valid and
the stationary condition is very nature. The inconsistency, we believe, is due to the
ergodic assumption. In Section 2.2 we will eventually drop the ergodic condition, and
the minimum coding rate, under the stationary condition, converged® to a random
variable depends on the image it self. Furthermore, the random variable can be

characterized with an ergodic components of the underlying stationary probability.

So, we have the idea of the theoretical bound for every image; the next step to to
understand how the state of the art lossless image compression algorithm performed.
Specifically, we aim at predicative context modeling. In Section 2.3 we give a theoret-
ical result for predictive context modeling method. With only stationary condition
and some small assumptions, the coding rate, when the context size grows, will con-

verge to the minimum bits per pixel for every image, as we mentioned in the previous

2The “image” refers to an infinite sized image. Mathematically speaking, an image is considered
as a finite alphabets sequence with Z? indices.

3The convergence is in the sense of “almost everywhere,” means it converges for almost all images
except those have probability 0.



paragraph. In the end of this section, we will mention about an idea to utilize the
theorem we got, to build an algorithm that can be “push to the limit,” i.e. achieve

the minimum coding rate.

The algorithm we built to test the idea is described in Section 2.4, where we call
it the comparison-based image compression algorithm (CBIC). The key idea is to use
an empirical distribution from external source. With the property that a empirical
distribution will converge to the true one with larger amount external library* and
larger context, we can have the proposed algorithm converged to the true entropy, or
say, the minimum bits per pixel. Through experiments we see that it is able to defeat
most of the state of the art algorithms, as we would expect. Note that CBIC is not a
practical compression algorithm, since it requires lots of memory usage and expensive
computation resources. However, the ability to scale up and provably optimal make
it possible to examine the best algorithm we have so far. We think that our result
suggests that there is very little room left for compression algorithms, since we only
do a tiny bit better than theirs and the fact that the gain becomes marginal when we

scale up the context size.

This article is arranged as follows: Section 2.2 aims on the theory behind the min-
imum coding rate of an image. In the end of the section, we proved that, under the
stationary condition, the minimum coding rate of an image converge to the entropy

rate of the ergodic component with respect to the image. Section 2.3 gives theoretical

4The use of the external library for compression can be found in the lossy compression schemes.
Algorithms like VQ, the vector quantization [30], codes blocks of images into indices of library. Their
work includes reducing the redundancy and dependency of the library so as to minimize the size
of the library to gain a better compression ratio. However, in our algorithm, the redundancy of
the library is one of the important elements, which forms a nice statistical property for empirical
distributions.



background of image compression algorithms with predictive context modeling. Sec-
tion 2.4 introduce CBIC, which is able to scale up the context size so as to achieve the
optimal coding rate. It helps examine the performance of some existing algorithms

like JPEG-LS and CALIC.
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2.2 The Entropy of Images

In this section, we would like to give a theoretical background of the optimal com-
pression rate. There are abundant theories on the entropy rate on 1D sequence space,
see [17, 16]. To extend them to images, i.e. 2D lattice, is rarely seen in the literature.
Although they have many similarities, it is not clear that we can directly extend the
1D result. We aimed to fill this void and give a better understanding of the the-
ory behind image compression algorithms. In this section, most of theories will be

extended from that of 1D, follows the idea of Gray’s book [16, 17].

Before we describe the theoretical result, we will give several definitions. We first
define a probability space on Z*lattice, say (92, F, P). Let X be the finite space
of pixel values, for example, X = {0,1,---,255}, which are possible intensities in
a pixel. Define Q £ X% and F £ 0({XA£},1€NUO75622), a o-algebra generated by

. A L
generating set C = {x** },.cnuo.¢ez2, Where

A, = {(i,j) € Z*| —n <i,j <n}and

ACEN, 40,

which is an (2n + 1) x (2n + 1) square lattices of Z? centered at ¢, for £ € Z*. A,, is
shown in Figure 2.2.1. Note that A, C A, with U,A,, = Z%. We then define P to
be a probability measure on (£, F). For any w € €, define the the transformation,
T :Q — Qfor ¢ € 72 as

(TEW )z = Wp+i

for w € Q, £,i € Z2. Also, we define Xy(w) = X (w) £ wp, Xo(w) £ X (T w) = wy, and
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X4 2 wy for any £ € Z% and A C Z%. We call that (Q, F, P,7) a dynamical system,

where T = {T%}ycz2.

We will use the notation
(< b) £ {a € Z*|a < b}

for b € 72, where “<” is the lexicographic order on Z2. That is, a < b if and only if

either a; < by or a3 = by, as < bs.

The entropy of a random variable Y is defined as Hp(Y) £ Ep(—log P(Y)), and

the entropy rate is defined as:

1
hp & lim ——Hp(Xy,) (2.2.1)

with | A| being the number of elements in A for A C Q. Here we have [A,,| = (2n+1)%
We sometimes omit subscript of A and H if the underlying probability is obvious. The

logarithms throughout the article are based on 2.

(-n,-n) | ... (-n,n)

(0,0)

A
N,

(n,-n) | ... (n,n)

Figure 2.2.1: A,, on Z? plane, note that the coordinator we use is different from
Cartesian coordinator system.
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Another similar definition is the ideal coding rate, which describes the coding rate

when image size A,, is large:

L —log P(X,, )

: (2.2.2)

given w € ). Note that we haven’t established whether the entropy rate or the
coding rate are existed yet. The necessary condition for their existence will be proved

in Subsection 2.2.1.

Subsection 2.2.1 describes the theorem saying that the coding rate is actually the
entropy rate under stationary and ergodic conditions. Subsection 2.2.2 depicts the
entropy rate under stationary condition, in particular, we can view the entropy rate
as the conditional entropy given infinitely many history, which will be described in
Corollary 2.2.4. Subsection 2.2.3 gives a solid background (which is hard to find in
literature) of the ergodic decomposition for 2D lattice, which is essential after we
drop the ergodic condition. Subsection 2.2.4 defines the Markov approximation on
2D, and discusses some related properties of it. The Markov approximation, P™ for

m € N, will have the following property

P™(Xa,) = I P(Xe|Xpera,)
tehn

for B!, C Q, is the m'™ order history for location ¢ € Z2, depicted in Figure 2.2.2.
The Markov approximation is an important idea in practical compression scheme
where it uses local information approaching the global one. Note that the coding
rate (Equation 2.2.2) is defined on the global information. Subsection 2.2.5 proves

the the Theorem 2.2.34, which generalizes Shannon-McMillian-Breimen theorem on
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(-m-m)| . |(-m,0) ‘l \(-m,m)
|

(-1,-m) | - Tn l(-l.m)
|

(0-m) | (0,0) \

Figure 2.2.2: BY on Z? plane.

2D non-ergodic source. Briefly speaking, given an w € 2 the coding rate with proba-
bility P will be the entropy rate of P’s ergodic components with respect to w, which

corresponds to the lowest possible compression rate of an image.

2.2.1 Coding Rate on a Stationary and Ergodic Source

First let’s introduce the following assumptions:

1. (Stationary condition) A dynamical system (£, F’, u,S) is stationary if the
underlying probability measure, u, is stationary. ie. wu(F) = u(S™'F) for
FeFand Ses§.

2. (Ergodic condition) A dynamical system (@', F', u, S) is ergodic if u(A) € {0,1}
for A € Zs, the class of S-invariant sets®. i.e. Zg = {A € F|S7!A = A} for
SeS.

Remark. The reader might wondering why we use S~! in the definition instead of
simply S. This is because, for example, in space (', F’), given F' € F' and S is

a transformation, SF = {w : w € SF} = {w : S7'w € F}, and S™'w might not

®The class of S invariance sets is actually a o-algebra. See Ch. 6 of [13].
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be well-defined when Q' = y{%12} and S is the left shift: (Sw); = w;1. However,
if (' = x% then S~'w is well-defined and the stationary condition can be written
as P(F) = P(SF) in this case. Of course, in our setting © = Y% we can use
P(F) = P(TF) for all T € T and F € F as the definition of P being stationary

without trouble.

Note that we sometimes say a sequence of random variable is stationary or ergodic

means the underlying dynamical system is.

If the dynamical system is 1D (i.e. when €' = X%), and has these two conditions,
both entropy rate and coding rate are existed and they agree to each other. This result
is well-known in 1D setup, which was originally proved by Breiman [6]. Fortunately,
with similar arguments, we can establish them in 2D (ie. = X Z* as our original

definition of ), which will be described in the rest of this subsection.

For the existence of coding rate in 2D, an important result is done by Ornstein
and Weiss [34] and Lindenstrauss [24], who proved the Shannon-McMillan-Breiman
theorem (SMB) for d-dimensional lattice for stationary ergodic sequences (another
more comprehensive and easier to understand reference is [37]). More exactly, if
we assume {Xj}iezz is an ergodic and stationary sequence on (2, F, P, T), then for
almost every w, we have the coding rate

iy 108 P(Xa,)

Jim ™ exist and constant a.e. (2.2.3)



15

In other words,

1
lim ———— log P(X,| X exist and constant a.e. 2.2.4
Jim. (2n+1)2£§n g P(Xe|X(<pna,) (2.2.4)

One can see that the coding rate is actually the compression rate for infinite-sized
image using the correct underlying probability, which is assumed to be stationary
and ergodic. In other words, the coding rate is the best compression rate we can
achieve for an infinite-sized image from a stationary ergodic source. Note that we
will later show that the convergence is actually the limit value of the entropy rate,
hp. This conclusion can be shown with uniformly integrability. The next lemma,
which is modified from Billingsley [3] who proved it in 1D, demonstrates this in our

2D setup.

Lemma 2.2.1. Let g, = %&XW, then {gn tnen is uniformly integrable.

Proof. Let a, = |A,|. Given w € Q, if g,(w) € [k,k + 1), we have P(w,,) €

(2(7l<371)an ’ 27k:an] , SO

/ gndP < (k+1)P(gn € [k, k+1))

gn€lk,k+1)
g (k + 1)P(w : P(wAn) c (2(_]?—1)(171’ 2—kan])
< (kA 1)27 ke o
< (k + 1)2 kantan log x|

= (k+ 1)2*an(k*10g\x|).
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Thus
AP = / WP
/gn>kg ; gn€lk+ik+i+1) g
< Z(k 47+ 1)6—(k+i—10g|x|)an’
i=1
which converges to 0 as kK — oo. [

This leads to the following corollary.

Corollary 2.2.2. Under the stationary and ergodic conditions, the entropy rate

hp,exist, and is the same as the coding rate a.e., i.e.

1 o —log P(X,,)
g (X, = i 8 TR

Proof. Let g, be defined as in Lemma 2.2.1. Since we have g, converges a.e. to a
constant, say h (Equation 2.2.3) and g, € L'(P) is uniformly integrable, the theory

about uniform integrability tell us:

h o= E(h)

= E(lim g,)

n—oo

= lim E(g,)

n—oo

1
= lim E(—log P(Xy,))

n—oo

- hp.



17

2.2.2 Entropy Rate on a Stationary Source

Here we want to show that if the dynamic system is stationary, b £ lim,,_,o WH (Xa,)

exists and equals to H(Xo|X (<o), where
H(Xo|X(<0)) £ lim H(Xo|X(<o)n,)-

Note that it always exists since {H(Xo|X(<0)na,)}nen is a decreasing non-negative
sequence in R. We assume that {X;};cz2 is a stationary but not necessary a ergodic

sequence.

First, note that we can calculate H(X}, ) as follows:

H(Xy,) = > H(X|X <o)
lehy

The following lemma prepare the way to prove hp = H(Xo|X(<0))-

Lemma 2.2.3. Under stationary condition, we have H(X¢|X<pna,) 4 H(Xo|X(<0))

as n — Q.

Proof. Since{H (Xo|X(<0)na, ) }nen is a decreasing non-negative sequence in R, and

H(X| X<pnn,) + H(X|X<p)

= H(Xo|X(<0))
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for all ¢ € Z?*, where the last equation is because of the stationary condition. O]
2n+1
|
S -
2n+1 —
Zy'
A

Figure 2.2.3: The plot of Z™ on Z2.

Corollary 2.2.4. Under the stationary assumption, the entropy rate, defined as

1
lim — H(X4,)

n%w‘AM

exists and equals H(Xo|X (<))

Proof. Let = H(Xo|X(<0)). First note that it is easy to see that lim,, \T1,1|H(XAn) >

lAz, since for all n € N:

1
H(Xx,) = > H(Xi X (<oman)

|Anl X,

1
] 2y o)
n e n

H(XolX o)
&, 2 &l

>

stationary

So the rest is to prove lim,,_ . ‘Tln|H<XAn) < h. Because of Lemma 2.2.3, given an
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arbitrary € > 0, there is an M € N s.t. for all m > M, H(Xo|X<o)na,.) — h < e. Set
zm 2 {0 € \,|B, C A}, where B, = BY + ¢, BY = (< 0) N A,, for £ € Z* (Figure

2.2.2 and Figure 2.2.3 depict BY and Z™, respectively). Calculate

1 1
A H(Xy,) = A > H(Xo| X (<o)
Ay |Anl ex,
1
= [ HXX(<omn) + D H(Xe| X<pran)]
A
nlotezm LeAN\ZIT
1
< |A\[Z H(X| Xpe )+ Y, H(Xo|X(<pnan)
nl tezm LeA\ZIT
1
= |A|[Z H(Xo|Xpo)+ >, H(Xi|X<pnnm)]
nl gezm LeAN\Z

because of stationary condition. Note there |Z"| = (2n+1—m)(2n + 1 — 2m) and

all the term in the summation are uniformly bounded. So

) 1
lim mH(XAn) < H(Xo|Xp)
< h+e
Since € is arbitrary, we have lim;, o0 7 —H (X A,) < h. O

Thus, if we allow ergodic assumption, we can combine this with Corollary 2.2.2

to get:

Corollary 2.2.5. Under the stationary and ergodic assumptions, the entropy rate, h,

exist and can be view as lim,,_, ‘A—lTL'H(XAn), H(Xo| X (<)) sor limy,_,q %}L‘X"").

Remark. Note that this is the Shannon-McMillian-Breiman theorem on 2D-lattice

version.
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2.2.3 Ergodic Theory on Images

When looking at Corollary 2.2.5, it is nature to ask a question: What happens if
one drops the ergodic assumption? To answer this, one has to understand the er-
godic decomposition of a stationary probability. Briefly speaking, the entropy rate
lim,, o0 ﬁH(XAn) or H(Xo|X (<)) will still converge, due to Corollary 2.2.4, but the

convergence will be the mixture of entropy of ergodic components. We will see that in

—log P(Xp,, (w))

Theorem 2.2.20. And the coding rate lim,, ]

will still converge a.s., but
the convergence will be a random variable depending on which ergodic component the
w belongs to. This part will be proved in Theorem 2.2.34. Before proving these the-
orems, one needs to make sure that some famous ergodic theorems for 1D sequences
is valid for generalizing to 2D images. Subsection 2.2.3.1 introduces Birkhoff ergodic
theorem on 2D, which says

li L
m ——-
n—»00 |An| /

S [(T') = Ep(f]T) P-ac,

eAn

for Z = Ir is the T-invariant o-algebra®. In Subsection 2.2.3.2, we generalize the
ergodic decomposition theorem to 2D, which basically says that every stationary
distribution can be decomposed as mixture of ergodic stationary distributions. In the
end of this section, Subsection 2.2.3.3 states that the entropy rate can be thought to be
a mixture of entropies of ergodic components, which is relatively easy to generalized

from 1D setup.

6Remember that T = {T*},cze.
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2.2.3.1 Birkhoff Ergodic Theorem on Images

Let’s first introduce the pointwise ergodic theorem on Z?2 lattice. It is well-known
that in 1D sequence: For f € L'(u) and p is a stationary probability on 1D sequence

with respect to a transformation S, we have

1 n—1

Jm = 3 f(5'w) = Bu(f|Ts) p - ace.
=0

where Zg is an S-invariant o-algebra (see [13]). A similar statement is valid in 2D,
which can be found in [31]: for any f € L'(P),

li !
1m ——-
n—00 |An|

> [(T'w) = Ep(f|T) P-ace, (2.2.5)

leNy

where Z = Z7 is the T-invariant c-algebra. i.e. the class of T invariant events,
T2 {B e F|T'B = B} for any ¢ € Z*. However, the explanation of this statement
is hard to find (in [31], it is quoted from [33], where it might need more mathematical
background to see it). The reader can assume this is right and proceed to the next
subsection. For those who are interested about this, we would like to give a complete

explanation to it. In the following content we assume a stationary dynamical system

(2, F, P,T) as we had on Z? lattice defined in the beginning Section 2.2.

First let’s introduce the special averaging sequence defined in [32].

Definition 2.2.6. (Special averaging sequence) {A, }.en is a special averaging se-

quence on group G = (', o) if:

(a) lim |(gA,)AA,|/|A.] =0 for all g € G,
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(b) A1CA2C---,and

(c) |A 1A, < M -|A,]| for some constant M and for all n.

The symbol “A” is the symmetric difference of two sets and AB = {aob:a €
A,b € B}. Apparently, {A,}.en is a special averaging sequence on group (Z?, +).
Another example is { By, }men, defined as A, N (< 0), (we sometimes denoted as BY)
which is shown in Figure 2.2.2. Note that the sequence that just run on one direction,
e.g.. {(0,1) € Z* : i < n}pen, is not a special averaging sequence on (Z? +) as it
fails on (a) with ¢ = (1,0). With the fact that (Z* +) is an amenable group, we
have the following theorem as shown in [32]. (Note that we assume P is a stationary

distribution.)
Theorem 2.2.7. If {A,} is a special averaging sequence on (Z?,+), then for any

feL'(P),

> f(T'w) = f(w)

€A,

li !
1m
n—00 ‘An| '

exist for P-a.e. w € Q and is a T -invariant function, i.e. for any T € T, f*(Tw) =

f*(w) for P-a.e. we Q.

We would like to characterize f* by saying f* = E(f|Z), where Z is the o-field
of T-invariant events. We will prove it with uniform integrable property in Theorem

2.2.10. Let’s first prepares it with following two lemmas.

Lemma 2.2.8. For any f € L'(P) and any transformation S = T*, { € Z*, we have
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Proof. We know that if f is an indicator function on €2, say 14, A € F, we have

E(14(5)) = P(S7'4)

= P(A) = E(la(w)).

So the equation is true for indicator function. Thus, the result is true when f is a

simple function (finite linear combination of indicator functions).

Assume f > 0. Since there is a sequence of simple functions {f, }nen, sit. fn T f

a.e. as n — 0o, we have

[ = [l nse)
MCT  lim [ fu(Sw).

(MCT stands for the monotone converge theorem.) Thus, the equation is true for
f > 0. We can now finish the proof by writing f = f* — f~, where f* and f* are

both non-negative functions. O]

Lemma 2.2.9. If {A,} is a special averaging sequence on Z2, then for any [ €

LY, F, P), the sequence {gn }nen defined as

A E
a3

s uniformly integrable.



24

Proof. First, set [|f|dP = M < oo, then calculate

[lgalaP < |A|M/|fﬂ )ldP(w)
= a2 J1reldre

|A|z
M.

Thus g, is uniformly L'-bounded.

Second, for any E € F, calculate

[lal < |AUE/W
= |Am§n | 1)l

We know that since f € L', for any € > 0, there is a § > 0, s.t. for any event £’ € F
with P(E') < 9, we have

[ < e

Note that because of stationary, P(E) = P(T~‘E) for any ¢ € A,. Thus, for any

€ > 0, there is a 0 > 0, s.t. for any event E € F with P(E) < §, we have

/ |g’ﬂ| < 67
E

and is independent of n. O

Now we have prepared to characterize the convergence, f*, in Theorem 2.2.7.



25

Theorem 2.2.10. For f € L'(P), we have f*(w) = E(f|Z)(w) P-a.e, where I is the

o-field of T -invariant events.

Proof. We need to show that:

(a) freT.

(b) Forany B€Z, [ f*= [z f.

Note that (a) is satisfied because f* is T-invariant function. As for the property

(b), given any B € Z, calculate

nlleAy,
wi.  lim E( > f(TH1p)
- e |An| LeA,
lim Y E(f(T")1p)
n—00 |An’ ‘oA

(u.i means uniformly integrable.) And calculate

B(f(TY1s) = [ f(T'w)dPw)
= [, fwarw)
Bel /Bf(w)dP(w)

= E(flp).

So, we have proved (b). O
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Thus we have proved Equation 2.2.5 on more general averaging sequence case.
Note that E(f|Z) doesn’t depend on the choice of the averaging set{ A, }, means that

the limit of ﬁ Srea, f(TY) is the same for any averaging sequence {4, }.

2.2.3.2 Ergodic Decomposition on Images

The main purpose of this subsection is to provide a theoretical background on ergodic
decomposition for Z? lattice. Again, we assume our dynamic system (2, F, T, P) on
72 is stationary. To have a little understand of the ergodic decomposition theorem,

the most simple form of the theorem is

P(F) = [ Pi(F)dQ,(9)

for F € F, where Ps is a (stationary and ergodic) measure on (2, F), Qu() =
P(¢p71(+)) is a measure on the measures of (€, F), and v is the ergodic component
function that assigns w € §2 to its ergodic component 1,,, a stationary ergodic prob-
ability on (€2, F). As one can see, the stationary probability P is decomposed to
ergodic components {Pj}scy(q). Furthermore, the probability distribution ),,(-) can

be characterized as P(-|[¢))(w). Let’s give an simple example to describe this:
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Example. Set ) = {wm,wlo, wom,wom,wloo}, where

wor ={0,1,0,1,---};
wi ={1,0,1,0,---};
woo1 = {0,0,1,0,0,1,---};
wo0 = {0,0,1,0,0,1,--- };

w100 = {1707()’170707"'}'

Define 7/ = 2% and p(w) £ 1Py (w) + 1Py (w), where

1

Py (w) = 5]1{(001,&210}(“})7 and
1

PQ(W) = g]l{w00170-)0107w001}(w)7

where [ is an indicator function. Define the Transformation S as (Sw); = wj1.

In this example we have a non-ergodic stationary dynamical system (Q', ', u, S).
One can verify it is not ergodic by the following fact: Set A = {wig,wp}, then
A € Ig, the T'-invariant o-algebra., and we have p(A4) = 3 ¢ {0,1}. On the other
hand, (', F',u,S) is an ergodic and stationary system for either ¢ = 1,2. In this
case, (1 can be decomposed to Py, P, the ergodic components. One can also see the
ergodic component function ¢, for p can be defined as ¢, (w) = P; if w € {wo1, w10}

and wu(w) = P2 ifwe {wOOl,leo,wal}.

The verification of the ergodic decomposition theorem for 2D is similar to that in
1D. However, it is hard to find literature for this. To prove the ergodic decomposi-

tion theorem on images, we will follow the idea of Ch.8 of Gray’s book [16], where
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everything is proved for 1D and asymptotic mean stationary (AMS) case, which is
a weaker form of stationary property. Note that as we study through Gray’s book,
there are some proofs that we find difficult to understand, so we will try to complete

them as much as we can.

Before introducing the ergodic decomposition, let’s first introduce the concept of
standard measurable space. Some terminology will be used: First, a field under a
sample space € is a collection of subsets of €’ that (1) has €' in it, (2) is closed
under complement, and (3) is closed under finite unions’. Second, a field generated
by a collection of subsets, say A, means it is the smallest field contains A. Last, a

countable generating field means the field is generated by countable subsets.

Definition 2.2.11. A measurable space (€', F’) is standard if it has the countable
extension property. That is, there is a countable generating field, G’ s.t. o(G') = F’
and any set function p on G can be uniquely extended to a probability measure on

F'if u has the following properties:

(a) (normalization) pu(QY) =1,
(b) (nonnegativity) p(G) > 0 for all G € G, and

(c) (finite additivity) p(Jr,G;) = >0, (G;) for G, € G, GiNGj = ¢ with i # j =
1,2, ,n.

There are many different definitions of the standard measure space, see Ch.2 of

[16]. We define it like this because it is ready to use. In our setting, as we have seen

"Note that o-algebra is closed under countable unions
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in the beginning of this section, the measurable space (€2, F) has a nature countable
generating set C £ {yn Fnenvogezz. Thus if (Q, F) is a standard space then we can
define a set function on the field that generated by C, say G, then extend to F. The
verification of (£, F) being a standard space involves the Carathéodory extension
theorem and the Kolmogorov extension theorem, which can be found in Ch2 of [16].

We will simply put the theorem here.

Theorem 2.2.12. (2, F) is a standard space.

In the following, we will go through the formation of the ergodic components.

Let’s define the set of the ergodic points

1
£ = Ngeg{w : lim ——

n—00 |An|

> 16(T'w) exists}. (2.2.6)
teA,
Note that G is countable, so we know that & is a measurable (because 1g(T*w) is

measurable function for any ¢ € Z?) and P(€) = 1. Consider a set function for G € G

. | ErleD)(w) ,wee
Uw<G) =
n(Q) , we &

for every w € € and some stationary ergodic distributions 1 on (€2, F). Since p, is
normalized, nonnegative, finitely additive set function on G, it can be extend to a
probability measure on (€2, F) (by Definition 2.2.11). So we can now write p,(F) =
E, (1p) for any F € F and w € Q. Also, it is easy to verify that p, is a stationary
ergodic probability distribution on (€2, F). In fact,{iu, }weq is referred as the ergodic

decomposition of the stationary distribution P.
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It will be worth mentioning that it will be difficult to claim measurability if we
define £ as the intersection of sets on F, which is an uncountable intersection. Also,
the reader might be tempted (like the author did!) to define u,(G) = Ep(1g|Z)(w)
whenever lim,, ﬁ Srea, 1a(T w) converges for every G € G, and p,(G) = n(G)
otherwise. However, it will be hard to claim the finite additivity of the set function,
since there might be an w (although in the measure 0 set) that the limit exists for set

Fi but not set F.

An important property of y,, is that it is invariant.

Lemma 2.2.13. p,, as a function of w € Q, is T -invariant. i.e. p,(F) = pre,(F)
forallweQ), FeF, andk € Z.

Proof. Because of unique extendability of the standard space, we only need to consider
events in G. For w € £ and G € G, we first need to show that T%w € &, for any
k € Z2. Define Z,, £ ﬁ Sea, 1lo(T'w) and Z £ lim,, o Z,(w), then calculate for

any k € Z*:

\Z, T - 7| < |2,T" - Z,| + |2, — Z|.
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The limit of the second term is 0. And the first term

k 74 k K
Z,T" — Z,| = |A|Z1GTT |A|21(;T
leA, le
1
= Y 16(T'w) = Y 16(T'w)
| ”| leT—%A, leA,
1
S 2, )
eT—*A,NA,
- IT*A,AA,|
B | Ayl
— 0

as n — oo from the definition of special averaging set. Thus |Z,T% — Z| — 0. So we

showed that if w € &, then T*w € &, and moreover,

n—00 n—00

pro(G) = lim Z,T" = Z = lim m Z 1o(Tw) = pw(G).
te

In the last, for those w ¢ &, it is easy to imply that Tw ¢ & for any T = T*, k € Z2.

SO [y = 1 = [Ty

With the definition of u,, we can further characterize Theorem 2.2.10 by the

following Lemma.

Lemma 2.2.14. For f € L'(P), we have

E(fID)(w) = E.(f)

for P-a.e. w.
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Proof. We only need to consider w € £. To prove the equation, it is easy to see that
the result is true if f is a simple function. Next, suppose f > 0, then we know there

is a sequence of simple function {fx}, s.t. fx T f P-a.e., Thus

E(fD)w) =  E(imflT)w)
MCT lim E(f;|Z)

= hin E,., (fr)

MCT  E,,(f).

Thus the equality is true if f > 0 and is integrable. For integrable f, we can then

write f = f* — f~ to complete the proof. O

Next, we introduce the ergodic component function. Let P = P((Q2, F)) be the
space of probabilities on (€2, F). And the ergodic component function is defined as
Y — P with

Y(w) =Y = o,

which assigns w to its own stationary ergodic distribution. It will be convenient to
have the following characterization: E, (f) = Ep(f|¢(w)) for f € L*(P), which will
require a o-algebra on P. Also we would like to define a measure Q(-) = P(¢¥1(+))
to measure the size of the partition of w that have the same ergodic component, which
means we need to have a measure space for P. The g-algebra for the measure space
can be induced by defining a metric on P, where we use the distributional distance

here:

do(uv) 2 22—i|u<ai>—v<c;i>|,
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where {G;}2, = G. (Remember that G is the field countably generated by C =
{XAfL}neNUO’gezz) With this metric we can define the o-algebra, say £, to be the

Borel o-algebra:

L2 o({p:dg(p,v) < rheeprso).

Thus we have the following lemma, which is from Lemma 8.5.1 of [16].

Lemma 2.2.15. There is a measurable space (P, L) s.t. the map 1 : Q — P defined

as ¥(w) =, is measurable.

Proof. We need to show that ¢¥~'(A) € F for any A € L. Define S £ {A € L :
1~1(A) € F} to be the collection of sets in £ that make 1) measurable. It’s easy to
see that S is a o-algebra because 1~ preserve unions and complements (a general

property for a mapping). We first show that for any v € P, and r > 0, we have
B,(v) € S, where B,(v) = {u € P : dg(p,v) <r}. i.e. v 1(B,(v)) € F.

To see this, one can write

V(B (v) = {we€Q:d(w) € Bi(v)}
= {w:dg(Y(w),v) <r}

= {w: i2_i|,uw(Gi) —v(Gy)| <r}.

Then we have ¢! (B, (v)) € F because u,(G;) € {E(1g,|Z)(w),n(G;)}, as a function
of w, is measurable. So B,(v) € S, which means o(B,(v)) C S and we have ¢ "1(A) €

F forany A € L. O
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Since 1 actually maps {2 into stationary and ergodic distributions, say P., a
subspace of P. We can further restrict the measure space (P, L) to (P, L), where
L. is the Borel g-algebra of P,. However, it will require that P, is a measurable set
in (P, L), since we would like ¢ to be measurable in P, too. The following lemma
(slightly modified from Lemma 6.7.4 in [16], where it was proved in 1D and AMS

case) is necessary for us to demonstrate this fact in Theorem 2.2.18.

Lemma 2.2.16. A stationary dynamical system (2, F,Q,T) is ergodic if and only if

. 1
n—00 ‘An‘ ‘

N QT 'GNG) = Q*G) (2.2.7)

€A,

for any G € G, and a special averaging sequence {A,}.

Note that G is the (countable) generating field defined as the smallest field contains

Proof. Note that for any f € L', Eq(f|Z) = Eq(f) if Q is ergodic, since Q(A) € {0, 1}

for any A € Z from the definition of ergodicity.

1. (=) For any G € G, calculate
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11*>H1 T Z Q EGQG) = lgm T Z EQ ]-T ZGFWG)
n—00 | | e, n—o0 | | ‘e
lim /1 rq(w)dQ(w)
n—00 |A | ZEA = G
w Gnh—>r20 |A,, UZ lp-tq(w)dQ(w)

= QG

ergodic /G E(1¢)dQ(w)

Note that the uniformly integrability (u.i.) is from Lemma 2.2.1, which requires

() to be a stationary measure.

2. (<) First, understand that for any A € Z, lim,, ﬁZ%An QIT*ANA) =
Q(A). So we have Q(A) = Q*(A), and this implies Q(A) € {0, 1}, which proves
the system is ergodic. The hard part is that the Equation 2.2.7 is valid only for
events on the generating field G, and Z is not necessary contained in G. So we
have to argue that Equation 2.2.7 holds for any event F' € 7. We know that for
any € € (0,1) and F' € F there is an Fy € G s.t. Q(FAF) < e (see Corollary
1.5.3 in [16]). Set

(%) = |7 2 QUTTFNG) = Q*(F),
IA | ez,
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and from the triangular inequality we can calculate

S QTR N F)|

€A,

A, |£Z QT Fyn Fy) — Q*(Fy)|
+HQ*(Fy) — Q*(F)|.

> QT 'FNF)—

(%)

B |A|g |A|g

+|

The second term will converge to 0 when n — oo by the condition we have.

The third term will be less than €2, because |Q(C) — Q(D)| < Q(CAD) for any

event C' and D. And the first term will be less than

|A | SN IQITFNF) - QT "Fyn ).
V4

€Ay

Note that we have

1
QITT'FNF) - Q(T™"Fyn Fy)| < 5Q(T—fF NFAT FyN )

= ()
We can do a further estimate of (¢) by Q(CAD) < Q(CAE) + Q(DAE), so

(0) < QT 'FNFAT ' FyNF)+ QT "Fyn [RAT *FyN F)
< QT'FAT'Fy) + Q(R)AF)
= Q(T"YFAF)) + Q(F,AF)
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Thus the first term is bounded by 2e, this implies

lim |L YN QT 'FNG) - Q*F)| < 2e

n=oo | Ap| ez

We can then let ¢ — 0 and concludes that Equation 2.2.7 holds for any event

FeF.

We are now prepared to claim that P, is a measurable set. Define P, to be the
collection of stationary probability distributions in P. The next lemma is modified

from Lemma 8.5.2 in [16].

Lemma 2.2.17. We have

(a) Ps, the collection of stationary distributions in P, is a close set in (P, L), and

(b) P., the collection of stationary ergodic distributions in P, is a measurable set in

(P,L).

Proof.

(a) Given any sequence {my},en C Ps, s.t. m,(F) — m(F) as n — oo for any
F € F. Given any G € G, from the definition of G (G is a field generated by
C) we know that T'G € G C F, for any ¢ € Z*. So m(G) = m(T*G) for G € G
since

m(G) = lim m,(T*G) = lim m,(G) = m(T*G).

n—o0 n—oo
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By the uniqueness of the measure extension property (i.e. Definition 2.2.11 on
standard space (®,F)), we conclude that m(F) = m(T*F) for any F € F, i.e.

m € Ps. Hence it is closed.

(b) From Lemma 2.2.16, we know that

P. = P.n{meP: limL S m(T'GNG) =m*G) for any G € G}

n=oo A, jex

(note that P, C Py by definition). From (a) we know that P is closed, hence
measurable. So we only need to show the second set is measurable. Furthermore,
since the second set equals to

Ngeg{m : lim 1 SN m(T*GNG) =m?*(G)}

n—00 |An| A,

and the fact that G is countable and T—‘G € G, we only need to show that
for any G € G, m(G), as a function of m, is a measurable function on (P, L).
We can show this by proving Cq £ {m’ € P : m/(G) < r} is an open set
on the metric space the (P,dg) for any r > 0. The proof follows: Given any
m' € Cg, there is an ¢ > 0 s.t. m/'(G) < r —e. Given § < 27%¢, for any

ve{veP:dg(m' V) <d}, we have

> 27w/ (Gy) — (G| < 4,
G;€G

which implies |m/(G) — v(G)| < 2%§ for some k € N. If v(G) < m/(G) then
v e Cq. If v(G) > m/(G), we have

v(G) <m/(G)+ 286 <r —e+ 2% <.
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Thus we have proved that for any m’ € Cg, there is a § s.t. for any v € {v' €
P dg(m',v'") <}, v € Cg, ie. Cgisopen. This implies Cq € L. Hence m(G)

is a measurable function on (P, L) for any G € G.

We have prepared ourselves all the background that needed for the ergodic de-
composition theorem on images, i.e. (€, F), with respect to ergodic component .

The following is modified from Theorem 8.5.1 in [16].

Theorem 2.2.18. (Ergodic Decomposition) Under (P, L.), the measurable space
defined on stationary and ergodic distributions on (2, F), a function ¢ : Q — P, is
defined as

X B wee
V(W) (F) = vu(F) =
n(F) L weEE

for any F' € F and for some n € P., where £ is defined in Fquation 2.2.6 with

P(E) = 1. Then we have the following properties:

(a) ¢ is measurable and T -invariant, i.e. for any T = T* k € 7%, (Tw) = ¥(w),
or say Y, (F) =, (F) for any F € F.

(b) On (P.,L.), there is a well-defined probability distribution Q,(C) = P(y~*(C))
for C € L.. And for any f € L*'(P), we have

Erf = [ BofdPw) = [ En(£)dQu(0).

which implies P(F) = [,,cq ¥ (F)dP(w) = [ Ps(F)dQ(6) for F € F.
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(c) For any f € LY(P), we have Ey(f) = Ep(f|v), which implies ¥(F) = P(F|y)
for F € F.

Note that we wrote Ps = § for § € P, in this theorem.

Proof. We will prove these statements on generating fields G, since we can extend the

result to F because (€2, F) is standard space.

(a) (Measurabilility) From Lemma 2.2.15, we know that for any A € £ we have
Y~ !1(A) € F. Since P, is a measurable subset of P from Lemma 2.2.17, any
open set in P, is measurable in (P, £). This implies £, C L. (Note that both
of them are Borel o-algebra.) So given any A € L., we have A € L. Thus we
can conclude v is measurable.

(Invariance) The invariance simply follows from Lemma 2.2.13.

(b) (Well-definedness) First, by (a) ¢ is measurable, so P(»~!(C)) has meaning for
any C' € L,. It remains to show that it is a probability measure. Obviously it
is non-negative. Next let’s check if it have normalization property: Qu(P.) =
P(yp=Y(P.)) = 1 since for every w, ¥)(w) € P.. The countable additivity can
be easily proved because 1~! preserves unions, and complements. Thus we
conclude @) is a well-defined probability measure on (P, L.).

(First equality) For any f € L'(P) calculate

Ep(f) = Ep(Ep(f|T))

Lem 2.2.14  Ep(Ey,(f))

= Ey,(f)dP(w).

weN
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(Second equality) Calculate

/WEQ Ey,(f)dP(w) = /weﬂ /vGQ F(v)di, (v)dP(w)

=) /5@0(9) /Uesz v)dFs(v)dP(7(8))
O fop [ TOMRONPE)
= [ En(5dQu),

*

where in (%), we used Qu(Pe) = Qu(¥(Q2)) =1, 50 Qp(P\(R2)) =
(c) We are going to show: (1) Ey(f) € o(v), and (2) [z Ey(f) = [5 f for B € a(v).

(1) For any f € L', it suffices to show that a function ¢; : P, — R defined
as q(u) = E,(f) is a continuous function. Since for any a € R if g; is

continuous then q}l((—oo, a)) is an open set in (P, L), thus

{w:EBy,f<a} = ¢ '({pePe: Euf) <a})
= ¥ g5 ((—00,a))
€ Y7(Le)
= o(y)

Let’s first show that when f = 1g, G € G, the generating field, i, is
continuous. So, we have ¢(u) = p(G) for p € P.. Set § > 0, for any
p, v € P, with dg(pu,v) < §. Thus, by definition of dg, we have for
G ={Gi}i, .

z;TiW(Gi) —v(Gi)| <9,
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which implies

u(G) —v(G)] < 2%

for some k£ € N. So, for any u € P, and for any € > 0, we can choose

§ < 27%¢, s.t. for any v € P, with dg(u,v) < &, we have

916 (1) = @1 (V)] = (@) = v(G)] < e,

i.e. ¢, is continuous for G € G.

Next, to see that ¢, is continuous for F' € F, define

S 2 {F € F:q, is continuous.}.

It is easy to see that S is a o-algebra. (Since, for any u € P,, first, given any
AeS, q,.(p) =1-p(A) =1—q, (1) € S;second, given any {A4;}2, C S
that is pairwise disjointed, we have g1, (1) = 3 pu(Ai) = Xiqu,, € S.)
And, by previous statement, G € S for G € G, so F = d(G) C S. So we
have proved ¢, is continuous for F' € F.

Thus it is easy to see that g, is continuous if f is any simple function.
For f > 0, we can then define {f;} to be the sequence of simple functions
s.t. fr T f P-a.e., and using monotone convergence theorem to conclude
q1, is continuous for f > 0. In the last, for general f € L' we have ¢ Rt

continuous since we can write f = f* — ™.

(2) Since ¢ is invariant, we have ¢)"'(A) € Z, for any A € L.. This implies
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o(¢) C Z. So for any B € (1), we have B € Z, and

/, f@)dPw) Ep(Ep(f15/7))
BeT  Ep(lpEp(fIT)
Lem 2.2.14 /B B, (f)dP(w)

= [ Bu(DdP@).

So we have the result that E,(f) = Ep(f|¢).

The theorem gives many useful conclusions. First, a stationary probability distri-
bution can be viewed as weighted sum of stationary ergodic distributions, where the
weights is indexed by elements in P, and not by that in 2. Second, We can divide (2
into several ergodic components, the ergodic components about w can be defined as
the set 11 (¢)(w)) which tells you about which ergodic stationary distribution that
w belong to, with size @, (¢ (w)). Third, v is actually the probability of P condition
on the ergodic component . Also note that ¢ and P, doesn’t depend on averaging

sequences, so we can say that ¢ and P, are induced by the stationary dynamical
system (Q, F, P, T).
Let’s write down the useful corollary we got so far, for a future use.

Corollary 2.2.19. Assume (2, F, P, T) we defined on 2D-lattice is stationary with

induced ergodic component function . For any f € L*(P) and ant special averaging
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sequence {A,}

lim —— Y f(T'w) = E(f|T)(w) = Ey(f)

for P-a.e. w € €.

2.2.3.3 Ergodic Decomposition of the Entropy Rate

In this subsection, we will introduce one of the important results regarding the ergodic
decomposition. Since, from Theorem 2.2.18, we saw that a stationary P can be viewed
as the combination of stationary ergodic distributions { Ps}scp,, a nature question is
that: Can we view the entropy rate hp as a combination of {hp, }sep,? The answer
is yes. The following fundamental theorem helps us understand the relationship
between entropy rate and ergodic decomposition, which is due to Jacobs [21], and is
well-described in Section 2.4 in [17]. We will not give a complete proof here, since
most of them is the same as in 1D setting. Instead, we will briefly describe the proof
and give a complementary argument for properties that are not clearly extendable to

2D-lattice.

Theorem 2.2.20. (The Ergodic Decomposition of the Entropy Rate) We have

he — /w P dP)

To prove this, the reader might be tempted to use property (b) on Theorem 2.2.18

and Lebesgue dominate convergence theorem to exchange integral and limit, however,

since ‘A—lan% (X4, (w)) converge almost surely in ¢ (not in P), we cannot apply the
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theorem here. It’s actually a non-trivial result. The basic idea is based on Theorem
8.9.1 of [16], which says if a function D : Py — R > 0, where P; is the set of stationary

distributions on (2, F), satisfies

(a) D(v,) € L*(P) for any w € Q,
(b) DAy + (1 — Npuz) = ADpy + (1 — N)D(p2) for A € (0,1), p1, po € Ps, and

(c) D is upper semi-continuous, then
= [ D()aP(w).

So we can prove Theorem 2.2.20 by choosing D(P) = hp = lim, ﬁHp(XAn).

Note that D satisfies (b) (this is from Lemma 2.3.4 of [17]): First, note that we have

I'=Hyu1(0-0m(X) = —AZM )log(Apa () + (1 = A)pa(z))
ZM ) log(Ap1 () + (1 — Apa(z))
= AE, (—log(Mu (X) + (1 = A)pz(X)))

+(1 = A) B, (= log(Apa (X) + (1 = A pa(X))).
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So the the expectation in the first term of I can be estimated:

By (= 1og(Aua (X) + (1 = A)pa(X)))

=E,, (—log(p1(X)) — log(A + (1 — A)ng;i))
f2(X)

=H,,(X) + Ep, (—log(A+ (1 — A)M(X)))

(%) I f12(X)

>H, (X)+E,(1-XA-(1 A)MX)))

=H, (X)+1=A—(1-))

:Hm (X)

Note that at (x) we use the inequality— logx > 1 —z. With the same reason we have

the expectation in the second term of I large or equal to H,,(X). Thus we have the

lower bound of I as

~
IV

AH,, (X) 4 (1= A Hy, (X).
Second, the upper bound of I can be estimated with

I < ME, (—log(Ap(x))

(1= A)Ep,(—log((1 = N pa(x))

= AH, (X) + (1= N, (X) + g,

where g(A) = —Alog(A) + (1 — A)log(1 — A). Thus, by dividing |A,| and let n — oo

on both bounds of I, we have the property (b).

Since most of the proof is the same as in Section 2.4 of [17], we will not repeat
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here. In particular, when proving (c), the upper semi-continuity, it requires hp =
inf, ey ﬁ[—[ p(X4, ), which can be proved by
1 1

o Hp(Xa,) = > Hp(Xe| X<,
Ayl Al S5

1
™ > Hp(Xe|X (<o)
niy

eAn

stationary ™ > Hy(XolX (<o)
= nl e,

- H(Xo| X (<0))

>

—_

Cor.:2.2.4 hp

for all n € N.

2.2.4 Markov Approximation on Images

Here we introduce the Markov approximation, for stochastic process on Z2. Markov
approximation will play a crucial role as proving Theorem 2.2.34. Note that in 1D,

the kth-order Markov approximation is defined as

n—1

pk(yb:n—l) - p(YO:k—l) H p(Y;|Y:L—k7,—1)
i=k

(see ch16.8 of [9], where the indices are defined on {0, 1, - - , 00} and the notation a : b
means {a,a + 1,--- ,b}). This is an vital part when proving the original Shannon-
McMillian-Breiman (SMB) theorem. And we will extend the concept to 2D-lattice.
Specifically, the properties we will develop in this section will help Lemma 2.2.32,

the upper bound of the non-ergodic SMB theorem in the next section. The reader
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©0) |.. (-m-m)| .. ‘(-m,o)‘ ‘l—m,ml
|

YRR

(-1,-m) ‘ ‘(-l,mj

=
=
2

©m| - | (o

Figure 2.2.4: Example of rectangle sets.

can first proceed to the next subsection, where we will prove the non-ergodic SMB
theorem on 2D, and come back to this section when one needs supports on Lemma
2.2.32.

First, we define the set that can be approximated.

Definition 2.2.21. Set A C Z? is a rectangle set if for some £, € Z? and n € NU{0},

A= (<i)NAL.

Also, we define A to be the collection of all possible rectangle sets.

A quick examples are A’ and B¢, for ¢ € Z? and n,m € NU {0}, where B, £
(+ B C Z* and AY, = (+ A%, Remember that BY, = B,, £ A% N(< 0) and A = A,,.

(as depicted as in Figure 2.2.4).

Definition 2.2.22. (Markov approximation) A set function P™ : X4 — R is the

mth-order Markov approximation P™ to the probability distribution P s.t.

P™(xa) = ][ P(Xe =2 Xpera=2pena)
€A
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for all A € A. Moreover, define

Prleavs) if p(zp) > 0
Pm(xA]xB) é P (QJB)

0 , O.W.

if AUB e Aand B € A.

We will use the abbreviation P™(X4) as a random variable P™(X 4(w)). Same
abbreviation rule applies to P. In the next lemma, we introduce some property of

the Markov approximation.

Lemma 2.2.23. (P™ properties) P™ has the following properties:

1. Y ex, P (xa) =1 forall A€ A.
2. P™(w4) = P™(zaye) for A€ A, L €7
3. The conditional probability on mth-order area is the same as the original one,

1.e.

Pm(x(]’.%BQR) = P([B()’.CEB%)

4. P™(zolza) = P™(x0|x,,) if for some k € Z?, A= (< 0)NAF > BY.
5. P < P™ on XA. That is, P™(x4) = 0 implies P(x4) = 0 for all A € A.

6. Py < P™ on X4 for all Ps € P., where P, is the collection of all the stationary

ergodic distribution induced by the dynamical system (Q, F, P,T).
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Proof. All the proofs are straightforward:

1. Given any rectangle set A, for some ¢ € Z?, and denote X, as the set of all the
configuration on A. Set {* > (2 > ... > (4} = A Then

14|

Z P™(x4) = Z HP($4¢

TAEX, TAEXy 1=1

xBf,ﬁmA)

4]

= Y Pzo|zgnn,) > 11 Pz

{L’ele)( ‘Z'A\{Zl}EXA\{Zl} =2
Al

= 1 Z HP(Q}@

T\ (1} EXa\ o1 =2

‘rBf,imA)

xBf,ij)-

Then iteratively we can get >, cx, P™(2a) = 1.
2. Trivial result since P is stationary.

3. This is because

m Pm(xBO 0 )

P(xolzpo,) e, P(xel7pe npo,)
[Teeno P(@elrpe npo)

= P(ZEO|ZL’B%).

4. Since

P™ (2 au10)
P (x4)
P(xo|zpy ) [Tpea Pe|rpe )

[leea P($£|$B£nmA)

= P(:E0|m39n)

P (zolza) =

= Pm($0|l'39n)
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5. Given any rectangle set A C Z? and x4 € B, s.t. P"(z4) = 0, this will imply
that P(x¢|xpe na) = 0 for some £ € A. Thus P(x¢, 25 qa) = 0 for some £. And

P(ZL’A) = P(xA|:B€7xBfnﬁA)P(l'é,xBfnmA).

6. Because of Ps <« P.

The reader must be aware that although P™ looks like a probability distribution
in a lot of ways, it is not a probability distribution, since the definition of rectangles
would not admit a c-algebra. We will just treat P™ as a special set function on
rectangle sets, which is enough for the use here. The following lemma give the coding

rate for Markov approximation, which is modified to 2D from Lemma 3.1.1 of [17].

Lemma 2.2.24. For any m € N, there is a T -invariant function h™ : Q0 — R, s.t.

lim
11m ——-
n—00 |An|

log P™"(Xy,) = h™ P-a.e.
Furthermore, h™ can be specified as

By (—log P(Xo|Xp,,)) , if limy, e 7 log P™(Xa,) (w) converges.

hm(W) A |An|
log | X| , 0.W.
Proof. Calculate
-1 . —1
log P™(Xy,) = > log P(X¢|Xpe ra,,)
|An| |An| leN,
-1 -1
= > log P(X¢|Xpern,) T > log P(Xi Xpe rn,),
| n| ez | "| LeANZT
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where Z" £ {¢ € A,|B., C A,}, as depicted in Figure 2.2.3. Since E(—log P(X,|Xpe na,)
is finite (because X is of finite alphabet), we know that —log P(X,|Xpe ny,) is also
finite a.e. Thus the second term goes to 0 when n get sufficiently larger. With the

same reason, the limit won’t change if we replace the second term with

Z log P(X0|XB%)TZ(W)

| LeA\ZI

A
which is also goes to 0 when n goes to oco.

And the first term:

> log P(X¢|Xpe n, ) (W) > log P(Xo| Xpy )T (w)

|A | izy |A | iz
because of stationary condition. Thus
lim log P™(Xy,) = lim Z log P(Xo|Xpo )T"(w)
n=o0 |A | !A | iex,
CL.:€.E¢QJ (— IOg P<X0|X39n))
which is from the result of ergodic theorem, i.e. Corollary 2.2.19. [

Let’s give the definitions of relative entropy and relative entropy rate about P™

in the following definitions, which will be used in the next lemma.

Definition 2.2.25. Given a stationary distribution P’ on (2, F) such that P’ < P,
the relative entropy of P’ and P™ on A, is defined as

P™(Xy,)

HP’HP"” (XAn) é —Ep/<10g W)
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for n € N. Also, the relative entropy rate of P’ and P™ on A,, is defined as

. 1
hpr pm £ Jim mHP’HPm(XAn)

Note that the definition of relative entropy, —Ep/(log %"iﬁ:’))), is well-defined
because of the absolute continuous assumption (Lemma 2.2.23 (5) and (6)). Most
of the time P" will be used as P or 9. The following lemmas (Lemma 2.2.26, 2.2.28
and 2.2.29) will be used in proving SMB theorem for stationary non-ergodic source

Theorem 2.2.34). Tlley next lemma is modified to 2D version from Lemma 2.4.3

Lemma 2.2.26. Given a stationary distribution P’ on (2, F) such that P' < P we

have
hP/HPm = —hpl—I—Ep/(—IOgP(X0|XBQH)),

where hpr = lim,,_, o0 ﬁHp/ (Xa,)-

Proof. Since

1 1
HP/HPm(XAn) — m

|An‘ {_HP’(XAn) — Z Pl(l'An)long(fL'An)}.

{L'AnEXAn
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The first term will be —hpr as n — oo. Calculate the second term:

> P(zp,)log P™(xy,) = D P'(xn,) Y log P(zdzpe an,)

TAp TAp leN,

= Y ) P(xa,) log P(z¢|xpe nn,)

LeEN, TAy,

- Z ZPl(i’?An)logP(ﬂfﬂﬂ?BfnmAn)

LEZM Tpy,

+ D > Plxy,)log P(x¢xpe na,)

LEAN\ZI TAyp,

= (H+(®)
where Z & {¢ € A,|BY, C A,}. Calculate term (1):

(1) = Y. > Plapuw)log P(zedrpeaa,)

LeZr Tpe Loy

= Z Z ._'L'Be L U{e} IOgP(I'Al'BZ )

EGZ xBZ u{ey

stationary > > P'(xpoujoy) log P(zolrpo)

LeZ TR0 Lo}

= | Z) | Epr(log P(xo|Tp ).
We know that |Z|/|A,] — 1 as n — oo, so

lim —— > > P'(z,)log P(xeawpen,) = Ep(log Plag|rs,))

oo ‘A | tezm wa,,

As for term (2), we know that there are only finitely many values (with order O(m?))
of 325, P'(za,)log P(xxpe n,) for different £ € A,\Z)", and each value is finite.

Along with the fact that |A,\Z"|/|An] — 0 as n — oo, we know that

1
lim —— 3 3 Pl(za,)log P(zdlwpgn,) = 0.

o0 A, CEANZI TAy



Thus we have

) 1
lim —— Hprpm(Xa,) = —hp + Ep(—log P(Xo|Xp))-

Lemma 2.2.27. We have

]’LPHpm 2 O
for all m € N.
Proof. Since for any n € N,
P™(Xy,)
Hpypm = —Ep(l i
Pl|P p(log P(Xx) )
= Ep(lo ! lo ! )
R 2O O R OO

1

= F lo — lo
P2 gP(XAXBﬁ AAn) Zn gP(X€|X(<£)ﬂAn))

1 1
_ ).
P(Xe| X (<pnn,)

And we have

1 1
Ep(lo 9
X€|XBfnmAn)) pllog P(XZ|X(<€)ﬁAn))

EP (log P(
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which is because BY, N A, C (<€) N A,. So Hpjpm(Xa,) > 0 for any n € N, which

implies hPHPm = hmn—)oo ﬁHPHPm (XAn) > 0.

O
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The following result is intuitive, says that when m gets larger, then P™ will be

closer to P. The original 1D version of this can be found in Lemma 2.6.1 of [17].

Lemma 2.2.28. lim,, o hppn | 0.

Proof. From Lemma 2.2.26, since

hp|pm(Xa,) = —hp+ Ep(—log P(Xo|Xpo))
= —hp+Hp(X0|XBQn)

1 0

when m — oo, which is from Lemma 2.2.3. O

The following lemma gives the relation between ¢ and P™. It is extracted and
modified to 2D from the prove from Lemma 3.3.2 of [17]. This will be used in proving

Lemma 2.2.32 on the next subsection.

Lemma 2.2.29. inf,,cy hy, | pm =0 P — a.e.

Proof. The proof follows the idea of Lemma 2.2.28. First, calculate

. . _ . )
/;@nghmnp dP(w) < ggég/hmup dP(w) = (»)



57

Then

(x)  Lem 2.2.26 nllrg\I dP(w){—hy, + By, (—log P"(X4,(w))}
Thm 2.2.20 _hP+rggw dP(w)Ey, (—log P™(Xa, (w)))
- —hp + inf / AP (w)E,, (—log P(Xo| X))
Thm 2:2.18 (b) —hp + inf Ep(—log P(Xo| X))
Lem 2.2.26 T}Lré% hopjpm

Lem :2.2.28 0

Along with the fact that the integrand, inf,, e Ay, pm, is non-negative, so inf,en by, || pm

must be 0 P — a.e. OJ

2.2.5 Coding Rate on a Stationary Source

In this subsection we extend the Shannon-McMillan-Breimen (SMB) theorem to a
2D source which is stationary but not necessary ergodic. The dynamical system
(Q,F,P,T), as we defined it for 2D-lattice in the beginning of this section, is only
assumed to be stationary. In this case, the coding rate with P will no longer be a
constant but a random variable. In fact, we will see, in Theorem 2.2.34, the coding

rate converges to the entropy rate of the source’s ergodic component, i.e.

where the ergodic component function v is defined in Theorem 2.2.18. Note that
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1 is induced from (Q, F, P,T).

We will prove this by the idea from Gray’s book [17], where it was proved in 1D,
in the end of this subsection (Theorem 2.2.34) after we prepared several lemmas. The

following Lemma is Lemma 3.3.1 of [17] for 1D version.

Lemma 2.2.30. (Coding rate for the ergodic components) Assume (U, F, P, T) is

stationary. We have

1

log Yu(Xa, (W) =y }) = L,

where hy, 2 lim,, o0 ﬁwa(XAn) = lim,, 0 ﬁEww(— log ¥, (Xa,))

Remark. That this is not the result of Corollary 2.2.2, where, in terms of the notation

here, it says
1
|An]

log 1y (X, (v)) = he,

for ¢, — a.e. v € €, instead of P-a.e. v € (.

Proof. Define

for all Ps € P.. Because of the Theorem 2.2.18(b), we know that

P(G) = [ PA(&)dQu ().
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and

F5(G) = P(Gl = 6) = P(GN{Y = 6} = &) = P(Gsly = 0) = F5(Gs) = 1

The last equality is because of the Corollary 2.2.2 and the fact that Ps is a stationary
ergodic distribution for X, (w), for all w with ¢(w) = d. Thus P(G) = 1. O

We can now prove the first part of the Theorem 2.2.34. It is similar to the first
part of the proof of Lemma 3.3.2 in Gray’s book [17] for 1D version. Note that Gray’s

argument in the proof has some defects inside, and we manage to correct that here.

Lemma 2.2.31. (Non-ergodic SMB lower bound) Assume (2, F, P,T) is stationary,

then for P-a.e. w

lim inf log Yo (X, (@)

P @) =

Proof. Note that for any event F' € F, if P(F) = 0, we have ¢)(F) = 0 P-a.e. from
the ergodic decomposition. In the following, we will omit w for simplicity. Given any

€ > 0, we have

L P(Xa,) ) _ P(Xy,) clnl
PUaT 8 g, = Py =)
Thm 2.2.18(b) /P E > el |y = §)dQy(0)
_ J <( eE'Anwd@m
S /EP5 5 _E|An‘dQ¢(6)7

by Markov inequality. Note that we use the notation 0 = Pjs in equations. Next,
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define A = {a,, € X |Ps(a,) > 0}, we can evaluate the expectation by the following

observation:

. P(a,)
P(;(XAn)) a angﬁ Pa(an)

Pg(an)

IA
\_}—‘

which concludes

log L) < el

So we have

> P(ﬁlog P(Xi‘:) >€) < 00.

nl

Then by Borel-Cantelli Lemma, P( log PXan) €,1.0.) = 0, which means

[An] Y(Xap,)

_ 1 P(Xa,)

lim sup log = < e

. . . . 1 P(Xy,,) .
Since € is arbitrary, we have lim sup - log o Xin) <0, i.e.

o1 P(Xa,)

lim inf lo = > 0.
A 8 P(X,)

Next Lemma gives the other direction, which is the second part of the proof of

Lemma 3.3.2 in [17] for 1D version. Note that it is tempted to use the same method as

»(Xa,)
P(Xa,)’

1
[An|

in the Lemma 2.2.31, and using the Markov inequality on log which involve
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the calculation of EP(%

). This expectation is hard to bound since it is difficult
to evaluate the integral [/, (X4, ())dw. Instead, we use the Markov approximation

to help estimate.

Lemma 2.2.32. (non-ergodic SMB upper bound) Assume (0, F, P,T) is stationary,

then for P-a.e. w

(X4, (W)

AP @)

lim sup

Proof. We are going to use the Markov approximation, P™, to estimate the upper

bound. First, let’s establish the following claim.

P (X, (W)

PXr () <0 P-ae w

Claim 2.2.33. For any m € N, lim sup ﬁ log

Proof. We will using the method similar to the way we used to prove the lower bound.

For any e > 0, the Markov inequality shows

1 P™(Xy,) P™(Xy,)
P lo N € P(——2nl > clhale
P 29 T P, 2
P™(Xa,), _
E n |An‘€
= B,
= 1.¢ Anle
So by Borel-Cantelli Lemma we have
1 P™(Xy,) )
P lo "= >€, 1.0) =0.
a8 Pex,,) =9
Thus, we have
1 P™(X
lim sup (Xa,) <0P—a.e.,

lo
A8 TP(X,)
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since € > ( is arbitrary. O]

Because the this claim, we can calculate

1 y L 1
1m sup O
P(Xy, () [An] 7 P (X, (@)

IN

lim sup log

A

which is the result of Lemma 2.2.24 (SMB for P™). Subtract lim ﬁ log m,

i.e. hy, (Lemma 2.2.30), on both side, we have

Yu(Xa, (W)
P(Xy, (W)

lim sup log

IN

) —hy,, + Ey,, (—1log P(Xo| Xpy,))
= —hy, + By, (—log P™(Xo|Xpo,))

Lemma 2.2.26  hy,|pm

for any m € N. So

Y (Xa, (W)
P(Xy,(w))

IN

lim sup ) log ﬂllréfl’\I P, |1 pm

which is from Lemma 2.2.29. ]

We are now ready to prove the non-ergodic SMB theorem. The following theorem

is proved in 1D fashion in section 3.3 of [17].

Theorem 2.2.34. (Coding Rate on Stationary Source, the generalized SMB theorem,)

Assume the dynamical system (Q,F, P,T) is stationary, we have for almost every
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we N

log P(X

n—o0

for 1 is the induced ergodic component function defined in Theorem 2.2.18.

Proof. (Theorem 2.2.34) Combine Lemma 2.2.31 and Lemma 2.2.32, we have

1 Y (Xa, (W))

lim log

n [N, 8 P(X, (@)

= 0 P-a.e.

Also we have, from Lemma 2.2.30 we have

1
lim ————log ¢, (X, (w)) = lim ——Hy (Xa,) = hy,-

So we have the result

, 1
,nggo—mlogP(XAn(w)) = Dy,



64

2.3 The Ideal Compression Algorithm

Like many compression algorithms, we predict the pixel value by looking at its former
decoded neighboring pixels. The set BY, = (< £) N A, as we defined before can
be considered as the prediction window of size m for pixel location ¢ € A, (see
Figure 2.2.2). In the end of this section, Corollary 2.3.7 will tell us that a successful
algorithm can be built by estimating, P(X,[Xpgt 4,). In other words, it uses the local
information, B,,, to achieve the theoretical lower bound for an image. More exactly,

we would like to show

lim lim Z log P(X¢[Xpe,nn,) (W) = Dy,

M—00 N—00 |A | Py

or, in terms of the Markov approximation (see Definition 2.2.22),

lim lim —— 1Ong(XAn)( ) = hy),

under the stationary condition in the sense of

1. LY(P) and
2. P-a.e. when

(a) ¥(Q) is countable, or

(b) there is a £ € (0,1) s.t. for any m € N, we have P(X,|Xp,, )(w) > ¢ for

P-a.e. w €.

About the condition 2(a), even thought X has finite alphabets, @ = X Z* is not
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a countable set (since {0, 1} has uncountable many elements). Also, note that a
easy situation to achieve condition 2(b) is when one assumes there is always certain
amount of noise in the image, where every value has chance to appear in any location

of image.

2.3.1 The L'(P) Convergence

Remember that hy(w) is the ideal entropy rate for every w € €2 defined as in Lemma

2.2.30:

. 1
hy(w) £ lim —— Hyw)(Xa,)

And from Lemma 2.2.24, we defined the entropy rate for the Markov approxima-

tion as

) 2 By, (—log P(Xo|Xp,))  if lim, e ;575 log P™(X), ) (w) converges.
R (w) = "

log | X| , O.W.

such that lim,, ﬁ log P™(Xy,)(w) = h™(w) P-a.e. Since lim,, ‘X—il log P™( Xy, )(w)

is convergent P-a.e. (Lemma 2.2.24), our objective is equivalent to show

lim hm(w) = hw(w)

m—ro0

in the sense of L'(P).
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Theorem 2.3.1. Under the stationary condition, we have
h™ — hy in L'(P)

as m — oQ.

Proof. Since h"™(w) > hy(w) for any w € 2, we can calculate

Ep[h™ — hy = Ep(h™) — Ep(hy)
Thm 2.2.20  Ep(Ey(—log P(Xo|Xpo)) — hp
Thm 2.2.18(b)  Ep(Ep(—log P(Xo|Xpy,)[¢) — hp
= Ep(—log P(Xo|Xpy ) — hp

— 0

as m — oo, which is from Lemma 2.2.3. O

One the other hand, the P-a.e. convergence of h™ is not as easy to see, we will

discuss that in the next subsection.
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2.3.2 The P-a.e. Convergence

Define

—log P(Xo|Xp,,)(w) ,if P(Xp,, )(w)>0

m m

fn(w) =

0 , O.W.

for w € Q, m € N. Note that {w € Q|P(Xp,,)(w) = 0} is a measure 0 set with respect
of P. We will see that, in Theorem 2.3.4, the P-a.e. convergence of h™ to h, can be

achieved when

lim Ew(w)(fm> = Ew(w)(nlLi_I)Iéo fm) P-a.e. (2.3.1)

m—r00

The next two lemmas prepares Theorem 2.3.4. And we will discuss two conditions

that achieve Equation 2.3.1.

Lemma 2.3.2. We have
nli_{noo fm = —log P<XO‘X(<O))

P-a.e. and Py a.e. for 6 € ().

Proof. We will show this with martingale theory. Define F, = o(U"_,Xp, ), thus
Fn C Fugr forall n € N, ie. {F,} is a filtration on(Q2, F, P). Combine this with the

fact that 1x,—,, is an integrable random variable for any x € X on (), we have

nh—>IIC}O E<1X0:m0|fn) - E(1X0=w0’f£o) a.e.



by martingale theorem, where F, £ (U3, F,) = 0(X(<0)). That is,
nlblanlooP(XdXBM) = P(X0|X(<0)) a.ce.
So for any zy € X s.t. P(Xy = 20| X (<)) > 0, we have

1
lim log———— =

10 ————— a..C.
mesoe 8 P(Xo[ X, & P(Xo| X (<o)

Thus
P(lim 1 ! 1 L) S P P(Xo|X o) (w) > 0)
m 10 ————— — 10 ——————— W . w
oo B P(X[Xp,) | ° P(Xo| X)) = 012(<0)
= 1- P(w . P(XO‘X(<0))(LU) = 0)
— 1’
since

Plw: P(Xo|X(<0)@) =0) = P(w: P(X(<0)(w) = 0) = 0.

So we have proved the convergence in P-a.e. sense. Then we can use the fact Py <

to imply the convergence is also Ps-a.e.

68

P
[l

The following lemma is modified to 2D from lemma 8.6.2 of Gray’s book [16].

The basic idea is that: When you conditioning on infinite past, you are actually

conditioning on the ergodic component.
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Lemma 2.3.3. The mapping 1 is measurable with respect to 0(X<¢y). In particular

P(Xo|X(<0)) = P(Xo|X(<0),?) = ¥(Xo|X(<0))-

Proof. Note that the second equality is just from the definition of ergodic decompo-

sition. And the first equality is a direct result of ¢ € o(X(<q)).

To see this, first note that from the Birkhoff ergodic theorem on images (Theorem

2.2.19), for any F' € F we have for P-a.e. w € (,

lim —— Z 1F(T_£w) = Ep(1F|I),

since { By, }men is a special averaging sequence. Thus we have

Z 1F(T_ew) = ¢w(F>

LEBm,

li !

im ——
m—00 |Bm|
P-a.e. Next, using the fact that the probability ¢ can be determined by generating
set C, we can show 1 is o(X(<g))-measurable by choosing an event G € G, say G
is 0(Xx )-measurable, where k € Z? and n € N. Without loss of generality, we set

k=(0,0). Set a, = (n+1,n+1) € Z*, we have for P-a.e. w:
bo(G) = bu(T™"G)
which is a limit of (X <)) measurable functions since T~ F is 0 (X (<0 )-measurable

and 14(T*w) is o(X(<g))-measurable if A is o(X(g))-measurable and ¢ < 0. Thus

we have proved that for any event in generating set 1,(G) is 0(X(<q))-measurable.
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This fact implies that v is 0(X(<0))-measurable. ]

Theorem 2.3.4. If lim, oo Ey)(fm) = Eyw)(limn e fm) P-a.e., we have

—1
lim lim —

log P"(Xp,)(w) = hy

P —a.e.

Proof. Note that lim,, |X—i‘log P™( X, )(w) = By (fm) for P-a.e. w € (2, so we

only need to prove lim,, o Eyw)(fm) = hy) P-a.e. Given an w € Q with ¢(w) =4
and P(¢~1(8)) > 0, we have

lim E5(fn) = Es( lim_ f,)
Lem. 2.3.2 Es(—log P(Xo|X(<0)))
Thm. 2_.2.18(b) E(—log P(Xo|X(<0))|t) = 6)
Lem 233 B(—log(Xo| X o))t = )
= Es(—log P5(Xo| X (<0)))

= hs.

Next, for the rest of the w, say A = {w € Q|P(¢¥ " (¢¥(w))) = 0}, we will prove it is a

P measure 0 set. Since Q = X% is countable,

P(A) =} P(w)

wEA
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and because of w € Y1 (w), we have

P(w) < PE™'¢P(w))

for w € A. Hence P(A) = 0. O

The next two lemmas give two cases that are sufficient for Theorem 2.3.4.

Lemma 2.3.5. If ¢(Q2) has only countably many elements, then

lim By (fn) = By ( lim fr,)

m—0o0 m—o0

for P-a.e. w € .

Proof. Since 1(€2) has only countably many elements, we can write

P(F) = > aP(F)
n€P(Q)

for any I € F, where ¢, = P(¢"1(n)).
For any w s.t. P(w) > 0, define § = ¢(w). Note that g5 > P(w) > 0. We will prove

this by stating that {f,,}men is uniformly integrable with respect to probability Ps.

This implies the desired property for any w s.t. P(w) > 0, which means the property
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holds for P-a.e. w € Q2. Given k € N, calculate

/ FndPs < (k+ 1)Ps(fon € [k, +1))

fm€lk,k+1)
< (k+1)Ps(P(Xo|Xp,) € (2771 27F))
< (E+1)Ps(P(Xo|X3p,) <275

(k+1) Y {BR(P(Xo|Xp,) <2 ¥Xp, =x5,)P5(Xp, =25,)}

me EXBm

(k+1) > ARPXolrs,) <27 wp,)Ps(p,)}

.Z’Bmng(mBm)>0

Note that we can ignore those xp, with P(zp, ) = 0, since P(F|zp, ) = 0 for any
F € F and those term will vanish. Also observe that for those zp,, s.t. Ps(zgp,,) > 0,

we have P(xp, ) > 0. Let’s calculate the the first term inside the summation:

P(Xp,.0)
P(ZEBm)
= P(;(P(XBmuo> < P<me> : 2ik|mBm)

Py(P(Xolrp,,) < 27" |2p,,) = s <2 "zg,)

= Ps( Y @Py(Xp,00) < Plzs,) -2 "2z,

neP(Q)
< Ps(gs - P5(Xp,.w0) < P(zp,) -2 "|zp,)
P(x
Py(ep,) >0 Prlas- P(Xolrp,) < LOPn) ok
= Pg(l’Bm)
P(zp,,)

= Ps(Ps(Xo|zp,,) < q(;_l 2 . 27’“]333,%)

(zB,.)

= > Ps(xo|zg,,)

_1 P(=p,,) 9k
) PJ(IBm)

20€X:Ps(zo|zB,,)<q
_ P C(]Bm _
RGPV
Ps(zp,,)

IA
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So,

_ P(l’B ) _k
mdBs < (k+1 LBl 9k X P
/fme[k,k+1)f 0 = ( ) Z {% pé(me) | | 6(me)}

CCBm:P(;(me)>O

= (k+1) > {g' - Plap,) 27"X}

$Bm:P§($Bm)>O

< (k+1)g 27" |

Thus we can check the uniformly integrability of f,, by

[e.9]

AP = / P
/fm>kf ’ ; fme[k+z',k+i+1)f °
S Z(k 4 i 4 1)q6—127k+i+10g|/¥"
i=1
which converges to 0 as kK — oo uniformly in m. O]

Lemma 2.3.6. If there is a £ € (0,1) s.t. for any m € N, P(Xo|Xp,,)(w) > & for

m

P-a.e. we Q| then

lim Ey)(fm) = Eye)( lim fi,)

m—0o0 m—o0

for P-a.e. w € ).

Proof. Let Qg be the collection of w € Q s.t. lim,, o f(w) is convergent and
P(Xo|Xg,,)(w) > & Note that P(29) = 1 by Lemma 2.3.2 and the assumption

here. For w € Q, since P(Xo|Xp,, )(w) > & > 0, we have f,, < —log& (note that the

condition also implies P(Xp,, (w)) > 0). Thus, we have f,, < —log¢ P-a.e.

Thus, let § = ¢(w), by the Lebesgue dominate convergence theorem, we have

lim Fs(f,) = FEs(lim f,),

m—r0o0 m—o0
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which proves the lemma. O]

2.3.3 How to Build an Ideal Compression Algorithm

Let’s summarize the previous results in this section by the following corollary.

Corollary 2.3.7. (The Ideal Algorithm) Under the stationary condition, we have

lim lim
mtsoo nhoo [A, |

> log P(Xy|Xpe nn, ) (W) = hyw)
eN,

in the sense of

1. LY(P), and

2. P-a.e. when () is countable, or there is a & € (0,1) s.t. for any m € N,

P(Xy|Xp,,)(w) > & for P-a.e. w €

Roughly speaking, this corollary tells us that, under light conditions, with large
context, the compression algorithm that build upon P(X,|Xp,,na,) Will approach
the optimal entropy rate. Thus, one can focus on building a good estimator of
P(X¢|Xpt a,). One idea is to estimate this empirically as follows: For any A C 72,

assume {(y*, y%)}r_, to be an i.i.d. sample of random variable (X, X4), and we define

Pr. the conditional empirical distribution of P with the library of size r , through
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indicator functions as follows:

ZTL:1 H{z:y“»rA:y” } .
P 127' I, , = u}A R P Laa=yyy 70
PT(X :1}|XA :xA) = u=1TirATYA

0 , O.W.,

where I is an indicator function. Then for any m, n, we define P"(X, = x| Xpge np,),

the estimator of P(X, = x| Xp n,) to be:

Pr(X =xz|Xp,) ,if BpNA, =B,
P (Xp=2|Xpra,) = (2.3.2)
1

] , O.W.

By estimating with empirical distribution, we can expect that the larger amount of
samples, r, we have, the better our result is. That is, “the more you know the better
you get.” The obvious con for doing this is that we will need enormous amount of r to
get a reasonable result. We will device a feasible way of utilizing the idea described

here in the next section.
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2.4 Application

In this section we will introduce a compression scheme, called the comparison-based
image compression algorithm (CBIC), which utilize the ideal algorithm idea described
in subsection 2.3 to compress a real world image. The algorithm is introduced in
Subsection 2.4.1, and we examine its performance in Subsection 2.4.2. Note that it
is a valid image compression algorithm; however it is very computationally expensive
in view of nowadays computer. The goal here is to build an algorithm that is able to
scale up the context size, so as to estimate the minimum bits per pixel for an image.
And compare the result with the best image compression algorithm today, CALIC
[41].

A (black and white) image is set to have 256 depth of illumination, that is, X =
{0,1,---,255}. The image we want to code is called the original image, and the

training image set are called the library images.

2.4.1 Comparison-Based Image Compression Algorithm

Instead of estimating P(Xy|Xp,,) with indicators, like we mentioned in Subsection
2.3.3, we use a kernel estimator to build the probability. The kernel estimator we use

is a kind of a Laplace distribution

1
T E——
Zlg:‘_\)q p|z‘

||

Kery(z) £
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Figure 2.4.1: The kernel we use to approximate empirical distribution of P(Xy|Xp,,).

on z € Z s.t. |z| <255. for some p € (0,1). Figure 2.4.1 gives the plot of this kernel.
Note that Kery(z) ~ %p“". When p — 0, the kernel becomes the indicator function

like 1f.—¢y, and when p — 1, it becomes the uniform distribution.

For easier demonstration, set the target pixel of original patch locates at (0,0)
and its context, or say, neighbors, locates at 7 = BY C Z? (as shown in Figure
2.2.2). For m = 2, the corresponding patch is 3 x 5; for m = 3 is 4 X 7; m = 4 is
5 x 9. Note that m = 4 is the biggest context we will set in this experiments. To
emphasize the importance of the context that near the target pixel, we will partition
the context into several tiers. Set the tier of context 7, C 7,b=1,---, B, such that
{Ty}E. | partitions T. For a 3 x 5 patch, we set B = 3; for a 4 x 7 patch, B = 4; for
a b x 9 patch, B = 6. For T, with lower value of b € {1,2,---, B} means it is the

tier that closer to the target pixel location. For each tier we apply different a-weight
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(a) A 3 x 5 patch (b) A 4 x 7 patch
11112121211
1111221 11213131321
3132 2134|4432
2 X 3144 x
(c) A 5 x 9 patch
114141494 (4]4 |1
4149|916, 9 |9 |4 |4
419]16|16/25|/16|16| 9 | 4
4191]16|25/36|25|16| 9 | 4
9 [16]25|36| x

Figure 2.4.2: A example of a-weight corresponding to different tier and sizes of patch.
Note that the weight is not yet been normalized and is shown proportionally. For
example: (a) For a 3 x 5 patch, 7; has a weight proportion to 3, 75 has a weight
proportion to 2; 73 has a weight proportion to 1, and B = 3 in this case. Note that
a notation x indicates the target pixel location for each patch.

a={a}P |, where

B
>l Tol =1
b=1

See Figure 2.4.2 for the information about the a-weight. The value of the original
patch will be represented as a pair (+,-) € X x X7, where the first entry is called the

target pixel value, and the second entry is called the context value.

Before coding the patch, we first remove the illumination of both original patch
and library patches. The mean of a patch is calculated with respect to a weight,
then rounded to the closest integer. Note that every patch has its own mean. In
the end we get the (value) centered original patch (y, x) and centered library patches

{(ys, z;)},, where N is the size of library (patches). Also we record the a-weighted
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mean, /i, for the original target pixel.

Set the following parameters:

1. 7 € [0,00): A parameter for calculating distance between two context values x

and T, where a distance is defined as

B 11— ~
. b ||z — 2l
ot £

b=1

2. T € (0,00): This parameter gives us more control of the distance between two

context.

3. K € N: FEssential sample size determines the amount of library patches which

are similar to the original one.

Given parameters (p,r, T, K), we estimate P(y|z) out of library {(y;, z;)}Y, as the

following (simplified) procedures:

1. Find the suitable library set:

(a) Compare the a-weighted L'-norm between x and xz; for i = 1,--- | N. Say
d=d.(v,z;) fori=1,--- N.

(b) Choose K smallest values among{d,(z,z;)}~,, say {d¥)} and find the
corresponding target pixel value of the library patches, say {y® < = We

will use these samples corresponds to {d®} | to build the empirical dis-

tribution in the next step.
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2. Calculate the the following density for 7" > 0 :

K _—d® /T ~ (k)
- e I Kery(y —g'™)
PN(?/|$;04,19»7"7T»K> = Z K fa(f(”/T
k=1 Zj:1 e -

where
§® 2 max(0, min(255, y*) + 1,)).

Then PN (y|z) is the approximated conditional probability to P(y|z). Remember

that p, is the a-weighted mean we recorded while standardizing the original

path (y, ).

Note that the density is consisted of kernel estimators weighted by context similarities.
One would expect that when N — oo, d*) become 0 for all k =1,--- , K. And when
the essential sample number K grows, the optimal p would goes to 0, which indicates
that PN is an approximate of the empirical conditional distribution. The whole

procedure is illustrated in Figure 2.4.3.

Assume there are L interior pixels (that is, pixels that have complete B, neigh-

bor), the total bits that need to be transmitted for interior pixels is

L
f(CM,p, r, T7 K) = - Zlog2 PEN(yf’xf; a,p,T, Ta K)7
/=1

where pgN is PN specified by pixel £’s neighbors ;.

Ideally, one would like to find the parameters «,p,r, T, and K, that minimize

the total bits. Since sending these parameter won’t add many bits. Realistically,
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Figure 2.4.3: Demonstration of CBIC algorithm.
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we can reduce the problem to just optimize the total bits with p,r, and T. First,
the parameter « is used to centering the data, so that we can use the library more
efficiently. That is, without the illumination, we leave only the texture of the patches,
which makes the matching procedure easier. (We have tried about standardize the
patch with its standard deviation but this adds more burden computationally and
didn’t gain more success.) If a is chosen badly, we can still overcome it with enormous
library. So the role of « should have less impact on the result. In the experiment, we
will simply choose a-weight as in Figure 2.4.2. Second, as for essential sample size K,
the bigger K means more samples on estimating the empirical distribution, but it also
means the quality of sample will drop since total library size N is limited. However,
the quality of the sample can also be controlled by r and T', so higher number of K

won’t affect much if we can choose r and T freely.

The task left is how we optimize the rest of the parameters: p,r, and T. Note that,
for different locations of target pixels, the algorithm use different set of K samples
from library to determine the empirical probability. The size of total, N, is often
enormous. For example, the highest number we use during the experiment is N = 80
million of 5 x 9 patches. It’s impractical when we try to optimize the total bit since
every time we choose a triple (p,r,T"), we have to pull K nearest patch out of N
library for each (interior) pixel, which requires expensive computation resources. The
solution is that we choose k nearest library patches for each pixel, in the sense that
the patches have smaller a-weighted L' norms between neighbors, where £ > K; often
we choose k = 1000. Note that, again, every different locations of target pixels have
its different x library patch set. To choose k library for a pixel, we simply use the
same a-weight as we did when calculating the mean. Then it is possible to optimize

the parameter r, T', and p. In practical, we iteratively optimize between r, T', and
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p until they converge. Theoretically, function f is not convex with respect to any
of the three parameters. However, we find no trouble as we just ask the computer
to minimize with respect of either one with brute force. In fact, f shows convexity
with respect to p in every our experiments. Of course, one can always use larger x
to downgrade the effect of different . To have an idea of the parameter, for “Lena”

image that we will use in the next subsection, we get the estimates of p ~ 0.544,

r~1.7 and T ~ 1.2.

A heap based partial sorting algorithm is used in our implementation, as we
extract K nearest contexts out of N library. The procedure follows by sorting first K
distances out of N distances, which forms a sorted partition of size K, then insert the
unsorted N — K distances into the sorted partition and remove the largest element

in the partition. It takes O(N log K') times to do so.

For users to be able to decode the image, we need to transfer the information
about the edge pixels of the original image. The decoding procedure for 2 x 3 patch
is demonstrated in Figure 2.4.4. It is similar for a context model that has maximum
patchsize 3 x 5,4 x 7,5 x 9, and so on. For example, as we code with context model
with maximum 3 x 5 patches, which needs 2 columns on each of the left and right,
and 2 rows on top of the original image (these are called edge pixels). We use the
same method on 1 x 3, 3 x 1,2 x 3, and 3 x 2, patchsizes of context model to code it.
To code edge pixels, with the same x size of library for each edge pixel, we optimize
T and p corresponds to the edge pixel while using parameter r acquired during the
optimization for the interior pixel. One should understand that when the size of
image is large, the bits that generate from edge pixels are marginal and will not affect

overall bpp much.
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Figure 2.4.4: Raster scan as decoding the image from an algorithm built on context
model with maximum patchsize 2 x 3. The procedure start from (a): Given the first
3 top-left corner pixel values, using a context model on 1 x 2 patch to get the first row
of image (b). Next, apply a context model on 1 x 2 patch to get left and right column
of image. Then use that of 2 x 3 to get the second row, and continue to obtain the
whole image (e).
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Finally, when peN fail to give a good estimate, say ]5ZN < c¢ for some original pixel
¢, we replace it with location information and record the pixel value directly. For
example, when the illumination depth is 256, ¢ = log, L + log, 256, where L is the
total number of pixel of an image. That is, when recording PZN costs more than the

¢, we simply replace it with ¢. So the total bits should be

L
— Z 10g2 PEN]IENSC + CHPZN>C'
/=1

When sending the code, we need to add the following bits:

3 pixel values for upper left corner, 8 bits each.

3 parameters (T, p, r) for interior bpp, 32 bits for T and r, 8 bits for p.

2 parameters (7', p) for edge bpp, 32 bits for 7', 8 bit for p.

2 parameters for image dimension, 16 bits each

2.4.2 The Performance

The performance of an image compression algorithm can be measured by calculate
the bits per pixel (bpp, the total file size divided by number of pixels). We prepared
4 test images as shown in Figure 2.4.5. These images are 8-bit image (2® possible
pixel values), so the worst possible bpp result are 8 bits. Modern lossless compression
algorithm often has ability to compress them to 3-5 bpp. The “big library” are 647

portraits images from internet (converted to 8 bit images), which comprise about 300
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Figure 2.4.5: 4 test images: Lena, Jetplane, Goldhill, and Barbara. Goldhill has size
720 x 576, and others are 512 x 512.

million 4 x 7 image patches, and we will randomly choose several amount of patches

in it to build the library for our experiments.

Due to the limitation of the modern computer, for CBIC algorithm, we choose
the essential sample number K = 200 in general (we tried use higher amount of K,
however, the result only improve a little). Figure 2.4.6 compares different patchsize
and library sizes while compressing “Lena” image. The library for each experiment
is randomly selected from the big library. Roughly speaking, when library size is
small, 5 x 9 patchsize has slightly worse result than that from 4 x 7. But when the
library size is high, like 40 millions, the compression rate improves from 5 x 9. This
is because it is harder for 5 x 9 patches to find quality samples from smaller library.
When library size is up to 40 million, a larger patch size gives a better result. In this
case, the gain between 5 x 9 and 4 x 7 are marginal, compare to that between 4 x 7

and 3 x 5, which indicates the importance of neighbors diminishes along patchsize.

Figure 2.4.7 compares the result of CBIC, the proposed method, with CALIC
(see [41]) and Jpeg-LS (see [25]). Note that even though we use the portrait library,
the image with different subjects (e.g. Jetplane or Goldhill) still gives compatible

result with CALIC. This suggests that a successful compression scheme can rely only
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Results on Image "Lena"
4.08

4.07
4.06
4.05
4.04
4.03
4.02

BPP (Lower the better)

4.01

3.99

3.98
1 Million 5 Million 10 Million 20 Million 40 Million

Library size
—8—3x5 —8—4x7 —e—5x9
Figure 2.4.6: The bpp result of CBIC algorithm for “Lena” image with different size

of patches and different size of library. In these experiments, we choose essential
sample amount A = 200 to build the empirical distribution.
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m CBIC(Proposed) CALIC Jpeg-LS
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Figure 2.4.7: Comparison between CBIC and other famous lossless compression al-
gorithms. The following information in the parenthesis shows the number of library
and the patchsize used to generate the result here: Lena: (80M, 5 x 9); Jetplane:
(80M, 4 x 7); Goldhill: (40M, 4 x 7); Barbara: (20M, 4 x 7).

on the local information of an image, rather than the global one. Also notice that
our algorithm shows good result on compressing portrait images “Barbara” with only
20 million library (also, from Table 2.4.6, 20 million library patches also gives good
result on “Lena”) , and this might indicate it will be efficient to find patches within
the same type of photos. For reader who followed through the article, this might be

an evidence that these portrait images have similar ergodic components.

In Figure 2.4.8, we reconstruct the Lena image with pixel value that has highest
probability the estimator gives (i.e. the MAP, maximum a posterior probability, esti-
mators). That is, each pixel intensity is the one that has highest value of PN (y,|x),
note that z, is the actual pixel values of the neighborhood of ¢th pixel®. The estima-
tor is obtained from our method with 4 x 7 patchsize, with 5 million library patches.

Note that 5 million library patches is considered as the smallest amount of library in

8Do not confused this with lossy compression. This used the original image context, hence it is
not a lossy compression result.
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our experiment. One can see that a lot of detail is captured by our models, includes

some of the textures of the hat and the hair.

Despite all the great performance of CBIC, the main drawback of the algorithm
is the maximum memory usage and expensive computation resource requirements.
While we implement the algorithm with Python combine with C that handles the
most intensive sorting algorithm, it would take several hours to encode, and even
more time to decode. For example, we used Amazon EC2 to enhance the computation,
which gives 16 or more cores for parallel computing, yet it still take 8-10 hours to

encode a small 512 x 512 image with 40 million library.

Why do we built such an algorithm? The main purpose is to have an image
compression algorithm that is able to scale up the context size, and to achieve the
optimal coding rate, so that we can see how a state of the art algorithms performed.
As one can see from Table 2.4.7, we are only a little better (about 0.05 to 0.15 bpp)
than one of the best scheme. Also, when we scale up the context size (see Table
2.4.6), the gain in performance is diminished. This suggests that the state of the art
lossless image compression algorithm is already near optimal and it might be hopeless

to find another scheme that is overwhelmingly better than the one we have today.
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Figure 2.4.8: Top: Reconstruct the image with MAP estimators. Bottom: The
original picture.



CHAPTER 'THREE

Robust Generalized Clustering
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3.1 Introduction

A traditional way to summarize a data is through regression. Over years of research,
many generalizations have been developed, some of which search for multiple struc-
tures associated with different parts of the data. For example, Breiman proposed
[8] the regression trees algorithm (CART, classifications and regression trees) that
finds histogram-liked structures to explain the data in each of many cells that are
derived by a recursive splitting of the variable associated with each dimension. Freid-
man introduced MARS, the multivariate regression splines [14], using hinge function
as a basis to learn piece-wise linear functions. The first stage of MARS is to over-
fit the data with hinge functions, where hinge functions with the smallest sum of
squared residuals are added iteratively. Then a backward deletion method is applied
to obtain the final result. Later, Breiman combined the regression trees idea with
hinge functions, and proposed an algorithm called the hinge hyperplane method, [7],
where a relatively computationally inexpensive hinge-finding algorithm is introduced
for learning optimal regression trees. Another example is SVR, or “support vector
regression,” proposed by Vapnik, et. al. [40]. SVR seeks the flattest nonlinear struc-
ture that fits most of the data, by solving a quadratic programming problem. A clear

development of SVR can be found in [39].

The above-mentioned methods accommodate what we call “multiple instance
data,” in which there are multiple models, each designed to fit a different subset
of the data. In these cited examples, there is a dependent variable and the ultimate
goal is regression. We will also assume that multiple models are needed to explain

the data, but in something more akin to the clustering problem than the regression
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problem—e.g. see Figure 3.1.1. The best-known approach is probably the K-means
algorithm: Given data {z;}?_, € RY, K-means (see [27] for an early reference) seeks

m points {¢;}7; C R? that minimize the loss function, f:

n

f(Cla"' ,Ck) = Z : 1Hrln”z2 _Cj“2

=177

A heuristic algorithm is applied: Firstly, arbitrarily choose m points in R? and as-
sociate (cluster) the data that is closest to each point. Second, calculate the mean
of each cluster and repeat the first step with these means. Continue recursively.
Apparently, this would not be a fruitful approach to the data in Figure 3.1.1. A
generalization of this idea, replacing points with hyperplanes (“K-planes”, [28]), was
proposed by Manwani at 2012. However, the direct generalization quickly gets stuck
stuck in local minimums and is highly sensitive to noise, as the author himself indi-
cates in his paper. This might be the reason for why this simple generalization has
found little favor in literature. Manwani’s remedy is to add a local penalty function,
|z: — p5]|%, to the loss function to ensure that the points in each cluster are close
together. This approach can also be viewed as an instance of the EM algorithm [10],
in which residuals are modeled as a Gaussian mixture with prior. We will compare
our method with an orthogonal version of EM in Section 3.4. Not surprisingly, we
will find that EM with Gaussian mixtures is sensitive to noise and outliers. Our
approach, which will be introduced shortly, offers a way to learn multiple structures
using a very simple loss function, similar to that of the K-means algorithm, but with

substantial robustness.

The robustness issue already appears in the context of ordinary linear regression.

Some noise or outliers can quickly undermine the result. This is the inevitable nature
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Triangle

1.0 0.5 0.0 0.5 10

Figure 3.1.1: “Triangle data”

of a quadratic loss function, which nevertheless enjoys many excellent theoretical
(and even practical properties) under a Gauss-Markov type condition. But most real-
world data is not well described by these assumptions. Many methods and resources
have been dedicated to remedying this. A good treatment of many of these can
be found int the book by Sen and Srivastava [38]. One fruitful line of attack is
called, quite generally, “robust regression.” Whereas the objective is still to minimize
the sum of residuals, the focus is on using different functions of the residuals. The
first approaches in this direction date back to the 18th century, with the idea to
replace squared residuals by the absolute value of residuals, “least absolute value
(LAV) regression,” proposed by Boscovich [5] and later studied by Laplace [22]. (A
comprehensive review of LAV regression can be found in [11].) To demonstrate the
difference between LAV and traditional regression, consider the data set displayed
in Figure 3.1.2. We generated 100 points from a distribution concentrating near a
straight line, and then added 50 outliers uniformly distributed in the rectangle. How

does 3 affect the minimizer of
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where d(z,¢) is the Euclidean distance from a point z to a line ¢?7 When g = 2,
the minimizer is the line that passes through the mean of the data and has the
largest variance of the projected data (i.e. the eigenvector of the sample covariance
matrix corresponding to the largest eigenvalue). Here, we are using “orthogonal
distance regression” [4], as defined in the formulation of principle component analysis
(PCA). Notice that the optimal line when =1 is less affected by outliers than the
corresponding line when 8 = 2. (Traditional LAV applies to the vertical residuals, as

in traditional regression, rather than the orthogonal distance used in PCA.)

,Ia _I4 ,‘;3 ,‘g _‘] [IJ 1I é 3
Figure 3.1.2: Minimizers of f(£) = 3", d(2;,¢)’ when 8 =1 and 3 = 2, where { is a

straight line in R2.

A unified approach is Huber’s M-estimator [20], which determines regression pa-

rameters by minimizing the sum of error function

where €;, 1 = 1,2,--- ,n, are the residuals, andp is a convex function. Note that
when p is the square function the estimator is the ordinary regression estimator; LAV

regression is recovered by taking p to be the absolute value. As for non-convex p,



96

Huber wrote

“If p is not convex, the estimators... will, in general, no longer converge
toward some constant. Apparently, one has to impose not only local but

also some global conditions on p in order to have consistency.”

In contrast to Huber’s ideas, we propose to explore non-convex error functions. We
forgo any reasonable notion of consistency, but we gain a strong sense of robustness,
and in some cases computational advantages as well. Specifically, we consider residual
functions of the form Y7, d(z;, £)?, where d(z;, £) is Euclidean distance and 5 € (0, 1).

When 8 € (0,1) we call d(z,()? a sparse distance.

For sparse distances, exact minimums can sometimes be computed, and oftentimes
approximated (3.2.2, 3.4). As we shall see, sparser distances (smaller values of ) are
more robust. As an illustration, in the data shown in Figure 3.1.3 there 70 outliers
out of 100 data points. The 30 “good” data points were generated from a noisy line
and the 70 outliers from the uniform distribution on the rectangle. As [ is made
smaller, the minimizing line “migrates” to a line that is nearly indistinguishable from

the one that generated the 30 data points.

We are interested in extensions to “multiple instances”: problems for which two or
more shapes (e.g. lines, or lines and planes) might be the most appropriate summary.
This calls for an extension of the loss function. Given data 7 = {z}*, C R%

and a class of models M (e.g. all one and two-dimensional linear manifolds in R?),

'We use Z, ambiguously, to represent the vector (z1,22,...,2,) and the (possibly multi) set
{z1,22,...,2n}.
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J— s=1
— 3=08]]
— 3=05|]

Figure 3.1.3: Left: the data includes 70 points generated from the uniform distribu-
tion. Right: The effect of 3 on the minimizer of f(¢) = X7, d(z;,£)?, over all lines,
¢, in R?.

we propose an unsupervised clustering algorithm through minimization of the loss

function

A n
£ - i . /\B
FIL) EA(L)+ - ;:1 min d(z;, £)", (3.1.1)
where d is, again, Euclidean distance and L € 2™ is a set of instances (or “structures”

or “models”). Obviously, there needs to be a penalty on the number of instances: (L)

is a monotone increasing function of the number of models in L.

The minimization of the loss functions with sparse distance involves the “inter-
polated solutions” By interpolating we means it is fully determined by the data
points that it passes through, e.g. a two-dimensional plane passing through three
linearly independent points. In LAV regression, it is known that for d dimensional
data (z;,1;) € R x RY ¢ =1,2,--+ ,n (with full-rank matrix), the regression hy-

perplane will pass through at least d data points, see [1]. (Some other properties of
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~

the estimator can be found in Chapter 1 of [23].) Formally, the minimizer, b, of

n d—1
FO) =" lyi = D wibyl,
=1 j=0

where ;0 = 1 Vi, defines a hyperplane,

d—1
{(z,y) € R X Ry =by+ ijbj}

J=1

that includes at least d of the data points. It is then said that the solution is inter-

polated. As we shall see, the phenomenon is also present in the minimization of

over all £ € M, where M is the set of (d — 1 dimensional) hyperplanes and z; €
R? Vi. The solution passes through at least d data points. While this result for LAV
regression (or for that matter the case here, when 8 = 1) can be proven through the
dual representation, the technique does not work for 5 < 1. We will treat this more
general case in 3.2.2 and 3.2.3, where we will describe a “interpolated solution.” For
more general planes, of dimension & < d — 1, the minimum-loss solution does not
necessarily go through any data points. In this case, the k-dimensional planes that
pass through k£ + 1 data points can only be considered as local minima. We discuss
this in Section 3.2.4, and for special cases k = 0 and k£ = 1 we will give bounds on

which guarantee that the optimizer is interpolating.

It is instructive to take a close look at the simplest example, which is the clustering
of points on the line. In Section 3.3 we will examine a limited type of consistency

and we will show that the estimator has 50% breakdown point, which is the highest
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possible for a location estimator.

In Section 3.4 we will develop an approximate minimizer of the (multiple-instance)
loss function, which we will call the “Remove or Replace Algorithm” (RRA). We will
perform numerous experiments, with different amounts of outliers and a variety of
model classes, M. For “mixed” model classes—those with two or more parametrized
shapes (e.g. lines and d — 1 dimensional planes), care must be taken to not unduly
favor model classes with more degrees of freedom, such as a hyperplane versus a line.
We will offer an extension of RRA for choosing multiple (mixed) instances from mixed
model classes. In particular, we will adapt a method called minimum sum of volumes,
which provides a way to select a final subset from a candidate list of multiple mixed
instances. Candidates are chosen using the RRA algorithm. In our experiments, we
obtain natural summaries of complex data, even in the presence of a high percentage
of outliers. The approach, using sums of volumes, is similar, but not the same as,
a method known as the minimum volume covering ellipsoid. The idea of clustering
with minimum volume ellipsoids was first proposed by Rosen [36]; see also Barnes [2]

for further developments of the algorithm.
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3.2 Loss Function for Multiple Instances

The main object of study, in this section, will be a special case of Equation 3.1.1:

given € (0,1), let
f(L) = |L*+ ézn:mind(z- 0. (3.2.1)
n < e "

where L C M and d(z;, /) is the (orthogonal) distance? from z; € R? to the model

instance ¢ € M.

Before minimizing Function 3.2.1, we standardize the data to achieve scale and

translation invariance. That is, for a raw data {Z;}I",

2 —2

zZi = 1 " ~ = 27
NES Y P

where 2 = 137, 2 and || - || is the usual L? norm. Thus we have 7, z; = 0, and

o X [zl =1.

Our main goal will be to prove that when M is the family of d — 1 dimensional
planes in R? then, generically, the minimizer of 3.2.1 passes through at least d linearly
independent points in Z’ (i.e. “interpolates”). Subsections 3.2.2 and 3.2.3 are devoted
to the proof. Section 3.2.4 gives some partial results for the more difficult case of

planes of dimension less than d — 1.

Precisely, here is what we mean by :

2We will only discuss linear model classes, but we have in mind more general shapes. In general,
“orthogonal” would be replaced by minimum distance.
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Definition 3.2.1. Fix d > 2 and £ < d — 1. Let Mj, be the set of all & dimen-
sional planes in R?, let 21, 2,...,2, be n elements of R%, and write Z for the set
{z1,29,...,2n}. A plane £ € My, is interpolating (or, sometimes, interpolates) rela-

tive to 2'if it contains at least k + 1 linearly independent points from Zz.

Before turning to these topics, we will first establish, in Section 3.2.1, a straight-

forward result that will greatly simplify our subsequent analyses.

3.2.1 Reduction to m =1

Given a minimizer of 3.2.1, and a particular model instance ¢ € M that is a compo-
nent of the minimizer, consider the subset of data points, A C z, which are closer to
¢ than to any other model instance in the solution set (for now, ignore ties). Does
¢ minimize Y, 4 d(2;,-)?? The obvious answer, ‘ves’, is correct, but to show this we
can not simply assume the contrary and then improve ¢, since changing ¢ will, in
general, also change A. Here we give a proof, and, later, we will use this result to

help delineate some key properties of an optimal solution.

Definition 3.2.2. Let L* = {¢},¢5,..., ¢} be a minimizer of Function 3.2.1. An

optimal assignment, given L*, is any partition of {21, 29,..., 2.},
A(LY) = {A1 (L"), Ao(LY), ..., A (L)},

such that

z € A;(L7) = d(z,é}f)ﬁ <d(z,0)Vk=1:m
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To ease notation we will sometimes write p,(¢) in place of d(z,£)?. With this conven-

tion:

Theorem 3.2.3. Let L* = {{1,05,..., 05} be a minimizer of Function 3.2.1, and let

A(L*) be an optimal assignment for L*. Then for all j =1,--- ,m

05 eargmin > p.(0),
’ M e a1

Proof. Suppose not. Then without loss of generality we may assume that

 ¢argmin > po(0)

z€A1(L¥)

In which case there exists Zl € M such that

> oe(l)> X pa(ly)

2€A1(L¥) z€A1(L*)

Define L = {0, 05,05, ...,¢:}, and gj = (; for j = 2,3,---,m. For any L C M,
define h(L) = Y1, miney, p., (). Then

jZIZEA](L*)

> D pll)+d Y pu6)
z€A1(L¥) J=22z€A;(L*)

= pZ(~J)
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which contradicts the optimality of L*. O]

Basically, Theorem 3.2.3 says that the any assignment of ambiguous points (points
that have the same distance to two or more instances in a minimizer) would not affect
the result of the theorem, i.e. £* will still minimize its cluster. An interesting fact can
be derived: When 8 = 2 and point model is used, there is no ambiguous point for the
minimizer. This is because, if there were ambiguous points, any different assignment
will result in different minimizer, which violate the property of unique solution of a
(strictly) convex optimization problem. However, when 5 < 1, it is possible to see

ambiguous points.

3.2.2 Lines in R?

A natural choice of model M is the set of straight lines in R?, which is called the line

model. The main purpose here is to show that the minimizer of

F(0) =3 d(z,0)", (3.2.2)

over the line model, given data Z = {z;}"_, C R?, is interpolating—i.e. passes through

at least two points (Theorem 3.2.6).

To have a better understanding of this, first consider both data point z; € R!,
M = R!. It’s easy to see that the minimizer exists since f is continuous and the
minimizer must be within a bounded set [min;_y., z;, max;—1., z;]. Also, because of

f"(x) <0 for z ¢ Z, the only possible minimizer can only occur when z € Z. That is,
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the minimizer interpolates. Our proof of that on R? is similar to this, as one will see.

Here are some notations we will use throughout the section. An element in R? is
considered as a d-dimensional column vector, and the superscript 7" on a vector means
the transpose of the vector. The identity matrix is denoted as /. The superscript L
on a space is the orthogonal complement of the space, i.e. B* = {y e R*: z.y =

0 for any = € B} for any B is a subspace in R?.

Let S 2 R mod 7, and v(6) = (cos(d),sin(#))” for # € S;. Define a function £
that maps R x S to a closed set on R?, s.t. L(a,0) = {y € R?* : yTv(0) = a}. Thus,
we define a line L(a, ) s.t. it has normal vector v(6) and d(0, L(a,0)) = |a|. Note
that this defines an unique line on R?, so we can define the space of lines on R? as

L £ R x S. Note that the space S has a natural metric

ds(91,92) = min{|91 — 92‘,7T — ‘91 — (92’}

So we can define the metric of space IL as the product metric

di(L(ay,01), L(az, 02)) £ la; — aq| + ds(61,02)

for a; € R, 8 € S. Thus we have a metric space for lines (L, d.).

To prepare Theorem 3.2.6, we need to show that the minimizer exists (Lemma

3.2.4 and 3.2.5).

Lemma 3.2.4. Function 3.2.2 is continuous on (L, dy).

Proof. For any z € R?, we only need to show that d(z,-) is continuous on (L, dL).
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Then Y7, d(z,-)? is continuous on (L, dy). Set a line £, = L(a,0) for a € [0, 00)
and 6 € Sy, since d(-, -) is the Euclidean distance. Note that ¢, 9 = av(f) + £y . since

the we have

d(z,la9) = d(z—av(0),lop)

= Iz — av(8)) 0 (O)]I,

where v(6) = (cos(6),sin(f)). Thus, we can see that d(z,(,0), as a function of (a, 9),
is a continuous function of a, cos§, and sin . This implies d(z, ¢, ) is continuous on

(L, d]L) [l

Lemma 3.2.5. The minimizer of Function 3.2.2 exists.

Proof. Define a d-dimensional ball B,(2), where z = £ 3™ | z;, and v = max ||z; — Z||.

Define B £ {¢ € LL|¢ passes through cl(Bs,(Z))}, where cl(-) means the closure of a

set. Thus, for ¢ ¢ B then

f) > n”.

Next, if £; is a line starting at z, we have

for every possible direction. Thus we have

min £(£) < no” < min f(£).
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This implies

min f(¢{) = mingep f(/),

Lell

which means we can restrict our search of lines on B, a compact set in (IL, dy,). This,
along with the fact that the Function 3.2.2 is continuous, the minimizer is always

existed. [

Note that the minimizer of Function 3.2.2 might not be unique: Consider d = 2
and 4 points forms a exact square on a plane, then there are two lines admits the

same minimum value of the target function.

Theorem 3.2.6. Given data points {2}, C R? assume 3 € (0,1), the minimizer

of Function 3.2.2 interpolates.

Proof. (Proof by contradiction) Assume the optimal line doesn’t pass through any
data points. Given any point z* € R? on the optimal line we have z; # 2* for any
1 = 1,--- ,n. We may further assume z* = 0 since we can shift the whole data
to achieve it. Furthermore, set the optimal line, say ¢(0*), parallel to the vector
(cos 0*,sin 0*) for some 0* € [0,27). Define a line, ¢(), that passes the origin and
parallel to the vector (cos#,sin @) for 6 € [0,27). Then 6* should be the argument of

minimum of the following function:

Note that, from our setting, the optimal line ¢(6*) doesn’t pass any data point, i.e.

0* # 0; + 2k, for any k € Nand i = 1,--- ,n. For any data point z;, ¢ = 1,--- ,n,
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we can also write

% = ||ll(cos ;,sin 6;)

for some 60, € [0,27). First, observe that

d(z;,£(0)) = |lzll - [sin(0 — ;)]

For i =1,--- ,n, define g;(0) £ d(z, £())?, thus we have

g:0) = ll=ill”- Isin(0 — 6:)]°

dgi(0)
00

= ||z][?Bsin(8 — 6;)|° " cos(6 — 6;) - sgn(sin (6 — 6;)),

for any 0 # 0; +2nk, where sgn(a) 2 1,50 — la<o. The Hessian of g; can be calculated

whenever 0 # 0; + 27k,:

Hy,(0) = |lll”8{(8 — 1)Isin(0 — 6,)|°7 cos*(0 — 0;) - [sgn(sin(0 — 6;))]?
+|sin(@ — 6,)|°~1 - (—sin(f — ;) - sgn(sin(d — 6;)) +0)}
= |lzI”8{(8 — 1)|sin( — 6,)|"~* cos*(0 — 6;) — | sin(0 — 6,)|"~" - | sin(0 — 6;)|}
= l2ill"8{(8 = 1)] sin(0 — 6,)|"7* cos®(0 — 6;) — [ sin(6 — 6;)|"}

< 0.

Thus for 6* # 0, + 27k,
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which means 6* is not the argument of minimum of g, we have the contradiction.
Thus, the optimal line has to pass at least one data point, say z;. Next, find the

optimal direction # by minimizing

9z (9) = Z (d(zu gm (9))[37

t:z;#z1,4=1l:n

where £,,(f) is a line passes z; with direction (cos#f,sinf). Using the same proce-
dure as above: start from assuming the optimal line doesn’t touch any data point
other than those equal to z;, and get the contradiction. One can conclude that the

minimizer must admits a line that touches at least two data points. ]

One might expect to have the same result for general data in R%—the optimal
line is interpolating. However, unfortunately it is not true. The following example

shows it is not necessary true.

Example 3.2.7. Consider a set of data that plotted in Figure 3.2.1

1 = (1,0,0)
o = (—1,0,0)
zZ3 = (07 \/37 0)

24 = (0,

Let m = 1, when b is sufficiently high, if we confine the search of the optimal line

on only the line that connects two data points, the result line, say £,, will be one of
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Z124,22%24, and Zzzz, which has the target function value of

2./p2 4+ 1
fly) =2 (\/627:43)6’

which goes to 2 - 27 when b — oo. Next, let’s consider another line that go through
z4 and perpendicular to the x — y plane, say /., depicted as red line in Figure 3.2.1,

will have target function value

So, when § 1 1, we have

lim  f(¢,) =2V3~ 3.46

B11,b—00
i l,) =4

e /e = 4

That is, we found a line ¢, that has smaller value then any line that connects 2 data

points. Hence, in R%,d > 2, the optimal line is not necessary interpolating.

3.2.3 Hyperplanes in R?

In this subsection, we will study the property of the minimizer while M is the family
of R4 planes in R, d > 2, which is called the plane model. Before we define space of
planes, note that a vector r € R¢ £ {r € R4r"r = 1} can be represented as a vector
of angles n = (01,0y,-- ,04_1) € ©¢ £ [0, ]2 x [0, 27) using spherical coordinates.

And there is a bijection v : © — R% to convert from spherical coordinates to Cartesian
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3
Zy (0,§,b)

2z, (1,0,0
2z, (—1,0,0) 1(10.9) X

z3 (0,v/3,0)

y ¥

Figure 3.2.1: Counter example for the optimal line in R?, which explaining the optimal
line might not necessary go through two data points. The data is z1,--- , 24, when b is
high enough, the green line will be the best line (that has smaller or equal minimum
target function value) among all the interpolating lines, i.e. the lines that connect
two data points. However, when 8 < 1 and is close to 1, the red line will produce
smaller target function value than that of the green one, and the red line only touches
one data point.
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coordinates. Note that the kth- elements of vector v(n) € R? | k = 1,2,--- ,d, can

be represented as
v(nk = (H?;f sinf;) cosOq_ki1,
where 0; = 0 and H?Zl sinf; = 1 (see [19] page 645).

Thus, an R4! plane in R? can be represented as follows. Given a € R, and
n € O 2 81 where S = R mod 7, a plane can be defined as a function P maps
R x O to a close set on R?, s.t. P(a,n) = {y € R?: y"v(n) = a}. That is, P(a,n) is

a plane that has normal vector v(n) and has distance |a| to the origin.

As we did in Subsection 3.2.2, we define a product metric on the plane space. The

distance between two planes, D({q,¢s), {; = P(a;,n;) € L, j = 1,2, is defined as

d-1
a1 — ao| + Y ds(Ork, Oor),

k=1

where 0, = (9;)x, j = 1,2. Thus we have a metric space (P4, D).

Given data {z;}", C RY, the target function is

f0) =" d(z,07° (3.2.3)

for £ € P. Note that P? can also be defined as the collection of planes that passing
through d linearly independent points. We would like to show that the minimizer of
Function 3.2.3 will pass through at least d data points (Theorem 3.2.10). As before,

we first need to show the minimizer of exists (Lemma 3.2.8 and 3.2.9).
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Lemma 3.2.8. Function 3.2.3 is continuous on (P¢, D).

Proof. For any z € R%, we only need to show that d(z, -) is continuous on the product
space (P, D). Given a plane {,, = P(a,n) for a € R and n = (0, ,041) € O,

since the distance d(-,-) is considered to be the Euclidean distance, we have

d(z,0ey) = d(z—av(0),b.,)

= [z —av(@)" - o),

which is a sum of continuous functions of a and 6y,--- ,04_1. Thus, d(z,-) is clearly

continuous on (P, D). O

Lemma 3.2.9. The minimizer of Function 3.2.3 exists.

Proof. The proof is similar to Lemma 3.2.5. Define a d-dimensional ball B,(Z), where

z=21%" 2, and v = max ||z;— z||. Define B £ {{ € P|{ passes through cl(Bs,(z))}.

n

Thus, if £ ¢ B then
f0) > n’.

Next, if ¢z is a plane passing through z, we have

for every possible direction. Thus we have

. 6 .
min fl0) <nv” < min f0).
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This implies

min f(¢) =minyep f({),

peP

which means we can restrict our search of planes that passes in B, i.e. a compact
set in (P, D). This, along with the fact that the Function 3.2.2 is continuous, the

minimizer is always existed. O

Theorem 3.2.10. Assume 3 € (0,1) and span(z,.,) = R, the minimizer of Function

3.2.3 interpolates.

Proof. Assuming there is no data points that lies on the optimal plane /. We may
assume 0 € ¢ and have normal vector (1,0,--- ,0) since we can shift and rotate the
whole data to achieve it. Next, rewrite our target function by restricting the domain
of planes that passing through 0 and allowing only the first two coordinates of their
normal vectors to move. That is, for some 6 € [0,27), let £y to be the plane that
passes 0 and has normal vector 7y = (cos,sin 6,0, --- ,0), we search the argument of

the minimum of the following function

n

9(0) = > (d(zi,log)".

=1

And we know that § = 7+4kn, k € N, which corresponds to normal vector (1,0, - ,0),
minimizes the function. The following argument will show that if the optimal plane
doesn’t touch any data point, the Hessian of g, say Hy, will be negative when 6 =

5 + km, and we will get the contradiction.

First, assume that when 6 = 7 + k7, the plane £y doesn’t touch any data point.
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Fori=1,--- ,n, write z; as (x;,y;, 213 ,2.4) € RY, and calculate

d(zi,boe) = |z -7
= |x;cosf + y;sin |

/ Li Yi
$?+y§|mCOSQ+m

= 4| cos(f —6;)],

sin 6|

where a; = Vx? 4+ y? > 0, and 6; satisfies cosf; = —Z— and sin§; = —-Z

z2+4y? x2+4y?

Note that d(z;, foe) is twice differentiable only when 6 — 6; # T + km. Let’s

establish this by the following claim:

Claim 3.2.11. For i = 1,--- ,n, d(z;,{op) is twice differentiable when 6 = 7 + k7.

Proof. Given any ¢ = 1,--- ,n, since we assume the optimal plane doesn’t touch
any of the data point, the vector z; = z; — 0 will have the property that z; is not

perpendicular to the optimal plane’s normal vector (1,0,---,0), i.e.

which implies x; # 0, and this means cost; # 0, i.e. 0; # § + km. So we conclude

that d(z;, lo) is twice differentiable when 6 is in the neighborhood of 7 + kn. O

Let gi(0) £ (d(z,€04)? for i = 1,--- ,n, we can calculate g/s derivative on the
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neighborhood of 6 = 7 + k7.

dgi(0) 0
R %aﬂcos(@—ﬁmﬁ

= alB|cos(d — 6,)|°" - [—sin(0 — 6;))sgn(cos(d — 6;)].
And we can calculate the Hessian of g; when ¢ is in the neighborhood of 7 + k7 :

Hy(0) = olB{(8—1)-|cos(6 — 6,)" - [~ sin(0 — 6,)sgn(cos(0 — 0,))]?
] cos(® — ;)| - [(~ cos(6 — 6;))sgn(cos(8 — 6,)) + 0]}
= afB{(5—1) | cos(0 — 0,)"sin’(6 — 6,) + | cos(8 — 6,)*~" - [~ cos(0 — 6,)]]}
= afB{(8—1) | cos(0 — 0,)|"?sin’ (9 — 6,) — | cos(0 — 6,)|"]}

< 0

when 0 = g 4+ km. So we have

Hy(0) =37, Hy(0) <0
when 0 = § + km. This means the plane that passes 0 with the normal vector
(1,0,---,0) is not the optimal plane. Thus we have the contradiction. There is at

least one data point touches the optimal plane.

Next, say the data point that touches the optimal plane is z;, we may assume that
z1 = 0, if not, we can shift the data to achieve that. As before, we may assume the
optimal plane touches 0 and has normal vector (1,0,---,0). Then, again 6 = § + kn

should minimize

gM(0) = 3 (d(zi,Log)".

1€{1, ,n|z;#z1}
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Note that we excludes the data points that is equal to 0 so that g is twice differentiable
when ¢ = 7 + k. Using the same argument, we conclude that the optimal plane

have to pass through another data point that is not equal to 0, say zs.

Finally, assume the optimal plane only go through ¢ distinct data points, 1 < ¢ <

d, say z1,, and z; = 0. And the normal vector of the optimal plane in the space of
span(zy, -, z)* .

For j =1,---,d, define ¢; € R¢, such that all the components of e; are 0 except the

5" component is 1. And we may assume

span(zy, - - - ,Zq)l = Spﬁm(ed—q+2, €d—q+3; """ ui’d)l

éAq

and the optimal plane’s normal vector is ey, since we can rotate the whole data to
achieve that. Thus, if we restrict the plane that has normal vector in A,, we should
find the plane with normal vector e; minimize the target function. In another words,
if we restrict the plane that has normal vector in {{og}ocjo2x), 0 = 5 + km should

minimize

g 9) = > (d(zi,pos)”.

ie{‘]""la"' 7”'31’7&31:11}

Note that ¢,y has normal vector

(cosf,sind,0,---,0) € A,.
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Then, again, the same argument will give us the contradiction. One must understand

the argument is not valid when ¢ = d, since

span(ez, €d—q+3," " ed)L

is the space that span by only one vector, e;. So there is no freedom to move the

normal vector to get smaller value on the target function.

Thus we have proved that the optimal plane must pass at least d data points. [J

Combine with Theorem 3.2.3 and Theorem 3.2.6, let’s sum up the important result

with the following corollary:

Corollary 3.2.12. Given data {2z }7, C R? with span(z1.,) = R%, d > 1 and assume
the model class M = P¢, the space of R¥™1 plane in R? (which can be determined

by d linear independent points in R?). If 3 € (0,1), then there is a minimizer L* =
{€,--- 05} € P of function

AL
FIL) = L[+ =3 mind(z;, )7, (3.2.4)
=1

for L C P, such that U3 passes through at least d linear independent data points of

{z:}0y forall j =1,2,--- 'm. i.e. the minimizer is interpolating.
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3.2.4 Non-interpolating Optima: Some Partial Results

What can be said about the minimizers of 3.2.4 when M = P* (k < d, d is the
dimension of the data) is the set of planes of dimension k£ — 1 (or say, the planes that

can be determined by k linear independent points in R¢)?

In general, the solutions will be non-interpolating. But we can get a sense of what
will happen for 3 small by observing that when 3 = 0, d(z;, £)° becomes binary?, zero
or one, and equal to zero if and only if z; lies on the plane ¢. Since, generically, at
most k& members of Z will lie on a k — 1 dimensional plane, the minimum cost over P*

is n — k, achieved by every interpolating plane in P*.

With this observation in mind, we introduce the notion of an “e-interpolating”

plane:

Definition 3.2.13. Fix € > 0. A plane ¢ € P* is e-interpolating if {z; € Z: d(2;, () <

€} contains at least k linearly independent elements of 2.

From a computational viewpoint, knowing that the optimal solution is e-
interpolating suggests building a search algorithm based on the polynomial (versus
exponential) problem of finding an optimal interpolating plane. Although we have

no guarantees, the following theorem further supports this approach:

Theorem 3.2.14. For anyd > 2, k < d, and data {2}, C R? with span(z1.,) = R,

let L = {l1,0s,...,0n} be a minimizer of Function 3.2.1 over P*. Fiz ¢ > 0 and

3Here we set 09 =0
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choose
n—k+1
; log (n_k )
< - N 7
log (2{5)
Then {; is e-interpolating for every j =1,...,m.

Proof. According to the result from section 3.2.1, it is enough to consider the target

function

over £ € P*. Recall that z1, ..., z, is standardized: Y,_;., 2z = 0 and 3;_1., || 2> = n.
Consequently, ||z;|> < n, Vi and it follows that ||z; — z;||* < 4n for all 1 < i,j < n.
Let ¢ be any interpolating plane in P¥. The distance from any z to ¢ can not be
bigger than its distance to any point on ¢. But ¢ is interpolating and includes at least

one data point, z;. Since [|z; — 2;]|? < 4n, it follows that d(z;, £) < 2v/n.

Now, since ¢ contains at least k data points,

n

> d(z,0) < (n— k)(2v/n)’

i=1

In contradiction to the claim in the theorem, assume that ¢ is not e-interpolating.
Then there are at least n — k + 1 data points that have distance from ¢ at least as

great as e:
n

Sd(zi,1)° > (n— k+ 1)’

=1
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Now check that
lOg (n—k—]:}-l)
ﬂ < L
log (2{5)

implies that (n — k)(2y/n)” is smaller than (n — k + 1)€®, which means that

and ¢ can not be optimal. O

In the following paragraphs we explore two further special cases: clustering to
points in d > 2 dimensions and clustering to lines in d > 3 dimensions. In both cases
we will identify a range of values for § within which optimal solutions are guaranteed

to contain at least one data point.

Clustering to points in R%, d > 2.

When M =R%, d > 1, i.e. the point model, and m = 1, given data {z;}7, C R? the

target function can be written as

flz) = > d(z,2)", (3.2.5)

where x € R%. Note that the optimal point is not necessary to be some of the data
points. We say the optimizer is non-interpolating. One can consider three points in
R? that forms an equilateral triangle, the optimal point is the center of the triangle

when [ close to 1. The next lemma will state the fact that every data point is a local
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minimum of f.

Lemma 3.2.15. Given data {z}", C RY. Fori = 1,2,--- ,n, z is the strictly
minimum point of Function 3.2.5 on the d dimensional ball center at z; with radius
1 ki(1—p) 1

1
min{— min ||z; — 2|, = -8
{29':'217521'“ ’ ol 2<Zj:zj¢2ilz]-—zlill23) ;

where k; = Z;‘:l D=z

Proof. It is sufficient to just consider z; is a local minimum. May assume 2z; = 0. For

any radius 7 > 0, set a point (") = ra, a € RY, such that ||2(")|| = r. Then

B

P = 3= =)

For abbreviation, fix an a € R{ let

lI>

F()
\/(zl — 2N (z; — 2().

g(r)

lI>

gi(r)

We will show that when r is within the radius, we have negative Hessian of g. So for
any such a point z("), there is a direction (toward 0) such that it produce a negative

value of the directional second derivative, i.e. z(" is not a local minimum.
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When 2" = ra # 2, calculate

g(r) = 5A{-2 (z—2")"a}

since 27T q = raTa = r. Thus

000(r) = ol r—="a)

Q

whenever ra # z. Thus, we can calculate the Hessian of giﬁ

Hp(r) = BUB= 20! (= 57l +07)

%

= Bl B (- =T+ ).

1 [

Note that g;(r) = r. So for those ¢ such that z; = z;

Hp() = B2~ B) gV + 55}
_ —pa-p)
r2—>58

And for i such that z; # z;, let r; 2 |||, we have

B B

gi 0 T i =

H 5(7“) <

9;
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where the second inequality is because of
g:(r) = d(z;,ra) > |d(2;,0) — d(0,ra)| = |r; — r|.
Furthermore, since r < 3, for any ¢ with z; # 21, r; —r > %, which means

Ha(r) < B

9;

Put these estimations together, we get

Hy(r) < p{ X2 (

1:2;#21

2.5 45 k(1=p5)
W T )

k1(1-p)

1
W) 28, we have
i:2;#2] Tj

So, if r < 3(

2-8 ki(1 —B) (1)2_5 k(1 - 5)

/”l pu—
Zi:zi;ézl(r%)Qiﬁ 2 Zj:z]-;ézi(%j)ziﬂ

Thus we have H,(r) < 0 when

1 1 k(1 —
r <min{; min r;, =( i flﬁ)zlﬁ}.
2 jizj#= 2 Zjizj#zi(rj)

This completes the proof. O

Lemma 3.2.16. Given data {z;}7; C RY, if d(zi,z;) > q for any i # j s.t. z; # z;,

then z;, 1 = 1,2,--- ,n s the strictly minimum point on the d dimensional ball center



at z; with radius

Proof. Note that n < 2 is a trivial case.

every 1 =1,2,---

124

, form > 2
a(n, g, B) =

N

Set n > 2, we can estimate the following for

forany i =1,2,---

N
ki(1—B) 1 4
= k(1= 5)( T —13)
Zj:zﬂﬁzi W j:zjzyézi ||ZJ - Zi||2_ﬂ
1
> kz(l_ﬁ)( Z 2,5) !
jizﬁfzz'q
n—ki _
= kz(l_ﬁx qg_ﬁ ) !
_ ki(l—ﬁ)qz—ﬁ
1-0 5
> B
= n—lq
,n. Thus, we have for n > 2,
T R R (S R
2'n—1 2" Yzt o= P

1-8
n—1

1
Also, since (-—5)2=7 < 1, we have

foranyi=1,2,---
1(1—5
2'n—1

q)77 < min{%min, |1z — ], 5(

gl-p 1 q¢_1
= B < =< — i
D) < g s g i Al
;. S0
1 1 1 k(1 —5) 1

— )77}
.23752’ 2 Z]'UZJ‘?&ZZ'W
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for any ¢ = 1,2,--- ,n. This completes the proof. O]

One quick observation of the function a(n,q,3) is that it is increasing when [

gets smaller. So that the radius will get bigger when we lower the value of 3, until

. . 1.
the radius hits 5 min;.. .. ||z; — 2.

Even though in R%, d > 2, the best point that minimize Function 3.2.5 might not
be one of the data, we can “force” the optimal point to be one of the data by choosing
a more sparse distance, i.e. smaller 5. One can say that a sparser distance tends to

creat an interpolating optimizer. The next theorem states this fact.

Theorem 3.2.17. For data {z;}! ; C R?, with q,s € R s.t. ¢ < ||z; — 2;]| < s for all

i#j=1,2,---,n. Given any By € (0,1), if

B < min{fo, 51(Bo, n, 5,q)},

where

log(-"5)/ log(zfﬁ_ﬁig , form >2

61(507”787Q> £
50 ) fO?"TL S 27

then the global minimum points of Function 3.2.5 are among the data point.

Furthermore, for n > 2 if B = B(n, s, q) satisfies the equation

5= tog( ) o )

then
2s(n — 1)

B> min{ﬂo,log(n)/bg(q(l_ﬁo)

n—1

)}
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for every By € (0,1).
Proof. Note that n < 2 is a trivial case. Set n > 2, given any z € R? s.t. © ¢ {z}",

and is a local minimum point of f, the Function 3.2.5. Note that for « = a(n, ¢, 3)

that defined in the previous lemma, i.e.

ql—p 1
£ 1 B
So x will not be located inside any d dimensional ball B,(z;) for any ¢ = 1,2,--- ,n

because of the previous lemma. Thus we have

f(z) > na®.

Furthermore, given 5y € (0,1), for any 5 < [, we have 1 — § > 1 — [y, which

implies

1-— 1
ama.p) > IATIk

We can further estimate it by

of > (P
> (Iyp =y
Q(l_ﬁo))g

- (2(n—1)

Y

where the second inequality is because of % < [ and 17:_'610 < 1.
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On the other hand, we have

minf(z) < (n-1)s’

for any i = 1,2,--- ,n because s is the maximum length of two data points.
Thus, if
2s(n —1)
g < lo lo
sl ) 0w
1 q(1 — Bo)
=1 1
oa(") x5 1)
we have
2s(n—1)" = n’
note that log(ggg_ﬁ‘ig) < 0. This means
1—
flz) > na > n(q;(n_ﬁf)))ﬁ > (n—1)s’ > min f(z).

So we finish the proof of the first part.

The second part of the theorem is valid since

() o)

is increasing when [y goes to 0. O
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The next lemma explains a property of the bound.

Lemma 3.2.18. Given any 5y € (0,1), the function [(1(5o,n,s,q) or B(n,s,q) is

non-increasing when n increases.

Proof. The scale invariance is easy to see, since any scale imposed on the data will

S

not affect the value o For the first property, we only need to look at n > 2 case.

Defining

77@) = 61(507%37@
logz — log(x — 1)
log(x — 1) + ¢

9

> 0. And calculate for z > 2

where ¢ = log q(12_560)

1 1 1

' 1 -1 - — —
W) o (log(e 1) o)t~ )~ -
1 c 1

= (I -1 - =
(log(z = 1) +¢)— = — — —

log(x —1)+c¢ logz+c

x r—1

(logx —log(x — 1))

log x

< 0

So, for n > 2, 51(6o, n, s, q) is decreasing when n increases. m

Clustering to lines in R4, d > 3.

So, when [ is small enough, the optimizer of the target function on the point model

will be interpolating. An immediate generalization can be derived on the line model:
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when [ is small enough, the optimal line will pass though at least one data point.

This will be stated in the next theorem.

Theorem 3.2.19. For R? data, d > 3, with the line model. Given By € (0,1) and

data {z;}1,, the the global minimum line of the function

will pass at least one data point when

61(607n7SJQ) 5 n>3J3

60 , 0.W.

Proof. The n < 3 is a trivial case. For n > 3 and given 5y, € (0,1), assume the

optimal line, say ¢*, doesn’t pass any data point. So the target function has value

n

F(0) =3 d(z, ).

=1

May assume £* = L£(0,7), i.e. it passes 0 with direction r € R¢. We can project all
the data point to the plane P, that is perpendicular to r and passes 0, say {Z;(r)}7.
Then

n

f(£*> = Zd(ﬁi(T),O)ﬂ7

i=1

which is equivalent to the point model in R?~!. Lemma 3.2.16 says that when

/8 < 61(507”787q)7
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a data point (note that no data point is 0), say 21, will be the minimum point of the

function

So, we can move ¢* parallelly (so that it is still the normal vector of plane P,) such
that it touches z;. We thus find a better line £(z1,7) that have lower target function
value. So we have the first contradiction, the optimal line must pass at least one data

point. O
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3.3 Observations about Sparse-distance Cluster-

ing in R!

In this Section we examine the minimizer of the function

FO)=3d(z,0)

=1

when ¢ € R. The intention is to understand the simplest case so that one could have

some general ideas of sparse distance.

Suppose our data z = {z;}!"; C R is generated from some distribution F(- —§),
where £ € R is a location parameter. To estimate the location parameter. We can

define the set [T,(z)] as

[T.(2)] = {0 € R' : Y |z; — 0]” reaches minimum}, (3.3.1)

=1

and then define T'=T,, = T,,(z) as mean of the set [T,,(z)]. The definition is similar
to the M-estimator from Huber [20]. The existence of the estimator for any given
data set is easy to verify, since T,, must be within

[min z;, max z;],

i=1l:n i=1:n
then we are solving a minimizing problem of a continuous function on a compact

set. Thus the T}, exists. Another easy but important property is that 7T, is location

invariant, i.e. T,,(z + ¢) = T,,(2z) + ¢ for some constant c.
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3.3.1 Asymptotic Properties

However, the estimator 7),, does not necessary converge to a point when § < 1,
unlike 5 > 1 case, which is easy to verify under some regular conditions on F. To
quickly see this, note that one can obtain the limit of the function %Z?:l Ei
asymptotically under some condition of strong law of large number (SLLN), this
function will converge to ¢(0) = E(|Z; — 0|°) a.e. It is easy to verify that when
B> 1, ¢(0) is a strictly convex function under some regular condition on distribution
F, so T, exist and unique in this case. For the reader that when § = 1, some choice
of F' may give multiple solutions, and the estimator might not be convergent. For

example, think about the distribution with density

1
5(11{96:—1} + La=1y),

then T, will take values —1,0, and 1 infinite often and won’t converge. Thus, to have
a unique asymptotic solution, one must impose some conditions on the distribution

F.

When g € (0,1), it’s not hard to see that [T},] can only contain points in {z;}! ;.

Since the Hessian of |z; — 0|? (as a function of 6) is
BB —1)|z — 0] <0,

when 6 # z;, 1 = 1,2,--- . n, which results in negative Hessian of target function for

any 0 ¢ {z;}7,.



133

The following lemma shows that if density of F' is symmetric and unimodal, then

T,, is a consistent estimator of location parameter under some mild conditions.

Lemma 3.3.1. When 3 € (0,1), given {z;}_, i.i.d. from a continuous distribution

F(-=¢&). Assume the density g of distribution F satisfies

1. g is symmetric and unimodal at 0.
2. ¢ exist and continuous,

3. Ej|X| < o0, E,| X7t < 00
then T, (x) converge to & a.e.

Proof. May assume & = 0. Since the elements of [T;,] satisfies ming 30, |z — 0/°, it

satisfies
n

1
min > |z — 6

=1

also. To use SLLN, calculate

Bz -0) = [ |e 0/ g(x)de

0+1
= [ o= 0Pg(x)de +
0—1

= 0 g()da
- R\(6—1,0+1)

0+1
< [ g+ j — 0]g(x)dx
0—1 R\(6—1,6+1)

< o0

because of Assumption 3. So we can use SLLN to conclude

1 n
S o > B(1Z0-07),

=1
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a.e. Thus the elements in the limit of [T;,] are arguments of minimum of

V(0) = E(12 - 0]7).
Observe that 1 is a even function since Z; and —Z; have the same distribution.

Next, we will show that ¢ has only one global minimum at 0, which implies 7,, — 0

a.e. Note that

0o) = [ - 0P gla)da.

First we have to argue that ¢'(f) is existent. Since

() = 8 [le—0P" - sgn(c —6)- gla)da
- _ﬁ/ d:z:—i—ﬁ/ z — 0) " g(x)d,

and when 6 > 0, the second term is bounded from above by 3 [;° 27~ 1g(z)dx; when
§ < 0, the first term is bounded from below by —3 [°. (—2)?'g(z)dz. And the
assumption 3 states that E,|X|°~! exist and finite, which implies [;°(—z)°"'g(z)dx

and [5° 2% 1g(z)dz are both finite. This indicates that 1'(#) exist for all § € R.

Calculate

0O) = [ le— 0Py
= /_O:Oly|ﬁg(y+9)dy-
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Thus

Vo) = [l ty+ 0y
= /O:O Iz — 01°g (x)dz.

Observe that 1'(0) = 0 since ¢’ is an odd function (because g is an even function

from assumption 1). Also, we know that ¢’ is an odd function. Continuing calculating

v
0 00
Vo) = [ le-0Pg@de+ [ o0y (@)
—00 0
The first part can be estimated with the change of variable y = —x, then
0 B 1 0 B 1
[ le=0g@dr = — [ |~y —6°g(~y)dy
= —A [y + 0179 (y)dy
Thus

V'(0) = —/ u+m5'cm+/ —0)°q/ (x)dx
= /0 (|2 = 6" — |z + 6)°)d (x)dz.

When 6 > 0, because ¢'(z) < 0 when z > 0 (Assumption 1) and |z — 0| < |z + 6|, we
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have ¢/(f) > 0. Combine the observation of ¢’ being an odd unction, we have

>0 , when 6 >0
P'(0) is

<0 , when 6 <0.

Thus we have the result that ¢ attend its global minimum at 0. O

3.3.2 Breakdown Point

Breakdown point is a way to measure the robustness of an estimator. First concept is
proposed by Hampel [18]. Donoho and Huber [12] gives a simple version of it called
the finite sample breakdown point, which we will adopt in this subsection. Given a
sample & = {x;}" ,, the finite sample breakdown points at sample « for T" is defined

as

BP(T,xz) = mkln{k . sup  |T(x) — T(z")| = oo},

. ghexk(z)
where
XF(x) & {yeR":y, =, except first k elements.}
for k < n. The highest breakdown point for a location estimator is 50%.

We would like to show that when 5 € (0,1), the estimator 7" has 50% breakdown



137

points. Let’s first prepare some notations:

Q(CL‘,@) £ Z |xz - 9|/B'
i=1
Note that all the local minimizer of Q(x, ) are data points x;, i = 1,2,--- ,n.

Let’s introduce a lemma.

Lemma 3.3.2. If T(x) = c € R, and & = x except one of the element being changed
to c, then

T(x)=c

Proof. Note that since T is defined as midpoint of [T], ¢ may not necessary to be a

data point. Assume the changed element is x;, that is, Z; = c¢. Define

Q) = Q@&,).

Note that we have Q(z) > Q(c) for any x € & since we assume T'(x) = c¢. We will

split the proof into two claims: T(&) = ¢ when (1) z; < c. (2) 21 > ¢

Claim. When z; < ¢, T(&) = c.

Proof. We will to show that Q'(x) > @Q'(c) for any = € & s.t. x # ¢, so that the value
of T' is not changed. We will split the problem into 3 situations: (a) x < x4, (b)
x € (x1,¢) (¢) x > ¢, where x € &, which covers all the the possible minimum points

A

in .
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(a) When x < x4, calculate

Q'x) = Q) — oy —al’ +]c—af’

> Q)
> Q) = |c—a|’
> Qo) = le—m|
= Q'(c)

Note that the first inequality is because z; < c.

(b) When z € (21, ¢), calculate

Q'x) = Q) — oy —a|’ +]c—af’

> Q) — (v — )
> Qz) = (c—m)”
> Q) = (c— )
= Q'(c)

Note that the second inequality is because of 1 < z < c.
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(¢) When z > ¢, calculate

Q'x) = Qz) |1 — 2| + |e—aff

where the first inequality is because of a” — b° < (a — b)? if a > b. ]

Claim. When z1 > ¢, T'(Z) = c.

Proof. Again, we split the problem into 3 cases: (a) x < ¢, (b) x € (¢,z1), (¢) x > z,

where x € .

(a) When x < ¢, calculate

Q'(x) = Q) —|oy —a|’ + e~ aff
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(b) x € (¢, x1), calculate

Q'x) = Q) — oy —a|’ +]c—af’

(¢) x > x4, calculate

Q') = Qo) — o — 2|’ +]c— |’

]

Theorem 3.3.3. When 5 € (0,1), the finite sample breakdown point at data x esti-

mator T is 50%.

Proof. Given & = {z;}", and * € X*(x), there is an &* € X*(x) with 2 = ¥ for



i, j=1,2- kst.

This is because of Lemma 3.3.2, i.e. we can change ¥, i =1,2,---  k, to T(x*

point at a time and doesn’t affect the estimator 1. Define
‘)E'k(w) = UceRik ‘

and &"° € X*(x) s.t. #F =&h =cfori,j=1,2,- k. So

)

T@) - TEh] < sw (7@ -1
— sup [T(=) — T(2")].

ceR

[
B
N—

Since & € X*(x), we have
sup |T(x) = T(z")| = sup|T(z) - T(&"),

zke Xk (x) ceR

where "¢ € X*(x) and 2F = ¢ for i = 1,2,--- , k. Set k < n/2 and define

QO = Q@.).

We may assume that for all i = 1,--- ,n, x; € (—¢,¢€) for some € > 0, and T'(x) =

Calculate

Q) = Z e = 2" > (n = k)|c — €|,

i=k+1

141

) one

0.
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And

Q) = k-’ + > |al?

i=k—+1
< k-l +(n— k).

Since n — k > k, there exist a ¢y = co(x, k) > 0 s.t. Q(0) < Q(c) whenever |c| > co.
So the minimum point of Q will not be ¢ when |¢| > ¢, which means |T'(x) — T'(&")|
can only be among (—e,e). And when |¢| < ¢y we have |T(x) — T(&"°)| < ¢y +€ < o0,

This implies
sup |T(x) —T(z")| < oo
zheXk(x)

when k < n/2. So

BP(T,x) = mkln{f; ssup |T'(x) — T(xF)| = oo} = 50%.
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3.4 Minimizing the Loss Function

Given data points Z = {z}", C R% a model M, a penalty function v : 2™ — R,

and an error function p : R? x M, the target function we try to minimize is

FL) 2 9(1)+ 3 min (.0 341

for L € 2™ or say L € M. When | M| < oo, solving arg minyca f(L) with brute
force involves 0(2‘/\’”) calculations. Here we propose Remove-or-Replace algorithm

(RRA) on approximating a solution of argmingca f(L) when | M| < oco.

3.4.1 Remove-or-Replace Algorithm

The procedure of remove-or-replace algorithm, RRA| is as follows.

1. (Initialization) Choose an initial set L C M, say L = {{1,--- , {1}

2. Fori=1,---,|L|, set LW = L\{;, calculate £; with
6, = i UL,
;= arg min f( )

Note that we also include ¢, called the removal element, such that pUL® = L),
That is, if the minimizer is ¢, we know that the target function is smaller without
any choice of ¢; (among M\L). If there are multiple arguments of minimum,

pick ¢ if ¢ is among them, otherwise, pick the first occurrence of ¢ € M\ L.
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Record the value of target function
¢ = fl;ULY),

and the corresponding set L; = E; uL®,

3. After previous step we have {ci}ii‘l and {Li}gl. Calculate

r = arg min ¢,

i=1|L|

and replace L with L, if f(L) < f(L,). Again, if there are multiple arguments

of minimum, pick the first occurrence of 7 in ¢y, -+, .

4. Repeat step 2 and 3 until there is no further decreasing on target function. The

algorithm found L as an approximate minimizer of f.

The complexity of the algorithm is O(¢?|M]), where ¢ is the number of element on
the initial set. It is clear that every step of RRA decreases the target function f,
which make it a greed algorithm. The reason we don’t want to specify the number of
instance, m, instead of introducing parameter A in our loss function (Function 3.4.1)
is the ability to perform RRA. Note that RRA is applicable for any function f(L)

where L C M with [M]| < cc.

In the rest of this subsection, we will go through the setting of experiments on
RRA. The error function we choose is denoted as the modified sparse distance, which

depends on the data and the model chosen:
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where 5 € (0,1) and

LSS e by
CZ, = d Zi7£'
M n - |M j=11i=1 ’

is the modified parameter ¢ = (3 ap. The main reason we include it is that we would
like to have similar loss function value on the sum of error term between different
models. For example, given the same set of data Z, the point model, will have bigger
value of ( than the line model. This small modification make parameter A less sensitive

to model changes.

Note that since we assume § € (0,1) throughout this article, Corollary 3.2.12
greatly reduces the problem on minimize Equation 3.4.1 under certain situations.
When the line model L is considered, the corollary tells us that we only need to con-
sider CF interpolating lines, i.e. '} < oo, which enables us to use RRA algorithm.
More generally, when using the plane model P? on R?, we only need to consider inter-
polating C} planes. We also found that even when the optimizer is not interpolating,
if we restrict the model to those instances that interpolate, the result is still very

informative.

Thus, given the data Z = {z;}"_, C R? the models we choose will be restricted
to interpolating models, M,,, where p € N, p < d, means the model is the collection
of instance that passing p linearly independent data points z1, 29, - - - 2,. For example,
M, is the interpolating point model and M, is the interpolating line model, etc.

Also, we will choose a penalty function (L) = |L|?.
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Thus, for the most of the time the target function we use is

A n
f(L) = |L|* + ngmnd zi, 0 (3.4.2)
-1

n-Cam |

for L € M,, p < d. Note that generally speaking we have (7, < (zm,, if
d > py > p1 € N. The error function is modified so that the parameter A\ is less

susceptible to p.

To evaluate how good the approximation of RRA is, we will also calculate the
exact solution of the minimizer of f(L) for small amount of instances. Since the
penalty function only depends on the number of instances, we can compare RRA
and the exact solution by the sum of error, h. That is, for each m, the number of
instances, we examine the instances acquired by RRA or by the exact solution with

the sum of error
n

= ; Igréi]fl p(zi, 0), (3.4.3)
with |L| = m and L C M,,. The h value will be shown on figures that we provided in
the next few subsections. An easy observation is that when m = 1, the exact solution
will be the same as RRA gives, so we will omit displaying it. Note that when m is
known, to look for exact solution will cause C, where N = C,, computations, and

we usually cannot find the exact solution for larger p and m.

About the initial set, since we can easily choose n instances of model that make
data term vanished, there is no point to have more then n elements in the initial set L.
(Actually, for the line model case, we don’t need more than [7] elements, because any
possible line must connect two data points.) When point model M is considered,

the initial set is the same as M1, i.e. the data points. For other models, there are
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two strategies to choose the initial set:

1. (Locally best initial) Given data {z;}!,, for each data point z;, i = 1,--- |n,
we can choose the best instance, say ¢;, of the given model that fit lo-
cally such that ¢; that minimizes 3. cn,(.,) p(25, (i), where Ni(z;) £ {z €
z|z; is 2}s k nearest neighbor.}. So we have n instances. Then, remove the
redundant instances, and we get the initial set L = {{;}{_; to work on the
aforementioned algorithm. The nearest neighbor parameter £ is [¢] through

the experiments if this initialization method is chosen.

2. (Random initial) Randomly choose ¢ instances, where ¢ < n, whichever make

data term vanished.

3.4.2 Robust Nature for Sparse Distance

We mentioned that we deliberately choose £ € (0, 1) due to the robustness issue. For
multiple line instances that appeared in the data, our following experiment shows the

robust nature is also retained on minimizing the function

n

> Igéiil d(z;,0)", (3.4.4)

L)£|LP+
f(L) = |L] 0o,

for L. C My in R%. Figure 3.4.1 plots both the result of EM algorithm (with number
of instances m = 2 is known) and RRA result (with the line model and random
initial) to the corrupted X-shaped data. The X-shaped data has originally 60 data
point, and is corrupted by adding 40 outliers. The EM algorithm assumes two line

instances with Gaussian error, and is initialized with the exact 2 lines that generate
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the 60 un-corrupted data. We can see that the result of EM algorithm gives a poor
result in this example, compare to that from RRA. In this case, the exact solution of
mingen, f(L) for m = 2 is the same as we got from RRA, which indicates that the

loss function f is indeed a great choice for this corrupted data.

(a) (b) (c)

Original data EM algorithm results 3=08,\=30,h=29.036

Figure 3.4.1: We examine the minimizer of Function 3.4.4 for L C Mas, a set of
interpolating lines in R? on X-shaped data with outliers. (a) The original data consists
of 100 data points that corrupted by 40 outliers. (b) EM algorithm for 2 instances.
(¢) RRA result for § = 0.8 and A = 30 with random initial. In this case, the exact
solution coincides RRA result.

Another things to point out is about the choice of A\. For data with this many
outliers, one can decrease the value of A to reduce the number of lines that RRA will
find, so we set A\ = 30 in this case. Actually, when one choose A between 10 to 50,
RRA will give two lines, see Figure 3.4.2. Note even when A is miss-specified, the

instances that RRA gives is still very informative.
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3=08X=5nh=7569 4 =0.8X=10,h=29.036 3=08,A=50,h=29.036 A =08,A=060h=19.793

Figure 3.4.2: Different A setting to RRA when minimizing Function 3.4.4 for L. C Mo,
a set of interpolating lines in R?, on X-shaped data with outliers. One can see that
for A = 10 ~ 50, the algorithm gives two lines. Even when other A is chosen, the

instances that RRA found is still informative. Note that here we use random initial
for RRA.
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3.4.3 Instances from a Single Model

The intention of this subsection is to see how RRA work on various of data from a

single model. For reader’s reference, the target function we used here is

FL)A|LP + i%ld(zi,e)ﬁ, (3.4.5)

n-Gam, imy

where L € M,. (M, is the model that collects all the interpolating RP~! linear
structure, i.e. the linear structure that determined by p linear independence data
points.) We already see the loss function produces a robust result in Subsection

3.4.2. In particular, in this subsection we would like to know:

1. How general can we choose the parameter \? Also, does initialization of RRA

matters a lot?
2. How is the result from RRA compare to the exact solution?

3. How much do we sacrifice if we only look for interpolating solution? For exam-
ple, for data in R2, if we look for instances from the interpolating point model
My, i.e. the data point. Another example is for data in R?, while we look for

instances from Ms, the collection of the lines that connect two data points.

3.4.3.1 Line Model M, on R? Data

For line model on R? data, to minimize Function 3.4.5 on all the lines in R? is

equivalent to minimize on M, since the minimizer is interpolating. The data that
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we will examine line model on R? is shown in Figure 3.4.3, which is called the 'S-curve'

data generated from from

(s,y5) = (uz, —0.02u7 — 0.005u; + u; + 10 + ¢;),

where u; ~ U(—10,10) and ¢; ~ N(0,1). The exact solution for the loss function we
proposed (i.e. Function 3.4.5) is shown in Figure 3.4.4 for m = 2 and 3. The sum of
error, h, as we mentioned in Equation 3.4.3 is shown on the top of the plots which

will help examine the result from RRA.

Criginal data

Figure 3.4.3: The "S-curve" data consists of 50 data points (n = 50).

The result of RRA with locally best initial (described in Subsection 3.4.1) is shown
in Figure 3.4.5. We can see that the algorithm obtains the exact solution in this case,
since the sum of error is the same as in the exact solution. Observe that the parameter
A controls the weight on fitting the data and the number of lines it could find. Most

of the time the algorithm found a reasonable solutions.

We also tried RRA with random initial (described in Subsection 3.4.1) on the
S-shaped data. The result is plot in Figure 3.4.6 where the different random seed is

used. One of six initials didn’t find 3 desired line instances, which gives an idea that
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(a) Exact Solution for m =2 (b) Exact Solution for m = 3

#=08,A=120h =18.711 Exact Sol. 4 = 0.8,h = 9.094

Figure 3.4.4: The exact solution (plotted as set of lines) of minimizing the loss
function (Equation 3.4.5) while we use § = 0.8. (a) When the amount of instances
m =2 and (b) m = 3.

3=08A=10h=18711 3=0.8)=20h=9094 3=0.8)=110.h = 9.094 8=08,\=120,h = 9.094

Figure 3.4.5: The result of RRA with locally best initial on S-curve data (n = 50)
for different A\, where § = 0.8. When A = 20 ~ 110 (the second and the third plots),
RRA gives 3 line instances. Note that the sum of error, h, for m = 2 is 18.711 (the
first plots) and for m = 3 is 9.094 (the second and the third plot) coincide with that
of exact solution, means that RRA approximates the exact solution well in this data.



153

RRA is not very sensitive to initials. Generally speaking, random initial still gives a

very acceptable result in this example

5=08,=110.h=9.094 5=08,A=110.h=6535 §=08.4=110.h =909 4=08A=110.h=9.091 4=08A=110.h=9.091 8=08\=110.h =909

Figure 3.4.6: The result of RRA (8 = 0.8, A = 110) with random initial on S-shaped
data with different random seed. From left to right, the random seed are set as
0,1,2,3,4,5, respectively. One can see that initialization does not cause huge different
on RRA result in this sample.

Some other example is shown in Figure 3.4.7.
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Figure 3.4.7: Some results of various data in R?. RRA is initialized with locally best

initial.
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3.4.3.2 Line Model M, on R? Data

Here we examine RRA on the interpolating line model on R®. Note that the optimizer
will, in general, not interpolate. Given r = (ry,79,73) € R? with r; > 0, ¢ > 0 and
a point zg = (1,79, 73) € R?, a set of data {z;}1"; = {(wi1, Tiz, Ti3) }1; C R? forms

roughly a line in 3D where z,, < 2;;7 < x)/ can be generated by

0 - (T7 g, 20, xm7xM)
ti ~ia U(xm — x(), il xo)

™ T
€ ~iid N<07 02)

T ~id T1tHtoT
To, ~yid T2+t To+ €

T3 ~ig T3+t r3+€,

for e =1,2,--- ,n. The test data is generate by three different sets of 6:

6, = (0,0,3,0.3,5,—4,1,-3,5)
o, = (1,2,5,0.3,—2,3,4,—1,4)

65 = (1,1,1,0.3,1,10,3,0,4).

The original data is called “Line 3D” data, plotted in Figure 3.4.8. Figure 3.4.10
compares RRA result with exact solution. RRA is performed with locally best initial
and 3 = 0.8, A = 50. One can see that RRA gives a good approximation on the exact
solution. We also test it with random initial with various random seeds, the result is

very consistent and similar to the result from locally best initial.



156

(a) (b)

Original data Original data
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Figure 3.4.8: “Line 3D” data for the experiment on the interpolating line model on
R®. (a) and (b) are different viewing angle.

(a) Exact solution m = 2 (b) Exact solution m = 3

Exact Sol. 5 = 0.8,h = 20.276 Exact Sol. 5 = 0.8,h = 10.361

Exact Sol. 5 = 0.8,h = 20.276 Exact Sol. 5 = 0.8,h = 10.361

Figure 3.4.9: The exact solution for “Line 3D” data. (a) The exact solution for m = 2
with different viewing angles on top and bottom. (b) The exact solution for m = 3.
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3=08X=20h=20.276 8 =08,A=30h=10.361 3=08,\=250,h=10.361 3=0.8,\=260,h = 9.087

3=08X=20h=20.276 4 =08,XA=30h=10.361 3=08,)\=250,h=10.361 3=0.8,\=260,h =9.087

Figure 3.4.10: Result of “Line 3D” on R3 data. Top row and bottom row are different
viewing angle of the result. From left to right is the result of different A setting. A
desired results are occurred when A € (30,250). Note that RRA coincides with the

exact solution.
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3.4.3.3 Plane Model M; on R? Data

In this subsection we examine RRA when line model is considered in R®. The data

is generated from:

= (r1,29,23) € R’

1 K
K k=1

where gi(-) is a density function defined as:

1 (ak:vl + bka’Q + dk)
5 o7\
* O-kl Ck;

)%)

g(x|0k> X H[mlk,Mlk]<x1) : H[m2k7M2k]<x1> N eXp<—

ek - (m1k7M1k7m2k,MQk,Gk,bk,Ck,dk,Uk)

The planes data has 40 data points generated from 2 set of parameters (K = 2):

6, = (0,5,—5,5,0,0,1,0,0.2)

6, = (0,5,—5,5,0,1,1,0,0.2),

which is call “Plane 3D” data set. The original data is plotted in Figure 3.4.11 and
the exact solution is shown in Figure 3.4.12 which uses § = 0.8, A = 50. To represent
the result, we plot it with two different perspective. RRA result is shown in Figure
3.4.13 (initial with the locally best initial). We can see that the result is identical to

the exact solution.
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Figure 3.4.11: The“Plane 3D” data set for the experiment on the plane model on R3.
(a) and (b) are different viewing angle.

(a) Exact solution (b) Anther viewing angle

Exact Sol. 7 = 0.8 h =12.894 Exact Sol. 4 = 0.8,h =12.894

.

. o,
. g

&

Figure 3.4.12: The exact solution for m = 2 for “Plane 3D” data. (a) and (b) are
different viewing angle.
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f=08)A=5nh=32917 f=08A=10h=12.894 3=08A=50h=1289 #=08,A=060h="7975

f=08\=5nh=32917 f=08A=10h=12.894 B=08A=50h=1289 #=08,A=060h="7975

Figure 3.4.13: RRA results of “Plane 3D” on R? data. Top row and bottom row are
different viewing angle of the results. From left to right are the results of different A
setting. A desired results are occurred when A € (10,50). Note RRA coincides with
the exact solution in this case.
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3.4.4 Instances from Multiple Models

So far we have examined RRA for multiple instances from a single model. We would
like to consider the case when multiple instances of different models appears in data in
this subsection. In general, we want to find structures from a set of data z = {z;}; C
R? that have instances from multiple (linear) interpolating models My, Ms, -+, M.
Note that, for p < d, p € N, M, is the model that contains linear structures in R?
that passing through p linear independent data points. One can still use RRA by
setting M = nglMp, and look for an interpolating minimizer. However, if there
is no penalty on using more sophisticated model, the sum of the error function that
we preferred, 31, mingey, d(z;, £)?, will favor instances from My, the highest level of

models. Due to this problem, we provide two strategies

1. Penalizing higher level models, and

2. Inspect with the sum of minimum volume,

as the following two subsections.

3.4.4.1 Penalizing Higher Level Models

The first strategy is to penalize the usage of the more complicated model by adding
heavier weights on the error function. That is, one considers the following target

function

-d(z g)ﬁ

4 ()

(L) &L + Zgﬂgg 0 ,
Z,Muy )
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for L ¢ M = Ul M, and ¢p : M — {1,2,--- ,d} s.t. ({) =pfor L € M,, p e
{1,2,---,d}, and w: {1,2,---d} — R is the model penalty parameter s.t. w,, < wp,

forpl<p2€{1a27"' ad}

Note that the modified parameter (s, also penalize the more advanced model
since (zm,, > Czm,, for p1 < p2. However, in practice, one often need to add model
penalty term w, to acquire a satisfactory result. As our experiments shown, see Figure
3.4.15 and Figure 3.4.16, the results are sensitive to the choice of the model penalty

term w,. A caveat that worth noting is that we use the error function as
w(W(0)) - d(zi, 0)°

p(z,0) = :
Cf,Mw(@)

which helps on finding instances, but does not possess the trait of Euclidean distance,
i.e. given a data point z and two linear instances ¢, € M,, lo € M, p # q €
{1,2,---,d}, p(z,01) < p(z,03), does not necessary imply d(z,¢;) < d(z,¥f2). This
might cause some problems when we try to cluster with the error function p(-,-). Due

to this fact, when we do clustering, we use the usual Euclidean distance d(-, ).

We generate two sets of 2D data, “percent” and “Corrupted Percent” to examine
the effect of the model penalty parameter w, which is shown in Figure 3.4.14. One of
the data set is called clean percent shape data (see Figure 3.4.14(a)) that consists of 3
instances, two point instances and a line. For another data set (see Figure 3.4.14(b))
we add 40 uniformly distributed noises onto the clean percent shape data, which help

us gain the idea of how robust the method is.

The result for the clean percent shape data is displayed in Figure 3.4.15. One can
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see that when w; = 1, and wy = 2 ~ 7, RRA successfully find the 3 desired structure.
And when [wy,ws] = [1,1.5], RRA favors line structure, a higher level model, as we
mentioned. On the contrary, when [wy,ws| = [1, 8], RRA favors point instances, which

indicates over compensation happened.

The result for the corrupted percenti shape data is in Figure 3.4.16. When w; = 1,
wy = 1.5 ~ 6, we see that RRA find the structures, even under the presence of 30.8%

noises.

(a) (b)

Original data Original data
" 9 . .
4 A - 4 L L L]
B : SH :
3 . % 3L . . . %
. - ..
2k gt 2 . g’ .
.
o o® s o*
1 AJ 1 . ¢ o ... .
. -
- o o .
0 . : ] * e * :o
* o ¢ o 4% o .
_] : . _1 : - L
L] - -
. P I ) Pt I
2 . @, . 2 ° . w,e
... . .. .e . . . .® L .l .
3 % ®e ¢ 3 *. See .

Figure 3.4.14: The 2D data “percent” and “Corrupted Percent” for experiment in this
section. (a) “Percent” data consists of n = 90 data points. (b) “Corrupted Percent”
data has 40 uniformly distributed noises as outliers in “percent” data (30.8% of the
data).

3.4.4.2 Inspecting with Minimum Sum of Volumes

Another strategy is less sensitive to the choice of parameters. We called it the mini-
mum sum of volumes (MSV') method. The idea is to utilize the result instances from

RRA with different models as candidates, and pick the candidates by minimize the
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(a) (b) () (d)

3= 0.8, X = 70, e]={1.0,15] 3= 08,1 = 70,fwn,]=[1.2] 3= 0.8, 1 = 70, e)=[1.7] 3= 08, = 70 furwnl=[18]

.aee
PRY A

Figure 3.4.15: Results of RRA with the model penalty parameter [wi,ws] on the
“Percent” data. (n = 90). While setting w; = 1, a satisfactory result is appeared
when wy = 2 ~ 7 (Plots (b) and (c)). The parameters are denoted on top of each
plots. One can see the penalty term acts on RRA result. The big dot markers are
the instances in M; found by RRA; the line is the instance in My found by RRA.

(a) (b) (©) (@)

5= 08,1 = 70,[u]=[1.0,1.0] 5= 08,4 = 70,[r,wal=[1.0,1.5] 5= 08,0 = 70,lwr e =[1.6] 5= 08,4 = 70,[wr wal=[1.7]

Figure 3.4.16: Results of RRA with the model penalty parameter [wq,ws] on “Cor-
rupted Percent” data (n = 130). While setting w; = 1, a satisfactory result is
appeared when wy = 1.5 ~ 6 (Plots (b) and (c)). The parameters are denoted on
top of each plots. One can see the penalty term acts on RRA result. The big dot
markers are the instances in M; found by RRA; the line is the instance in M, found
by RRA.
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volume of the structures. That is, the candidates are picked from RRA with M, for

p=1,2,---, P, by minimizing

F(L) £ |LP + ZMM%

for L C M,,, where

p(22,£> = C*M .

Given an instance ¥ € M, , a cluster of data A C 2, and u € (0, 100], the volume is

defined as
v, (1P, A) & C(rt s P — 1) - Craist, d — (p — 1)),
where
k/2
C(r k) = 7,:77“/%
L'(5+1)

is the volume of a k-dimensional ball, and

Tgist = Tgist(ﬂ)’ A) é QU<{d(Zv gp)}ZGA)a

where @, (C) is the uth-percentile of the 1-dimensional data C, u € (0, 100].

A -
Tinclass = T'inclass (gp’ A) - era(}fax o) d(:Ev iL‘),
xEProj(A,

where Proj(A, (?) = {Proj(z,?)}.ca is the set of points that is projected to /* from
data in A. Note that ricass(f, A) = 0 for £ € My, a instance from the point model,
and C'(0,0) = 1. For example, when the dimension of data d = 3 is considered, the

volume of a point instances along with the data it clustered is a ball in R? with radius
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raist; the volume of a line instances along with the data it clustered is a volume of a
cylinder in R®, which has a height 7. and a circle bottom with radius r4i; the
volume of a plane instances along with the data it clustered is another volume of
a (flatter) cylinder in R3, which has a height 74 and a circle bottom with radius

Tinclass- A example of volume in R? is shown in Figure 3.4.21.

Given u € (0,100], the MSV method is a procedure for finding m instances that

have minimum sum of volumes, M SV, (m), is:

1. For each p € {1,2,---, P}, obtain candidate of instances L, from model M,
by minimizing

A LA
FE) 2 LR+ —2— Y mind(s:,0)°

n-Cam, i
for L € M,. (This is done by RRA.) In the end we have L®"* = Ul" | L, is the
collection of candidate instances from different models. Note that one should
expect k > m, otherwise, raise the value of A so one can have more candidates

found.

2. Set k = |L°|. Thus we have N = C* combinations of m instances out of k

candidates. The set of every combination is represented as { My, My, --- , My }.

3. For any combination , say M = {{1,ls,--- ,{,}, obtain the cluster A; = {2z €
Zld(z,4;) < d(z,0), Yl € L} for j = 1,2,---,m. If two or more instances
minimize the same data, randomly choose one. Calculate the sum of volumes,
SVu(M) = 37, v,(€5, Aj), for this combination of candidates. If there is a
cluster A;, 7 =1,2,--- ,m, which has less than e amount of data, i.e. |A;| <e,

set SV, (M) = oo.
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A~

4. Choose the combination, M , that has minimum sum of volumes. ie. M =

arg min;—q.x SV, (M;)

Note that we use d(-,-), the Euclidean distance, to cluster and calculate volumes,
instead of using the sparse distance d(-,-)?. This is because Euclidean distance is
more natural to use when clustering (compare to p) and to calculate volumes, where
both of them relies on geometrical properties of the data. For a noisy data, we use the
parameter u to keep the method robust. Also, in step 3 when calculating M .SV, (m),
we exclude the combination that contains a cluster that less than ¢ amount of data.
This is to prevent some complications that might occur, especially when some outliers

are present in the data that makes the computation of volumes difficult. We set

We apply MSV method on a 2D data .The original data and candidates are shown
in Figure 3.4.17, and result of MSV is shown is Figure 3.4.18. In this data set, 30.8%

of the data are outliers.

The application of MSV method on a 3D data is shown with data “Corrupted 3D
mixture” in Figure 3.4.19 and Figure 3.4.20, where we have 15 outliers out of 65 data
points. The uncorrupted version of the data consists of a point, a line, and a plane
instance (total 3 instances). Also, in Figure 3.4.21 we show the volume derived for

each instance in m = 3 case.
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Figure 3.4.17: (a) “Corrupted percent” data, where 40 out of 130 data points are out-
liers (30.8% of the data). (b) Candidates for MSV method on percent data, required
from RRA at step 1 of MSV method. There are total 6 candidates, represented as
bigger dots and lines, appeared in this data

(a) (b) ()

3 =0.5,\ =70, MSV = 16.0, 70th percentile =05\ =170, MSV = 13.7, 70th percentile = 05,1 =170, MSV = 3053.2, 70th percentile

Figure 3.4.18: Results of MSV method on “Corrupted percent” data. Assuming
u = 70, that is, roughly speaking, we use 70% of the data in a cluster to calculate the
volume. (a) Assume the amount of instances m = 2. (b) m = 3. (c¢) m = 4. Note
that the value of M SV (m) is denoted at the top of each plot. When m = 4, there
is no combination that provides the sufficient amount (> ¢€) of data in a cluster, so
MMSV(4) = oo (on the top of the plot, the MSV value is 3053.3, which is just a big
value that indicate this happened). The transperant line is indicated as the “volume”
of each instances.
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(a) (b)

Candidates, 3 = 0.5, A = 70,

Original data
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Figure 3.4.19: The “Corrupted 3D mixture” data, where 15 out of 65 data points
are outliers (23.1% of the data). (a) The original data from different viewing angle
(top and bottom). (b) Candidates for MSV method on percentile data, required from
RRA, from different viewing angle (top and bottom). There are total 9 candidates,
represented as bigger dots, lines, and planes, appeared in this data.
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() (b) (c)
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Figure 3.4.20: Results of MSV method on corrupted 3D mixture data. We provide
different viewing angles by separating them at top row and bottom row. Assuming
u =70, 1i.e. 70% of data in a cluster is used to compute the volume, roughly speaking.
(a) Assume the amount of instances m = 2. (b) m = 3. (¢) m = 4. Note that the
value of M SV (m) is denoted at the top of each plot.

#=10.5A="70,MSV =857, 70th pct

i F

Figure 3.4.21: m = 3 result for “corrupted 3D mixture® data. The transparent area
is the volume we calculated for each instance.
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3.5 Future Work

There are many variations on the theme and as of yet few analytic guidelines. Future

investigations will include:

1. Performance Bounds. We seek exact and tight bounds on the performance
of the RRA algorithm. Our experiments, as well as the e—interpolation theorem
of section 3.2.4 suggest that RRA, or perhaps another coarse-to-fine type search
strategy, finds an excellent approximate solution. Can we bound the difference
in loss between the RRA and the global optimum? The problem is reminiscent

of the covering problem, where such bounds do exist.

2. The Role of |L|?. We have suggested various ways of choosing the number
of instances. The performance of any algorithm is likely to be sensitive to the
complexity term (complexity “penalty”) in the loss function. We have experi-
mented exclusively with the quadratic loss. How will performance differ using

other loss functions, e.g. other powers of |L|? More theory is needed.

3. e—interpolation: can € be set to 07 Perhaps the most glaring hole in our
analytic treatment concerns the theory on e—interpolation: In section 3.2.4 we
constructed a function S,(n, k) such that 5 < /3, guarantees that all instances of
an optimal solution would be e—interpolating. Does there exist a similar result
for ¢ = 07 In other words, does there exist a function 5,(n, k) (or, perhaps,
Bo(n, k,d)) such that 8 < 3, guarantees that all instances of an optimal solution

are interpolating?

4. Extending the library of shapes. We can generalize to a far larger library
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of surfaces, e.g. the quadratic surfaces in R?, perhaps defined by a system of
implicit equations, M < F(z,0) = 0, z € R% one equation for each 0. If
M is closed under Euclidean transformations, and perhaps to scale as well,
then many of the same analytic and computational methods developed here
for reducing search to the set of interpolating instances are still appropriate,
albeit with greater theoretical and computational challenges. We plan to work
towards the attractive idea of a having a rich library of manifolds that can be
used to create a summary of a complex high-dimensional data set through a

collection of multiple, heterogeneous instances.



CHAPTER FoOur

Conclusions
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4.1 On Entropy Rate of Images

We examine how modern lossless image compression algorithms performed. Specifi-
cally, we aim at the dominated method in this field, the predictive context modeling
method. To this end, the extended Shannon-McMillian-Breimen theorem is proved.
First, under stationary condition, the coding rate will converge to the entropy rate
of its own ergodic component for almost every image. That is, given an image, the
entropy rate of the ergodic component with respect to the image is the theoretical
minimum bits per pixel (bpp) of any compression algorithm. Second, with light as-
sumptions, the predictive context model with a stationary probability will converge
to the theoretical minimum when the size of context grows. In order to find out the
minimum bpp for an image, we proposed CBIC, the comparison-based image com-
pression algorithm. The compression scheme is a type of “the more you know the
better you get” algorithm, which means we can put as many as resources (in our case,
the library) we want to get a better result. This is done by utilizing the idea of empir-
ical distribution from an external source. We see the bpp result converged when size
of context grows, like the theory suggests. In the experiment, we get slightly better
(about 0.05 to 0.15 bpp) result compare to one of the best compression scheme we

have so far. This indicates that these schemes may already be close to the optimal.

4.2 On Robust Generalized Clustering

We propose a new loss function for clustering data points to shapes. Thus far we have

)

focused on “linear shapes,” meaning points, lines, and in general, high-dimensional
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planes, but there are natural extensions to parametric classes of surfaces, such as
quadratic and cubic surfaces. The idea is to fit multiple surfaces to the data (e.g.
a heterogeneous collection of planes, including points, lines, and planes of different
dimensions), assigning each point to the closest surface. Importantly, the loss function
is a concave function of the distance from data points to their nearest surface. This
induces “sparse” distances, meaning that optimal surfaces tend to be near or even
on top of data points—sparse in the sense of many zero distances. Furthermore,
concave loss is, by design, robust to outliers. In the case of planes, depending on
the dimension of the data and the dimension of the planes, we can sometimes prove
that every member of the minimizing collection is “interpolating,” i.e. completely
determined by a set of data points at zero distance. Related results indicate that the
optimal planes will be close to or containing data points, provided that the concavity
of the loss respects an explicit lower bound. Such results are useful for computation:
whereas the minimization of the loss function is in general NP hard, a polynomial
complexity “Remove or Replace” algorithm gives excellent approximations in cases

where the actual minimum can be (laboriously) computed.
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