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A basic requirement for supervised learning is that the data must be labeled. In many applications,
labeling the data is significantly more expensive than obtaining raw unlabeled data. For example labeling
medical images requires well-trained physicians. This motivates us to develop models that can be used to
exploit unlabeled data. This is the task of unsupervised learning.

In unsupervised learning, we are given a set of unlabeled data S = {x;}} ; with x; drawn from an
underlying distribution p*, and the task is to discover some useful information about p*. The definition
of useful information may vary with the applications. In this chapter, we will cover the following three
categories of unsupervised learning tasks.

* Density estimation: Approximating the underlying probability distribution p*.

* Dimension reduction: The data may approximately concentrate on a set whose dimensionality is
much lower than that of the original space. The task of dimension reduction is to identify the effective
description of this low-dimensional structure.

* Clustering: If 1* is multi-modal, S can be decomposed into several clusters. Finding these clusters
is an important problem in many applications.

Among these tasks, density estimation is the most ambitious and the most challenging task since it aims to
learn the whole data distribution. By contrast, the objective of dimension reduction and clustering is limited
to finding some aspects of the distribution.

1 Density estimation

Let us start with density estimation. The original density estimation task is limited to the setting when p* is
absolutely continuous with respect to the Lebesgue measure with density p* and the task is to approximate
p* using the samples {x;}!"_,. We will take a more general viewpoint of trying to approximate ;* regardless
whether it has a density or not.

An obvious candidate is given by the empirical distribution:

1 n
fin(x) == EZé(X—xi). (1)
=1

However, we are not satisfied with ji,,, since it generalizes badly on unseen samples in the sense that it cannot
provide meaningful prediction of their probability. Moreover, it is impossible to generate new samples from
[in. Mathematically speaking, fi,, is too singular and we want an approximation that is smoother such that
we can extrapolate to unseen data. This is typically achieved by adding regularization.

It is often the case that p* is singular with respect to the Lebesgue measure and the singularity is usually
quite anisotropic. Consequently, adding the right regularizations is a highly nontrivial issue. Nevertheless,
we will introduce two types of density estimators, which work reasonably well when the input dimension d
is relatively small.



1.1 The histogram estimator

For simplicity, assume that the support of p* is I; := [0,1]¢. Divide I, into the union of small cubes of
equal size h,

1, = U;B;.
The volume of each cube is h%. Let n; be the number of samples in S that fall into B;. Then, Y ;g = n.
The histogram estimator is given by

. 1
pr(x) = —2 > nlp,(x), )
J
where 1 B, is the indicator function of B;

1 ifxe B;
15.(x) = J 3
B,(%) {0 otherwise ©)

Obviously, the histogram estimator is piecewise constant.

Consider the example p* = 0.5 N (0,1) + 0.5 (3,1) and we randomly draw n = 500 samples from
w*. Figure 1 shows the corresponding histogram estimator with A = 0.05. As can be seen, this piecewise
constant estimator is not ideal since pu* or p* is very smooth. This motivates us to consider improved
smoothness in the construction of density estimators. One possible approach is to replace the hard box (3)
with certain smoothed “probabilistic box”. One way of implementing this idea is to use the kernel density
estimator (KDE), a generalization of the histogram estimator.
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Figure 1: An illustration of the histogram estimator.

1.2 Kernel density estimator (KDE)

In KDE, we replace the delta function in (1) by a “smooth version”. To this end, we introduce the the
smoothing kernel function K : R? — R. K should satisfy the following properties:

* K(x) > 0 for all x,



s [K(x)dx =
s K(x) = K(—x).
Let K5 (x) = h~@K (x/h). Then, K} (-) — 6(-) as h — 0 in the sense that for any bounded continuous

function f

lim [ (K,(x) = 5(x)) f(x)dx = lim [ K(z)(f(hz) - £(0))dz

h—0 h—0
_ / K(2) lim (f(h2) — [(0))dz = 0 )

The following is a list of popular smoothing kernels for d = 1.
* Box kernel: K(x) = 1/_1/2,1/9-
* Triangular kernel: K (z) = max(0,1 — |z]).
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* Gaussian kernel: K (x) = (2751/2 e T
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Figure 2: Various smoothing kernels for d = 1.
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Figure 2 provides a visualization of these smoothing kernels. An obvious difference is their smoothness. Box
kernel is piecewise constant; triangular kernel is piecewise linear; Gaussian kernel is infinitely differentiable
in the whole space. When d > 1, one can construct the smoothing kernel using one-dimensional ones:

d

K(x) =[] K(=)). 5)

J=1

We remark that the smoothing kernel constructed in (5) is isotropic. One can also construct anisotropic
smoothing kernels.
The kernel density estimator (KDE) is given by

ZKhx—xz— Zhd (x XZ>. (6)

Using the properties of the smoothing kernel, it is easy to show that pj, satisfies:




* pn(x) > 0 for any x € RY,

* Jon()dx = 53T [ K () dx = 30 [ K(x)dx' = 1.

Therefore, p;, is indeed a probability density function.

If we take the box kernel, KDE becomes an “adaptive" histogram estimator in the sense that the box
positions are adapted to the data. Note that the box positions in the histogram estimator are specified by the
uniform grids and independent of the data.

In KDE, there is an important hyper-parameter: the bandwidth h, which controls the smoothness of the
“smoothed delta function”. Obviously,

1 o 1 ¢
ﬁh:n;Kh('Xi)%nizl(s('xi) as h — 0. o

When h is small, pj, is close to the empirical distribution. When h is large, pj, is nearly flat. Choosing the
right value of h is a key problem in KDE.

To see how the performance of KDE is affected by the bandwidth, we plot the KDE estimators for
varying bandwidths in Figure 3. Here, we randomly sample n = 500 points from p* = 0.5A(0,1) +
0.5M(3,1). One can see that

* When h is too small, the estimator is extremely rugged.
* When h is too large, the estimator is too flat. In this case, it fails to identify the two modes of p*.

* When h = 0.12, KDE recovers p* pretty well.
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Figure 3: KDE with the Gaussian kernel with varying bandwidths. Here n = 500. The red curve corre-
sponds to the ground truth.

1.2.1 Error analysis

Let pp(x) = Eg[pn(x)], where Eg means taking expectation with respect to the sampling of S = {x;}7 ;.
Then,

pr(x) = Eg [i > Kn(x— Xi)] = % D B [Kn (x = x7)]
i=1

=1



= Ex/ropr [Kp(x — %) /Khx x")p*(x") dx'. 8)
The error at any x € R can be decomposed as follows.

Es | pn(x) — p7(x)[2 = Es | pn(x) — pu(x)|? + Es |on(x) — p* ()
+2Es[(pn(x) — pu()) (o1 () — p* ()]
= Es |pn(x) — o + |pn(x) = 0" ()P, )

variance bias

where in the second equality we used pp, (x) = Eg[pp,(x)]. This is the standard bias-variance decomposition,
and we will estimate the two terms separately.

First we look at the bias term.
pr(x)—p”(x) = / %K (X_hx) p*(x') dx’ — p*(x) (use Eq.(8))
— [ K@ (x+ ha) da 7 )
_ /K(z)( “(x + hz) — p*(x)) dz (use/K(x) dx = 1)
/K (x),2) + h2(z, V2" (x)2) + o(h?)) dz
=0+h? / K(z)z' V?p* (x)z dz + o(h?),

where in the last equality we used the fact that [ zK(z) dz = 0. Assume that C = maxx | VZp*(x)[|2 <
00, Cy = [ K(z)|z|> dz < co. Then, we have

|on (%) =" (%)| < CLC2h*. (10)

Next we consider the variance term. Let Z; = Kj(x — x;). Then, {Z;} are iid random variables with
Ex,[Zi] = pn(x). According to Eq. (8),

Es |pn(x)—pn(x)[? —ES\*Z (Zi —E[Z)|*
= ( ZZ)Vaer)

1 1 x—x"\ .,
< Bz - | K( . )p<x’>dx’
2(
nhd/K p*(x + hz)dz (11

Assume that sup, p*(x) < C, [ K?(z)dz < C. Then,

Es [pn(x)—pr(x)]* < —. (12)

Combining (10) and (12), we have the following error estimate of KDE.



Theorem 1.1. Under the previous assumptions on p* and K, the mean squared error of py, satisfies

MSE(pp,) := ES/ 1pn(x) — p*(x)]?dx < C <h4 + n1hd> : (13)

__1 . . .
Consequently, the optimal choice of h satisfies hopy = Cn~ %+d and the corresponding optimal error rate is

bounded by

1\ i
MSE(,,,) §C<n> : (14)

This error estimate reveals the fact that the KDE suffers from the curse of dimensionality.

1.2.2 Cross-validation

To find a more practical way of choosing h, we introduce a data-based approach to estimate the error
[0 = 0P ax = [ im0 dx =2 [ nGp 0 ax+ [ 7607 dx
= / pn(x)? dx — 2 Exp [ (x)] + / p*(x)? dx. (15)

The last term is a constant. Hence, we only need to estimate

R(h) := /[)h(x)de — 2 [0 (%)) (16)

The first term can be computed directly. The second term can be estimated by Monte-Carlo method if we
have in our hands a new dataset S’

Ry (h) = /ﬁh(x)zdx _ \52f| 3 pn(x). (17)

xes’

Note that py, is learned from the training set S and S are a new dataset. Thus S’ are independent of p,.
This independence is important to gurantee the smallness of the Monte-Carlo approximation:

1 R . vV Varg - [p2 (2)]
m Z ph(X) - EXNp* [ph(x)] ~ ’S/| :

x€eS’

This motivates a simple validation method. Randomly split the data into two disjoint sets: S = .51 U Ss.
Let n; = |S;|. Then ny 4+ ng = n. The simple validation method for selecting h goes as follows.

* Calculate py, using the set Sy.
* Estimate R(h) using S2 and Eq. (17).

¢ Ropt = argminy, Rg, (h).



S1, 59 is called the training set and validation set, respectively. R52 (h) is usually called the validation error,
which is an estimate of the true error R(h) using the validation data.

The cross-validation method is a generalization of the proceeding procedure. A k-fold cross-validation
method splits the data into k disjoint subsets: S = UfZISj. Denote by ;’)(_] ) the KDE constructed from
S\ S;j. Then, we estimate the error of ﬁgfj ) using S;. Repeat this procedure for j = 1, ..., k. The average
of the errors is the cross-validation error:

. 1 & (i ) .
Reu(h) = 73 /p;l D (x)? dx — A S o) |- (18)
j=1

Then, return Aoy = argming, Rey (h).

2 Dimension Reduction

In this section, we assume that the x;’s lie (approximately) on a low-dimensional subset. See Figure 4 for
some illustration. The task of dimension reduction is to identify the low-dimensional structure. Mathemat-
ically speaking, our objective is to look for a mapping f : R? — R¥ with k < d, such that {f(x;)},
“preserves almost all the information” contained in {xi}gzl. Alternatively, we can also look for a mapping
g : RF — R with k < d such that the average distance between g(z;) and x;(i € [n]) is minimized.

L.

Figure 4: Illustration of the datasets that lie effectively on some low-dimensional subsets.
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2.1 Principle component analysis (PCA)

PCA is by far the most popular linear dimension reduction method. Denote by X = (x1,...,x,)’ € R**¢
the data matrix. In PCA we look for a k-dimensional affine subspace that best represents the n data points.
See Figure 5 for an illustration.

Define g by g(z) = Wz + c with W € R%* z € R* ¢ € R? The objective of PCA is to minimize

min  L(W,¢,Z) =Y _ [xi — (Wz; + c)|3. (19)
=1

W,c,z1,...,Zn
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Figure 5: An illustration of PCA.

Notice that for any invertible matrix Q € R¥** the transformation (W, {z;}) — (WQ, {Q~'z;}) leaves the
value of the objective function L invariant. Hence, we can assume without loss of generality that W7 W =
I;;. We also assume that )" | z; = 0, since we can always absorb it into c.

First we take W to be fixed, and compute

oL - I
&::2;_1(Xi—Wzi—c):0 = c:x::n;:lxi
L

gz = 2WT(X1' —Wzi—c)=0 = 1z = WT(XZ' —c)

Substituting them into (19), the objective becomes
n n
Dol = (Wzi+e)lF =) lxi — (WW'(xi = ¢) +¢)II3
i=1 i=1

=2 T =wW)(xi =%)|} (c=%)

i=1

= (G = %)3 = W (x; = %)13)
=1

Note that ||W7 (x; —%)||3 = |[WWT(x; —%)||3, where the later is the orthogonal projection of x; — X to
the subspace spanned by {w1, wa, ..., wy}. So PCA can also be formulated as being looking for a subspace
such that the total error after the projection is minimized. Figure 6 provides an illustration.

Therefore, PCA is equivalent to maximizing

> (% = %) TWWT (x; — %) = Te(WWT Z(xi — %) (xi — %;)7).

=1

Let3, = L3S (xi—%)(x; —x)T) be the empirical covariance matrix. The original problem is equivalent
to

max w(WW7'S,) = max oW, W). (20)
WTW=I, WTW=TI,



Figure 6: PCA: minimizing the total residual of the projection.

Let f)n = Zle )\iul-u;fp (A1 > A2 > -+ > \y) be the eigen-decomposition of f)n . From the Rayleigh’s

variational principle, we conclude that w; = u; for j = 1,...,k and
max (WIS, W)=Y A 21
nax Z k- @1

In words, the solution of PCA is found in the top &k eigenvectors of the empirical covariance matrix, which
are also called the principal components.

PCA as a low-rank approximation. Without loss of generality, assume that x = 0 and rewrite the
original objective function as

n
min >l = W3 = min X -WZ|3. 22
WTW=Iy,21,...,2n I ill2 WTW=I},ZERkxn | I (22)

Lemma 2.1. The formulation (22) is equivalent to

min X -Y|3%. 23

rank(Y)<k,Y eRnxd H HF 23)

Proof. Denote by Y* the solution of (23). Consider the SVD decomposition Y* = UXV with U €
Rk VT ¢ REXE Then, W = U, Z = %V7 is a solution of (22). Let (W, Z) be a solution of (22).
Then, X = W Z must be a solution of (23), otherwise we can construct a better solution for (22) using the
SVD decomposition. O

Notice that (23) can be written equivalently as

min || B
st. X=Y+E 24
rank(Y) < k.

We can view this as a decomposition of X into the sum of a low-rank matrix and a small error matrix (in the
sense of Frobenius norm).

Robust PCA. The previous interpretation naturally lead to an extension: robust PCA [Candes et al., 2011].
The idea is to look for the following decomposition:

X=Y+E, (25



where Y is low-rank and E is sparse. Figure 7 shows an application of robust PCA in video analysis.

The robust PCA problem is non-convex since both the sparsity and rank constraint are non-convex. In
practice, one usually considers a convex relaxation. As we have seen in Lasso, we can replace the /o norm
(i.e. the number of non-zero entries) used to measure sparsity by the ¢; norm. For the rank function, one
can use the following relaxation:

rank(L) = #{i: 05(L) # 0} = ||L||, = Zm(LL (26)

where ||L||. is called the nuclear norm of L. Therefore, the objective function of the relaxed problem
becomes

in_[[Y]ls + A B, 27
yin Y]+ ALE] @27

where ||Elj1 = ).
[Boyd et al., 2004].

|Eij

. This problem can be solved using standard convex optimization algorithms

1,J

Figure 7: Surveillance video as low rank plus sparse matrices: Left = low rank (middle) + sparse (right). The
background image leads to a rank-1 component and the occasional appearance of the customers contributes to the
sparse component .

2.2 Kernel PCA

The basic assumption of PCA is that the data concentrate on a low-dimensional linear subspace. This
assumption is quite restrictive for many applications, where the low-dimensional structure can be nonlinear
(see, e.g., the left of Figure 8 for an illustration). In this section, we introduce kernel PCA, a convenient way
of extending PCA to the nonlinear setting. It can be derived using the kernel trick we introduced previously
29

Let k : R? x R% — R be a kernel and the corresponding feature map is given by ® : R — RP. Then,

k(x,x') = (®(x), ®(x)).

10
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Figure 8: Semantic illustration of kernel PCA. Data points on the left lie approximately on a 1-dimensional curve. The
green line indicates the orthogonal projection. (Taken from Pattern Recognition and Machine Learning by Christopher
M. Bishop)

Here, we assume the feature space is R” instead of a general Hilbert space for simplicity. One can think of
D as being infinite.
We first map the data into the feature space:

{x1,.. ., xp} = {P(x1),...,D(xp)}.

Assume that the data in the feature space concentrate on a low-dimensional linear subspace. We can apply
standard PCA in the feature space. Assume as before that £ 7 | ®(x;) = 0. Let X = 1 3% | & (x;)®(x;)T €
RP*D be the feature covariance matrix. Our objective becomes

max WTSW. (28)
WTW=I,

The solution is given by the eigenvectors of X::
Yv = Av. 29)
Note that a vector w € R” corresponds to a nonlinear function in the original space:

Pw(z) = (W, B(x)).

Theorem 2.2 (Representer theorem). Let (A, V) be the eigenpair of ¥. If A # 0, v can be expressed as a
linear combination of the features:

v = i a; P(x;).
i=1

Proof. By definition,

v = XEV =5 ; D(x;)P(x;) v = ;azq)(xz).

11



The above theorem suggests that learning v € R” is equivalent to looking for & = (a, ..., a,)T € R™.
This reduces the original D-dimensional problem to a n-dimensional problem. The principal component
corresponding to v is given by

pv(x) = (v, ®(x)) = O ai®(x,), B(x)) = > aik(x,X). (30)
i=1 =1

Obviously they are nonlinear functions.
Derivation of the kernel PCA. For simplicity, we focus on the case when k = 1,ie., W = v € RP.
Plugging v = Z?:l a;®(x;) into Eq. (29), we have

D 0(x)0(x:)T () a®(x)) = A a;P(x;),
=1 =1 =1

which leads to
n n

Z @(XZ) Z k(Xi, Xj)Ozj =A Z Oéj‘I’(Xj).

i=1 j=1 j=1
Multiplying this with ®(x), we have
n n

Z k(xs,%;) Z k(xi,x5)a; = A Z ajk(xs, X;5),
i=1

J=1 J=1

which leads to
Ko = \o.

Here, K = (k(x;,x;)) € R™ " is the kernel matrix.
The normalization goes as follows

m
VIP=1= > i ®(x,)"®(x;) =" Ko =1 (31)
ij=1

Using the fact that K« = A, we have

1
a'Ka = )\HaH2 =1= HaH2 = -

% 32)

In practice, we need to center the features by introducing:

B(x:) = B(xi) % S a(x,).

The corresponding kernel becomes:
_ 1 n T 1 n
k(xi, x;) = (‘I’(Xz’) - Z; ‘I’(Xs)> (q’(xj) - Z} @(Xs)>
S= S=

12



n

1 1 & 1 <
= k(x;,%x;) — — Zk(xi,xs) - Zk(xs,xj) +3 Z k(xg,%¢). (33)
s=1

n
s=1 s,t=1

Algorithm 1 summarizes kernel PCA. The extra factor 1/1/As in the last step accounts for the normal-
ization (32).

Algorithm 1 Kernel PCA

Require: {x;}” ; and the kernel &(-, -)
1: Compute the kernel matrix K = (k(x;,x;)) € R™*"
2: Compute the centered kernel matrix:

- 1 1 1
K=K -EK - ~KE+ —EKE,
n n n

where F is an X n matrix with all entries being 1.
3: Perform the standard eigen-decomposition for K:

Kas = )\sd87

with [|&s|? = 1.
4: return The s-th principal component is given by

I
pS(X) = \/Tzas,ik(xi7x)'
S =1

2.3 Autoencoder

Antoencoder is a general framework for dimension reduction. It consists of two components: the encoder f
and the decoder g. The basic idea is summarized as follows:

fiRY > RF

g:RF— R

f.g = argmin y _ d(xi, g(f(x:))),
i=1

where d(-, -) denotes a metric to measure the difference between x and its reconstruction X = g( f(x)). The
following provides a semantic illustration

xeR? Ly 7 e RV 9y 1 e R (34)

{z; = f(x;)} are called the latent codes, the corresponding R¥ with k < d is called the latent space.
If we choose f(x) = VTx,g(z) = Uz, and d(x,X) = ||x — X||2. Then, the objective function becomes

n
min Z |x; — UVTx|%
U,V cRdxk P

This recovers the standard PCA. However, autoencoder is more powerful than PCA since we can parame-
terize f, g using general nonlinear functions, such as deep neural networks.

13



2.4 Diffusion map

2.5 Random projection

The matrix W = (w; ;) € R**? is said to be a random Gaussian matrix if w; YN (0,1). Consider the
random projection fy : R* — RF given by

fw(x) = \}EWX 35)

The following lemma states that this map is almost norm-preserving for reasonably large values of k.

Lemma 2.3 (Johnson-Lindenstrauss). Let X1, ...,X, be n samples in R?. Given any 6 € (0,1), let k. =
M. For any k > k., with probability 1 — § over the random sampling of W, we have
I \[WXZ &

<113

1‘ <e (36)

i€[n]

Proof. Without loss of generality, assume that ||x;||2 = 1. Let W = (w1, ..., w)?. Then W]TX ~N(0,1)

and
k
> B Wi =
j=1

??'\P—‘

E{| = W] = k2|w x|? =

By the concentration inequality,

k
1 2
P{- Y wlix? -1 >l <2077
k

J=1

Taking the union bound over the n points , we have

2
P{néfu](|%2|w x|2 — 1| >5} < n2e” %

Let the failure probability 2ne~ke*/6 < §. We then have k > %ﬁn/&). O

log n

The following lemma states that we can project n d-dimensional points into a O(=%")-dimensional

space and preserve all the pairwise distances within a factor of e.

2
%2”/5), we have with prob.

Lemma 2.4. Let Xy, ..., X, be n samples in R%. For any é € (0,1), ifk >
1-90

(L =e)llxi — x5 < [[fw (%) = fw (x5)[] < (L +€)l[xi — x5
Proof. Note that fy(x;) — fiw(x;) = fw(x; —x;) since fyy is linear. Applying the Johnson-Lindenstrauss
lemma to the set {x; — x;}7; (n? points) completes the proof. O

14



From the proof, we can see that the distance-preserving property holds as long as each entry of the
random matrix W is sampled from a sub-Gaussian distribution. This motivates the construction of sparse
random projection, which can accelerate the evaluation of the random projection. A typical example is the
one constructed by Achlioptas in [Achlioptas, 2003]:

1 with prob. é
w; ;= V3 x {0 with prob. % (37)
—1 with prob. %.

Random projections are simple, easy to implement and do not require any special property for the data
distribution. However, the reduced dimensionality using random projections is usually much higher than the
ones obtained using the special properties of the data distribution, such as PCA.

3 Clustering

The objective of clustering is to decompose the dataset S into disjoint subsets:
S=Uf Ch, CpynNC;=0 VEk#j,
such that
* points within each cluster are similar to each other.
* points in different clusters are dissimilar to each other.

Each subset is called a cluster. This problem is particularly relevant when the underlying distribution p* is
multi-modal. Figure 9 shows two examples, where the data consist of two clusters.

s,

.... £ "\, ».
CHEEY TR
° c .;.

° ‘ o

...in‘!..:.

Figure 9: The data can be decomposed into two clusters.

Clustering has many applications. Here are two examples.

» Separating potential customers into different clusters in order to design the different products suited
for each group of customers

* Image segmentation: Breaking up the image into different regions. Figure 10 shows how the image
segmentation is used in autonomous driving.

To develop a clustering algorithm, the first issue is how to measure similarity or difference between two
data points. If the data points live in R?, a natural measure is the Euclidean distance. For more complicated
data sets such as texts or behavior data, it is less obvious how to define similarity measures.

15



Figure 10: Autonomous driving. Clustering is used to help the system to identify and locate the vehicles and other
objects on the road.

3.1 The k-means algorithm

The k-means algorithm is based on minimizing the intra-cluster distances. Assume that we intend to break
the data into K clusters and let C'y, Co, - - - , C'x be the clusters. In the k-means algorithm, the value of K
needs to be specified beforehand. The objective function is defined to be:

K
1 1
L(C, G-, Ok) =5 1Col > Ik —xl, (33)
k=1 k xZ,XjECk
where |C}| is the cardinality of Cj. Let
1
k XjECk

be the center of the cluster C;. A second natural objective function is given by
K
I (C1,Coy- -, C) =D D |Ixi — aul®. (40)
k=1x;€C}
Lemma 3.1. [; = 5.

Proof. Notice that

SolxiexlP= S (Il ) - 20x.x;)

xi7ijC'k xi,XjECk
=2|Ck| Y Ibal® =20 =i, > xy)
x;€Ck x;€Ck ijC’k
=2(1Cul Y Ixill® = 1CkI? [lewe]?).-
x;ECk
Dokl = (IIxill® + llowl* — 2(xi, ax))
x;ECk x; ECE
= D> lIxill> = 1C] llewell*.
x; €CE

16



Hence,

ZQC’“ S i - agl? =

X4 Eck
O

The k-means algorithm, given in Algorithm 2, proceeds by alternating between two steps. In the assign-
ment step, each data point is assigned to the cluster whose center is closest to that point. In the update step,
the center position of each cluster is updated using the new assignments.

Algorithm 2 k-means algorithm

Require: Number of clusters K and the initialization: {a,&o)}
fort=1,2,...do
(1) Assignment step: For k = 1,..., K, set
C,gtﬂ) = {x; : k = argmin ||x; — ag.t)H}.
j=1ye K

4D

+1 1
(2) Update step: a,g ) = T Doy coHD X5
|Ck | J k

end for

The k-means algorithm assumes implicitly that underlying data has some linear structure. For the data
shown in the left figure of 9, k-means works very well. In fact, in this case k-means converges in a few
iterations, see Figure 11 for a visualization of the convergence process. The right figure of 9 shows an
example for which the k-means algorithm does not work. In this case we need some nonlinear clustering
methods.

1.5 1.5 .O°- 1.5 ‘ 1.5
1.0 >< &-‘ 1.01 );w Y 1.0 >< ) 1.01 ><
0.5 0.5 ‘. t g 0.5 ke 0.5 i:
: ) “\ ) 3 ) ‘ [ 4 g ) ‘
0.0 >< 0.0 '?',’ >< 0.0 1 ’@"‘ 0.0 '%‘.
—0.5 °® —0.5 ) —0.5 o® —0.5 o®
° ° °
0 1 0 1 0 1 0 1

Figure 11: An example shows how k-means converges in a few steps.

this description is a bit too abstract
The following is a nice property of the k-means algorithm.

Lemma 3.2. Let {C } be the solution of the k-means algorithm at step t. Then we have

LY, ..

70%) < IQ(CY/?D? s

,C).




Proof. Let a,(f) be the center of mass of the set C,it). Forany k € [K], >° o lxi — Oz,gt)H2 <
v k

Zxﬁ@i” |x; — a||? for any o € RY. Hence,

K K
—1
eV, =3 3 Ix-alIP<> Y xi-of Y
k=1

k=1 e -

(t—l)”‘

The update procedure (41) implies that the new partition {C’,gt)} minimizes > 5, 3 x; — o,

Hence,

XiECk ’

K K
OIS DINCEETN SlEED DI DI R s
k=1

k=1 xieClgt) Xi€C£t71>

O]

The preceding lemma shows that the objective function for the k-means algorithm decreases monoton-
ically. It does not tell us whether the k-means algorithm converges to a global minimum. The objective
function 5 is non-convex and the convergence depends heavily on the initialization. Bad initializations may
cause convergence to bad local minima (see the exercise for an example). In practice, one often needs to
repeat the algorithm using different random initializations and pick the best solution.

3.2 Probabilistic Clustering

In k-means, we assign each sample to a single cluster. However, this type of description is not suited for the
kind of data shown in Figure 12, where the clusters are not well-separated. A better description in this case
is to define the “assignment” in a probabilistic fashion. Denote by p; the probability that a given sample
point belongs to the k-th cluster. Then Zszl pr = land pi > 0.

Figure 12: A motivating example where the probabilistic clustering method is preferred.
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3.2.1 Gaussian mixture models

Before proceeding to the clustering method, let us first introduce a model for the kind of data distribution
shown in Figure 12, the Gaussian mixture model (GMM). GMM assumes that the data are generated from

the distribution

K
p(x) =Y m N (x|, T).

k=1

(42)

where S0 7, = 1 and > 0, N(-| g, S is the Gaussian distribution. 7y, and N (-], 1) denote the
weight and distribution for the £-th component in the mixture, respectively. Figure 13 shows an example of

the density function of GMM with two mixtures.

Figure 13: p(x) = 0.3 /N(—2,0.5) + 0.7 N (1,1)

The direct problem of GMM is to draw samples from (42). This can be done as follows.

* Step 1: Randomly sample a z € {1, ..., K} with the probability distribution: p(z = k) = 7.

¢ Step 2: Generate a sample from the z-th component: N'(-|p,,3,).

The above procedure introduces a latent variable z such that
p(z =k) =m, p(x|z) = N(x|p., 22).
This leads to
K
p(x) =Y p(x[2)p(z) = > m N (x|, )-
z k=1
A natural question is: Which cluster (mixture) does a given sample x belong to?
* In the k-means algorithm, x is assigned to the cluster with the index

k(x) = argmingc(x)[[x — ag].

19
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* In GMM, the “label” is the posterior probability of z for a given x:

p(x|z = k)p(z = k)
p(x)
_ Tp(X; ik, Xi)
Zﬁ{zl Wz¢(x; Mz, Ez)

where ¢(+; pui, X)) denotes the density function of N (py, X). The soft label (k) denotes the
probability of x belonging to the k-th cluster.

Yx(k) == p(z = k|x) =

; (44)

Now we are ready to proceed to the inverse problem: Estimate the mixture model from a finite sample.
To simplify the derivation, we focus on the simplest case when d = 1. The extension to the case when d > 1
is straightforward.

We begin with a brief review of the maximum likelihood estimator (MLE) for the Gaussian distribution.

Let 2; p(+|0) := N (+; u, o). Then log-likelihood is defined to be

L i 1 7(»‘%-#)2
= log Hp($z|9) = Zlog (\/%6 20 >

Z ‘.fUl IU|
= — 1() 2“() . 4

The MLE estimator can be found by solving:

n

oL ;— 1
o=y E =0 s =Y

K =1 . nz’:l
OL  (z; — p)? n R 9
o 22 2w 0 T ”—n;“’””“)'

Next we turn to the MLE for GMM. Assume z; < p(-]0) = Zszl 7N (5 g, ok ). The log-likelihood

is defined by
n n K 2
1 _ (=i—pg)
= log Hp(aczw) = g log ( E T e 2% ) ) (46)
i=1 i=1 = V2Tok

The parameters in the MLE estimator are the solution of the following system of equations:

oL Z TrO(T4; ks Ok)  Ti — g
8Nk z 7Tz¢ xl’l'LZ?O.Z) O

oL Z To(i; iy 0%) (@i —p)® 1N 0
ao'k Z 0 l’z,,LLZ,O'Z) 20’]3 20

=0

However, it is difficult to obtain closed-form solutions due to the term

ThO( 243 P> OF)

ZZ 7rz¢($i§ Mz, Uz) '
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Notice that this term is exactly the soft label vy, (k) defined in Eq. (44). If we pretend that the 7, (k)’s are
known, the MLE estimator is given by

D > SN R IR
Z?:l %ﬁb(k) N, i—1

) 1 o .
Ok =3 ;%i(k)(% — fu)

where N, = >~ | 7z, (k). We can think of N}, as being the effective number of points assigned to the k-th
cluster.
To estimate the mixture proportion {7}, consider the augmented Lagrangian J = L(6)— (Z el Th —

Then,

47)

1
Z Wk¢xZ7Mk7ak) —A:*Nk—)\zo
Z 7TZ¢ xz7/~fLZ7O—Z) Tk
Ng

87k

Substituting this back to the constraint, we have

Hence, we have
N,

n

(48)

Tk

However, we do not know the soft label v,, (k)’s. One way to solve this problem is to estimate it using
the current value of the parameters #. This motivates the Expectation-Maximization (EM) algorithm for
GMM, shown in Algorithm 3.
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Algorithm 3 EM algorithm for Gaussian mixture models

Require: Initialization: 6° = {79, u? o9}
fort=1,2,...do
(1) E-step: Estimate the soft labels using the current value of 6" = {x}, ut, ot }:

rLo e pho o)

t
Va, (F) = : (49)
i Zk W]tc(b(xi; ;uz, 0—]2)
(2) M-step: Let N} = 7" | 4% (k). Update the parameters by
1 n
pitl = v Z’y;i(k')xz
ol = N Z% bty (50)
Nt
nitl = Dk
n
end for
return 6 (the resulting parameters) and {+.} (the soft labels).
3.3 General EM algorithm
The above idea can be extended to estimating parameters of a general latent variable model:
p(x, 2[0) = p(x|z, 0)p(2|0), 51

where x is observed and z is the unobserved latent variable.
Let us first provide a heuristic derivation of the EM algorithm for estimating € from only the observed
samples x1, ..., X,. We begin with the case of only one sample. The MLE is given by maximizing

L(6) = log p(x|8) = log ( / p(x,2|0) dz> . (52)

This is computationally challenging due to the integral inside the logarithm. By the analogy with the deriva-
tion of EM for GMM, if z is also known, we only need to maximize log p(x,z|¢). Thus the trouble lies
in that z is not known yet. To overcome this difficulty, we sample the z’s from p(z|x, 6') using the cur-
rent value of #¢. This step is analogous to the step of computing the soft labels using current value of the
parameters in Algorithm 3. In expectation, we are maximizing

Q016" := E,x,9t [log p(x, z[0)]. (53)

The general EM algorithm is given in Algorithm 4. Note that similar to the case of GMM, the maximiza-
tion step usually has a closed-form solution for the most popular latent variable models. For this reason, the
EM algorithm is usually quite easy to implement.
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Algorithm 4 General EM algorithm

fort=1,2,... do
(1) Bstep: Q(8]6") = By e g plx, 16)]
(2) M-step: 01 = argmax, Q(0]0")

end for

Analysis of the EM algorithm.

Since p(x|0)p(z|x,0) = p(x,z|0), we have the following decomposition of the log-likelihood:

L(0) = log p(x|0) = E,x ¢t [log p(x]0)]
p(x, Z\9)]
p(Z!X 0)

B p(x,z|0) p z|x %)
=B o (e S
p(x,2|0) p(z[x, 6")
=E log ——=|+E log ———
z|x,0% [ og ( | ,Gt)} + z|x,0% [ og p(Z‘X,H) ]a

= Ez|x,9t [log

Q(6]6%) H(0]0%)

(54)

The first term is exactly the Q(6|0") term that appears in the EM algorithm (up to a constant). The second
term H (0|6") is the KL divergence between p(z|x, §) and p(z|x, #'), which is always non-negative. Hence
the EM algorithm actually maximizes a lower bound of the log-likelihood L(6) at each step. Moreover,
when it approaches convergence, the lower bound becomes closer and closer to the true log-likelihood since

H(019Y) — 0ast — oo.

Before proceeding to analyzing the convergence of the EM algorithm, we discuss some properties of the

() function. Since

N p(x,2|0)
Q010") = Ez|x,9’ [log m};

we have
Q(0|0) = L(0) since H(0|0) = 0.
* VoQ(010")|—9 = Vo L(8) since

, _ B Vp(x,z|0)
VQQ(H‘G )|01:9 - ]EZIX,O[v logp(x7 Z’Q)] - p(X7 Z‘Q) p(z|x7 e)dz
[ TR0+ 0 ),,
p(x[0)
_Vp Vp(x[6) /Vp 2/, 0)d
p(x]0)

= Vlogp(x]0) + V /p(z\x, 0)dz
= VyL(6)
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The above implies that Q(+|6;) is a lower bound of L(-) with the additional property that the function value
and first order derivative are the same as those of L(-) at #;. Figure 14 provides an illustration of the
relationship between Q(-|0;) and L(-).

0_

o

.
—ue

81 -- Q@189 1

6 t+1 ] t
Figure 14: An illustration of EM algorithms.

Theorem 3.3 (Monotonicity). Let ' be the solution of Algorithm 4 at the t-th step. We have L(0't!) >
L(0Y).

Proof. Using the decomposition (54), we have

L(O™Y) — L(0) = Q(0116%) + H(O"10") —~(Q(61)0") + H(0'[6"))

>0
> QO"0") — Q(#']9") > 0, (55)
where the last inequality follows from the fact that 61 = argmax, Q(0|6%). O

Theorem 3.4 (Convergence to stationary points). Assume that Q(-0") is C-smooth in the sense that for any
0/
C
Q0210') > Q(0110") + (VQ(0110"), 62 — O1) — 10> — 61 .

Then, we have

B2 < 2 < 2C(L(0r) — L(6o))
Lomin, VLY < ZIIVL@ I” < :

Proof. Using the C'-smoothness, we have
C
Q016" > Q(0'10") + (VQ(O']0"),0 — 0") — |0 — 0" (56)
Using the fact that VQ(6'|6") = VL(6")) and rearranging the right hand side of (56), we obtain

1
—VL(6Y|2.

t t|pt 1 ty]12 ¢ t
QO16°) = QUEII") + 5 SIVLE)I™ — 110 -6 —
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Let 01 = 0" + LVL(¢"). Obviously we have
Q1) > Q1) + 5 IV
Since 0! = argmin, Q(6]0"), we have
Q1) > Q) > Q1) + o [V
Substituting this into Eq.(55), we have

L(0"™) = L(6") > Q(0"|6") — Q(6"16") > LHVL(W)IIQ.

=L(H7) - = (L( L6 ij IVL(6Y)|2.
t=0

t=1

Thus, we complete the proof. 0

Note that the above theorem only guarantees the convergence to stationary points.
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