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Abstract

Spectral Clustering is a technique used to group together data points of similar behavior in
order to analyze the overall data. The goal of this project will be to implement a spectral
clustering algorithm on the MNIST handwritten digits database in which we will be able to
cluster similar images using a similarity matrix derived from the dataset. We will develop
code in order to implement each step of the algorithm and optimize to efficiently obtain a
reasonable clustering of the dataset.
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1 Introduction

Spectral clustering is clustering technique based on the spectral analysis of a similarity matrix
derived from a given data set. The main goal of spectral clustering or any clustering algorithm is
to implement a procedure that groups objects in a data set to other objects with ones that have
a similar behavior. For this project, we would like to use the MNIST Handwritten digits database
in order to implement a clustering algorithm that will cluster together same digits and be in a
different cluster from different digits. Spectral clustering implements a clustering algorithm such
a k-means clustering on a reduced dimension which allows the formation of tight clusters. Thus
given some data point X; € RY, spectral clustering performs a clustering in R* where k << d. The
advantage of spectral clustering is the simplicity of the algorithm to implement where only the use
of standard linear algebra methods are needed in order to solve the problem efficiently. It also has
many application areas such as machine learning, exploratory data analysis, computer vision and
speech processing.

1.1 Definitions

The motivation behind spectral clustering is given from ideas in graph theory. In this section we
define some notation that will be used throughout this report. Define a graph G = (V, F) as a
set of vertices together with a set of edges. We assume G is an undirected graph with vertex set
V ={vy,...,v,}. We also assume G is unweighted or in other words each edge has the same weight
of 1. Thus the adjacency matrix W is defined to be

W 1, if v;, v; are connected by an edge
Y 0, otherwise

Since G is undirected we require that w;; = w;; and hence gives a symmetric adjacency matrix.
The degree of a vertex v; € V is defined as

n
di: E Wiy -
=1

This can also be viewed as just the number of edges connected to that vertex. The degree matrix
denoted D is a diagonal matrix where each di,...,d, lies on the diagonal. We denote a subset of
vertices A C V and its complement as A = V' \ A. For simplicity, we define i € A, as the set of
indices ¢ of vertices v; € A. We also define two ways of measuring the size of a subset A of V.

|A] = number of vertices in A.
and

vol(A) = Z d;.

€A



|A| measures the size of the subset by the number of vertices, while vol(A) measures the size by the
number of edges. Finally we define the weight between two subsets A, B € V as

W(AB) = Y wy

i€A,jeB

This counts the number of edges connecting the two subsets. One final definition we would like to
introduce is the unnormalized Laplacian matrix which is defined as L = D — W.

1.2 Motivation

Clustering is a way to separate data points such that similar points are grouped together, and
are in a different group from ones that are dissimilar. Another way to think about this is from
the viewpoint of graph cuts. Given a graph, we want to partition the vertices such that those
connected by edges with high weights are grouped together and separate from the ones connected
by low weights. Spectral clustering is motivated by approximating a graph partitioning and in
particular approximating the RatioCut or NCut on a given graph.

One of the most direct ways to partition a graph is to solve the min cut problem. That is, given
a similarity graph, we want to partition the graph into £ subsets and hence solve the optimization
problem of minimizing

cut(Ar, .., Ay) - = %ZW(AZ»,AZ-) (1)

over all partitions where W (A;, A;) defines the weight between a subset and its complement. In
other words, we want to minimize the number of edges cut in order to partition the graph. This
is very straightforward and easy to solve, in particular for the case when k = 2. However in some
cases it may lead to an unhelpful partition. Consider the example graph below:

The min cut problem would cut through the edge connecting 2 to 5 and give one partition to be
relatively smaller than the other. This is not helpful in clustering since we want each cluster to be
relatively large. To account for this, modifications known as the RatioCut and the normalized cut
or NCut can be introduced. For the RatioCut, we want the size of each partition to be measured by
the number of vertices in it. For the NCut, we would like the size of each partition to be measured



by the number of edges. Thus we define the RatioCut and NCut as follows:

k
RatZOCUt(Al, ceey Ak) .= 5 ; T (2)
k —_
1 & W(A,, A
NCut(Ay, ..., Ay) : = 52(—)) (3)

< vol(A;

]

In both cases, the objective functions try to balance out each partition. This makes solving these
versions of the min cut problem NP hard. Spectral clustering allows us to solve relaxed versions of
these problems. For this project, we will be focusing on the relaxed version of the NCut problem
to solve the clustering problem.

We will start with approximating the NCut problem for the case where £k = 2. Relaxing the
min NCut problem will derive the motivation behind normalized spectral clustering which we will
define in a later in this section. For the case k = 2, we want to solve the optimization problem of
minimizing

W(AA)  W(AA)  W(A, A)(vol(A) + vol(A))

NCut(4, 4) = vol(A) N vol(A) - vol(A)vol(A) )

over both partitions. We define a cluster indicator vector f by

vol(A) .
, if v;,€ A
fey=r={V "y (5)
— m, if v; € A

The cluster indicator vector is giving some value depending on whether the vertex lies in A or A.
Thus we compute fILf and f7Df which gives the following:

T 2 - vol (A) vol(A) : _ — (vol(A) + vol(A))?
FTLf = wy(fi — ;) = W(A, A) ( vol(A) T\ voz(A)) = WA A = A ool (A)
(6)

T o ' vol(A) ' vol(A) )\ -
f'Df =>"dif; —Zdl< wl(A>> +j§d]( voz(;x)) = vol(A) + vol(A) (7)

€A

Note that the ratio of the two gives us the NCut problem we want to minimize. Thus minimizing
the NCut problem is equivalent to

T
minimize NCut(A, B) = J]:TII;J;C
vol(A) if v; cA (8)

. vol(A)?
subject to f; = B
vol(A) .
=\ vol(A) if v;,€ A
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The relaxation problem is given by

L fTLf
minimize “——

fern fTDf (9)
subject to  fTD1 =0

where f is allowed to take on real values. It can be shown the relaxation problem is a form of the
Rayleigh-Ritz quotient. Since we have the constraint that f7D1 = 0 we want a solution that will
not be the constant one vector 1 which is the eigenvector of the smallest eigenvalue of 0. Thus
we want to find the eigenvector corresponding the the second smallest eigenvalue. Substituting
g = DY2f the problem becomes

o gT<D71/2LD71/2)g
minimize T

geRn gy (10)
subject to ¢ L D'?1

where D/21 is the first eigenvector of Ly, = D~/2LD~'/2 which corresponds to the lowest eigen-
value of 0. Letting U = [ujus . .. u,]| be the matrix whose columns are the orthonormal eigenvectors
of Lgyn,. If we only consider vectors g that are orthogonal to u; and since L is non negative, then

9" Lagmg = > Nl(U 2)i* =D Niful > = ifu] 2
=1 1=2

i=1

This gives a non negative linear combination of Ay, A3..., \,, thus
gTLsymg = Z Xilug ] > Xy Z ul 2> = Xy Z [(UT2)i]* = Xag™yg
i=2 i=2 i=2

provided that ¢ is orthogonal to the first column of U. This inequality becomes equality if we choose
g = uy. Therefore

T
. g Lgmg .
min = = min 9" Laymg = Ao
970 99 gTg=1
g1 D1/21 gLD1/21

which gives the second smallest eigenvalue and ¢ is the corresponding eigenvector. In general
applying the Courant-Fisher theorem, we can find the k£ smallest eigenvalues and their corresponding
eigenvectors.

Theorem 1 (Courant-Fischer Theorem). Given A a Hermitian matriz with eigenvalues Ay < Ay <
o< A1 S Ay, let k be a given integer with 1 < k < n, and let w; € C", then




We only included part of the theorem which finds the smallest eigenvalue and corresponding eigen-
vector under some given constraints. For the complete theorem and proof of the Courant-Fischer
theorem, see appendix A.

This can be extended to the general case for £ > 2. The outline for this proof comes from the paper
by Von Luxberg [1]. In this case, we define a cluster indicator vector f; by

L s if v; € Aj
filvi) = f(i) = { Vo) (11)
0, otherwise
We define the matrix F'" as the matrix whose columns are the k indicator vectors. Then, fFfi=0,
fIDfi=1and fILf; = cutlAii) - Thys the NCut optimization problem becomes

vol(A;)
minimize Tr(FTLF)
Al Ay,
subject to FTDF =1 (12)

F' defined in (10)
Relaxing the second constraint and substituting 7' = D'/2F gives of the relaxation problem of
minimize Tr(TTD~Y2LD~/2T)
TeRnxk (13)
subject to TTT =1

This is a standard trace minimization problem in which the solution 7" which is a matrix whose
columns are the first £ eigenvectors of Lgy,,. The proof of the standard trace minimization problem
will be provided in appendix A. Ly, is the normalized laplacian matrix defined as

Loym = D™V2LD71/2, (14)

Thus the first £ eigenvectors will solve the relaxed version of the min NCut problem.

2 Approach

The following subsections outline the various steps of the project. We will start by developing code
to produce a similarity graph from our database. Given the similarity graph we will compute the
normalized laplacian matrix. From there we will compute the first k eigenvectors of the laplacian
and place in a matrix, perform a dimension reduction on the matrix of eigenvectors and use a
clustering algorithm on the reduced dimension in order to cluster the data points.

2.1 Similarity Graph

Given the data set Xi, ..., X,, and a notion of “similar”, a similarity graph is a graph where X; and
X, have an edge between them if they are considered “similar”.The Gaussian similarity function is

7



XX |12
defined as s(X;, X;) = e% where o is a parameter. to be determined which varies depending
on the dataset used. We use the Gaussian similarity function to define the distance between any
two data points. We must then define some threshold e that will determine if two data points are
similar enough. If s(X;, X;) < € we will consider them similar and connect an edge between X; and
X;. For our project, choosing the best € is not immediately apparent so we need to be careful in
choosing this correctly. Note that since each X; € R?®*? to compute the distance between any
two points we use the ¢? norm for matrixes in this case given as

156G = X115 = > > (Xi(k. 1) = X;(k,0))?

k=1 l=1

2.2 Laplacian Matrix

Recall that the Unnormalized Laplacian Matrix is defined as L = D—W. The Normalized Laplacian
is

Lyym = D7V?LD V2 = — D VW D712, (15)

The eigenvectors of the Normalized Laplacian is directly related to the indicator vectors in the NCut
problem. Thus finding the k first eigenvectors of the Normalized Laplacian will give a clustering
into k partitions. Recall W is the adjacency matrix. Given the Gaussian similarity function, W

can be defined as o
W wy — {1, if s(z',27) <e

0, otherwise

which will be used in computing the Normalized Laplacian.

2.3 Computing the first k eigenvectors

We now have to compute the first k eigenvectors of the Normalized Laplacian matrix. We will use
an iterative method called the Power Method to find them.

e Start with an initial nonzero vector, vy, for the eigenvector

e Let B= D Y?2WD~/2 Form the sequence given by:

fori=1,...,1
x; = Bvi
Ty
V; = ——
||
end



For large values of | we will obtain a good approximation of the dominant eigenvector of B and
corresponding eigenvalue. We can compute this without specifically choosing [ and repeat until
|v; — v;_1| < 0 for some small value of §. The largest eigenvalue of B will correspond to the smallest
eigenvalue of Lyy,,. Hence this will give us our first eigenvector we are looking for.

To find the next eigenvector we need to implement the power method with deflation. Iteratively,
we can compute a new matrix B;,; Form the set of new B matrices by

fori=1,...k
Biy1 =B — )\ﬂ)ﬂ)g

end

where \;, v; are the previous eigenvalue and eigenvector found respectfully, and vy is some initial
non-zero vector. This removes the components of the previous eigenvectors found. Then we would
apply the same sequence to B;y; to find the v; eigenvector and repeat until we have the first k
eigenvectors.

The speed of convergence of this method depends on the size of the eigengap v = |Ax — Agt1l-
[1]. The larger the eigengap, the faster the convergence of the algorithm in computing the first k
eigenvectors.

We then put the first & eigenvectors into a matrix and normalize it. Let T € R™** be the eigenvector
matrix with rows having norm 1. Set

Ui,j
(2o, v

This transforms our matrix V' consisting of the first k£ eigenvector as columns to our new matrix 7.

tij =

U1 U2 V13 U1k tin tiz ti3 bk
Vi1 Vi U3 Vit | = |t tia i3 Lik
_Unl Un2 Un3 Unk_ _tnl tn2 tn3 tnk_

We now project the eigenvectors onto new space. Let y; € R* be a vector from the " row of T.
This forms the new matrix Y = T7 where each y; vector is a column of Y.

[t11 ti2 tis L1k
: : : : tiy
. . . . ti?
tin tio 13 tin | = yi= | .
: ik
_tnl tn? tnS tnk_

We will now preform a clustering algorithm on our new matrix Y of a reduced dimension.

9



2.4 Clustering

We can now perform a k-means algorithm on the new set of vectors of reduced dimension.

Randomly select £ cluster centroids, z;.

Calculate the distance between each y; and z;.

Assign the data point to the closest centroid.

Recalculate centroids and distances from data points to new centroids.

If no data point was reassigned then stop, else reassign data points and repeat.

Finally, assign the original point X; to cluster j if and only if row ¢ of the matrix Y was assigned to
cluster j. This is the final step in the algorithm. If the algorithm was implement correctly, similar
handwritten digits should be clustered together.

3 Implementation

The spectral clustering algorithm outlined above is planned to be implemented in the programming
language MatLab R2014b. This is the programming language that we are most comfortable with
using with the most prior knowledge of this language. This will be run on a personal laptop, a
Macbook Pro which is a 2.5 GHz Intel Core processor and has 4 GB of Memory. If needed we may
be able to upgrade to a more power computer but as of right now that does not seem necessary.

4 Databases

The database used will be the MNIST Handwritten digits database. The database includes a
training set of 60,000 images and a testing set of 10000 images. We will first consider the testing
set which has 1000 of each digit 0-9. Each image is of size 28 x 28 pixels. We denote an image
X; € R?8X28_ A variety of methods have been tested using this database. For this project, we want
to use these images for testing the spectral clustering algorithm to see if we can cluster the images
such that same digits are cluster together despite the different handwritings. The link below can
be used to view this database.

http://yann.lecun.com/exdb/mnist/
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5 Validation

There are various phases in which we can validate various steps of the algorithm.

e Validate the k-means clustering.
We can validate the k-means clustering algorithm on a well known clustered set. Since we are
able to repeat the initial randomize starting centroids, we can repeat the algorithm on say
the Swiss Role dataset to obtain a “good” clustering.

e Validate the computation of the eigenvectors.
We can compare our results from the power method algorithm with the eigenvectors computed
by using the Matlab command eigs(Lgy,).

e Validate the final solution.
We can visually validate the solution of the algorithm by displaying the clusters and seeing if
similar images are grouped together as predicted.

6 Testing

For testing purposes we can implement the spectral clustering algorithm on another database such
as a database of face images. One that could be testing on is the public database supplied by Yale
University called “The Extended Yale Face Database B”. This database contains 16128 images
of 28 different subjects, each under 9 poses and 64 different viewing conditions. If testing on this
database, one would expect the algorithm to give similar results. Ultimately the algorithm would
cluster similar faces together and put in different clusters of faces that were dissimilar. If time
allows we may be able to test on this database.

7 Project Schedule/ Milestones

We have split the project into different phases and allocated time to complete each phase.

e End of October/ Early November
Develop code to generate a Similarity Graph and Normalized Laplacian matrix from the
MNIST database. This will include testing for the correct parameter ¢ in the Gaussian
Similarity function as described previously.

e End of November/ Early December
Compute first k eigenvectors of the Normalized Laplacian matrix as well as validate this. Also
prepare for the mid-year presentation and report.

e February
Normalize the rows of matrix of eigenvectors and perform dimension reduction.

11



e March/April
Cluster the points using k-means clustering algorithm and validate this step.

e End of Spring semester: Implement entire algorithm, optimize and obtain final results as well
as prepare for the final presentation and final report.

8 Deliverables

The deliverables for this project are the MNIST database and code that delivers this. We will
deliver code that implements the spectral clustering algorithm and code that was use for testing
and validations at various steps. If time allows this code will be optimized for effective performance.
We will also deliver reports at the various periods throughout the course as requested which covers
the approach, implementation, validation, testing and milestones of the project. Finally we will
give the various presentations throughout the course that introduce the project, give a mid-year
update and a final presentation of results found.
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A Appendix

Theorem (Courant-Fischer Theorem). Given A a Hermitian matriz with eigenvalues \y < Ay <
< A1 S A, let k be a given integer with 1 < k < n, and let w; € C", then

and
) xl Ax
min max T = A\
w1, W2,...,; Wn—k m;ﬁO,xE(C” r- T
zlwy,wy,..., Wy

Proof. Since A is Hermitian, there exist a unitary matrix U € M, such that A = UAU?T with
A =diag(A, Mg, ..y An). Let 1 <k <n. If x # 0 then

T Az _ (UTx)"AN(UTz)  (UT2)"A(UTx)

2T T -~ (UT2)T(UTx)
and {UTz|z € C" and z # 0} = {y € C"|y # 0}. Thus if wy, wy, ..., wj,_; € C" are given, then
) 2T Ax ) yT Ay
inf = inf
2#£0 'y y#0 yTy
rlwy,wy,.wp_g yLlUTw ,UTwy,....UTwy_;
n
= inf /\z |2
i Zl |yz|
yJ_UT’wl UTw2 ..... Uka—l =
n
~ 2
> nf Z Ailyil

yLUTwl,UTwQ ,,,,, Uka—l

This shows that

for any £ — 1 vectors. But equality will hold for one choice of the vectors which is w; = w,_;yk,
where U = [uy ... u,]. Thus,
T
Az
sup inf T =M\
W,y Wh—1 x#0 xtx

and we can replace inf and sup with min and max, respectfully, since the extremum is achieved.
The proof for the second case is similar. n
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Theorem (Min Trace Problem). Let A be Hermitian matriz with eigenvalues Ay < Ay < +-+ <

A1 < A\, then
k

mimize Tr(XTAX) =Y \
minimize Tr(XTAX) =) (16
subject to XTX =1

and the columns of X contain the corresponding eigenvectors of the k smallest eigenvalues of A.

Proof. Let h(X) = tr(XTAX). Then

MX+Y)—h(X)=tr(XT+YHAX +Y)) — tr(XTAX)
=tr(XTAX) + tr(XTAY) + tr(YTAX) + tr(YTAY) — tr(XTAX)
= 2tr(XTAY) + tr(YTAY)

Since (YTAY)
. tr
gy o= =0
and
. WX +Y)—hX)—tr(YTAY)
-9 V] -
then

Dxh(Y) = 2tr(XTAY)

So the lagrange problem to be solved is

Dxh(Y) = XTA
hence
2XTA=2X"TA
= AX = AX
which gives
Al’l = )\11’1
ALUQ = )\2562
AIk = )\kxk

Thus the solution X of the eigenvalue problem is the matrix whose columns are the eigenvectors of
the corresponding eigenvalues of A. O
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