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Abstract: This is a survey of the method of graph cuts and its applications to graph
clustering of weighted unsigned and signed graphs. I provide a fairly thorough treatment
of the method of normalized graph cuts, a deeply original method due to Shi and Malik,
including complete proofs. I also cover briefly the method of ratio cuts, and show how it can
be viewed as a special case of normalized cuts. I include the necessary background on graphs
and graph Laplacians. I then explain in detail how the eigenvectors of the graph Laplacian
can be used to draw a graph. This is an attractive application of graph Laplacians. The
main thrust of this paper is the method of normalized cuts. I give a detailed account for
K = 2 clusters, and also for K > 2 clusters, based on the work of Yu and Shi. I also show
how both graph drawing and normalized cut K-clustering can be easily generalized to handle
signed graphs, which are weighted graphs in which the weight matrix W may have negative
coefficients. Intuitively, negative coefficients indicate distance or dissimilarity. The solution
is to replace the degree matrix D by the matrix D in which absolute values of the weights
are used, and to replace the Laplacian L = D — W by the signed Laplacian L = D — W.
The signed Laplacian L is always positive semidefinite, and it may be positive definite (for
unbalanced graphs, see Chapter 5). As far as I know, the generalization of K-way normalized
clustering to signed graphs is new. Finally, I show how the method of ratio cuts, in which a
cut is normalized by the size of the cluster rather than its volume, is just a special case of
normalized cuts. All that needs to be done is to replace the normalized Laplacian Lgyy, by
the unormalized Laplacian L. This is also true for signed graphs (where we replace fsym by
L).

Three points that do not appear to have been clearly articulated before are elaborated:

1. The solutions of the main optimization problem should be viewed as tuples in the
K-fold cartesian product of projective space RPY 1,

2. When K > 2, the solutions of the relaxed problem should be viewed as elements of the
Grassmannian G(K, N).

3. Two possible Riemannian distances are available to compare the closeness of solutions:
(a) The distance on (RPY™1)X. (b) The distance on the Grassmannian.

I also clarify what should be the necessary and sufficient conditions for a matrix to
represent a partition of the vertices of a graph to be clustered.
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Chapter 1

Introduction

In the Fall of 2012, my friend Kurt Reillag suggested that I should be ashamed about knowing
so little about graph Laplacians and normalized graph cuts. These notes are the result of
my efforts to rectify this situation.

I begin with a review of basic notions of graph theory. Even though the graph Laplacian
is fundamentally associated with an undirected graph, I review the definition of both directed
and undirected graphs. For both directed and undirected graphs, I define the degree matrix
D, the incidence matrix B, and the adjacency matrix A. Then, I define a weighted graph.
This is a pair (V, W), where V' is a finite set of nodes and W is a m x m symmetric matrix
with nonnegative entries and zero diagonal entries (where m = |V|). For every node v; € V,
the degree d(v;) (or d;) of v; is the sum of the weights of the edges adjacent to v;:

7=1

The degree matrix is the diagonal matrix
D = diag(dy, ..., d,).

Given any subset of nodes A C V', we define the volume vol(A) of A as the sum of the
weights of all edges adjacent to nodes in A:

vol(A) = Z zm:wij.
v, €A j=1

The notions of degree and volume are illustrated in Figure 1.1. Given any two subsets

A, B CV (not necessarily distinct), we define links(A, B) by

links(A, B) = Z w; .

UiEA,’Uj €eB

7



3 CHAPTER 1. INTRODUCTION

The quantity links(A4, A) = links(A4, A) (where A =V — A denotes the complement of A in
V) measures how many links escape from A (and A). We define the cut of A as

cut(A) = links(4, A).

Figure 1.1: Degree and volume.

Figure 1.2: A Cut involving the set of nodes in the center and the nodes on the perimeter.

The notions of cut is illustrated in Figure 1.2. The above concepts play a crucial role in
the theory of normalized cuts. Then, I introduce the (unnormalized) graph Laplacian L of
a directed graph G in an “old-fashion,” by showing that for any orientation of a graph G,

BB'=D—-A=1

is an invariant. I also define the (unnormalized) graph Laplacian L of a weighted graph
G = (V,W)as L =D —W. I show that the notion of incidence matrix can be generalized



to weighted graphs in a simple way. For any graph G° obtained by orienting the underlying
graph of a weighted graph G = (V, W), there is an incidence matrix B such that

B°(BY' =D—-W = L.
I also prove that

1 m
'Lt = 5 lZ: w; j(z; — x;)? for allz € R™.

Consequently, 2" Lz does not depend on the diagonal entries in W, and if w;; > 0 for all
i,7 € {1,...,m}, then L is positive semidefinite. Then, if W consists of nonnegative entries,
the eigenvalues 0 = \; < Ay < ... < A\, of L are real and nonnegative, and there is an
orthonormal basis of eigenvectors of L. I show that the number of connected components of
the graph G = (V, W) is equal to the dimension of the kernel of L, which is also equal to
the dimension of the kernel of the transpose (B°)" of any incidence matrix B’ obtained by
orienting the underlying graph of G.

I also define the normalized graph Laplacians Lgyy, and Ly, given by

Lyym = D™V2LD™Y2 = [ — DY W D=1/
Liw=D'L=1-D"'W,

and prove some simple properties relating the eigenvalues and the eigenvectors of L, Lgym
and L. These normalized graph Laplacians show up when dealing with normalized cuts.

Next, I turn to graph drawings (Chapter 3). Graph drawing is a very attractive appli-
cation of so-called spectral techniques, which is a fancy way of saying that that eigenvalues
and eigenvectors of the graph Laplacian are used. Furthermore, it turns out that graph
clustering using normalized cuts can be cast as a certain type of graph drawing.

Given an undirected graph G = (V| F), with |V| = m, we would like to draw G in R" for
n (much) smaller than m. The idea is to assign a point p(v;) in R™ to the vertex v; € V, for
every v; € V, and to draw a line segment between the points p(v;) and p(v;). Thus, a graph
drawing is a function p: V — R".

We define the matriz of a graph drawing p (in R™) as a m X n matrix R whose ith row
consists of the row vector p(v;) corresponding to the point representing v; in R"™. Typically,
we want n < m; in fact n should be much smaller than m.

Since there are infinitely many graph drawings, it is desirable to have some criterion to
decide which graph is better than another. Inspired by a physical model in which the edges
are springs, it is natural to consider a representation to be better if it requires the springs
to be less extended. We can formalize this by defining the energy of a drawing R by

ER)= Y lp(ws) = pwy)]*,

{’Ui,Uj}EE
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where p(v;) is the ith row of R and ||p(v;) — p(v;)||” is the square of the Euclidean length of
the line segment joining p(v;) and p(v;).

Then, “good drawings” are drawings that minimize the energy function £. Of course, the
trivial representation corresponding to the zero matrix is optimum, so we need to impose
extra constraints to rule out the trivial solution.

We can consider the more general situation where the springs are not necessarily identical.
This can be modeled by a symmetric weight (or stiffness) matrix W = (w;;), with w;; > 0.
In this case, our energy function becomes

ER) = wyllpw) — p(v))|*.

{’Ui,’Uj}EE
Following Godsil and Royle [10], we prove that
E(R) = tr(R"LR),

where

L=D-W,

is the familiar unnormalized Laplacian matrix associated with W, and where D is the degree
matrix associated with W.

It can be shown that there is no loss in generality in assuming that the columns of R
are pairwise orthogonal and that they have unit length. Such a matrix satisfies the equation
RTR = I and the corresponding drawing is called an orthogonal drawing. This condition
also rules out trivial drawings.

Then, I prove the main theorem about graph drawings (Theorem 3.2), which essentially
says that the matrix R of the desired graph drawing is constituted by the n eigenvectors of
L associated with the smallest nonzero n eigenvalues of L. We give a number examples of
graph drawings, many of which are borrowed or adapted from Spielman [21].

The next chapter (Chapter 4) contains the “meat” of this document. This chapter
is devoted to the method of normalized graph cuts for graph clustering. This beautiful
and deeply original method first published in Shi and Malik [20], has now come to be a
“textbook chapter” of computer vision and machine learning. It was invented by Jianbo Shi
and Jitendra Malik, and was the main topic of Shi’s dissertation. This method was extended
to K > 3 clusters by Stella Yu in her dissertation [23], and is also the subject of Yu and Shi
[24].

Given a set of data, the goal of clustering is to partition the data into different groups
according to their similarities. When the data is given in terms of a similarity graph G,
where the weight w; ; between two nodes v; and v; is a measure of similarity of v; and v;, the
problem can be stated as follows: Find a partition (A1, ..., Ax) of the set of nodes V into
different groups such that the edges between different groups have very low weight (which
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indicates that the points in different clusters are dissimilar), and the edges within a group
have high weight (which indicates that points within the same cluster are similar).

The above graph clustering problem can be formalized as an optimization problem, using
the notion of cut mentioned earlier. If we want to partition V' into K clusters, we can do so
by finding a partition (Ay,..., Ax) that minimizes the quantity

K K
1 1 —
Cut(Al, . 7AK) = 5 E cut(Al) = 5 E hl’lkS(Ai, Az)
i=1 i=1

For K = 2, the mincut problem is a classical problem that can be solved efficiently, but in
practice, it does not yield satisfactory partitions. Indeed, in many cases, the mincut solution
separates one vertex from the rest of the graph. What we need is to design our cost function
in such a way that it keeps the subsets A; “reasonably large” (reasonably balanced).

An example of a weighted graph and a partition of its nodes into two clusters is shown
in Figure 1.3.

Figure 1.3: A weighted graph and its partition into two clusters.

A way to get around this problem is to normalize the cuts by dividing by some measure
of each subset A;. A solution using the volume vol(A;) of A; (for K = 2) was proposed and
investigated in a seminal paper of Shi and Malik [20]. Subsequently, Yu (in her dissertation
[23]) and Yu and Shi [24] extended the method to K > 2 clusters. The idea is to minimize
the cost function

K . —_ K
Neut(Ay, ..., Ag) = Z M _ Z CUt(Ai74i>.
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The first step is to express our optimization problem in matrix form. In the case of two
clusters, a single vector Xz can be used to describe the partition (A;, As) = (A, A). We
need to choose the structure of this vector in such a way that

XTLX

NCllt(A, z) = m,

where the term on the right-hand side is a Rayleigh ratio.

After careful study of the original papers, I discovered various facts that were implicit in
these works, but I feel are important to be pointed out explicitly.

First, I realized that it is important to pick a vector representation which is invariant
under multiplication by a nonzero scalar, because the Rayleigh ratio is scale-invariant, and
it is crucial to take advantage of this fact to make the denominator go away. This implies
that the solutions X are points in the projective space RP™ 1. This was my first revelation.

Let N = |V| be the number of nodes in the graph G. In view of the desire for a scale-
invariant representation, it is natural to assume that the vector X is of the form

X = (z1,...,2N),

where x; € {a,b} fori =1,..., N, for any two distinct real numbers a, b. This is an indicator
vector in the sense that, fort=1,... N,

a ifv,e A
€T; =

The choice a = +1,b = —1 is natural, but premature. The correct interpretation is really
to view X as a representative of a point in the real projective space RPY ! namely the point
P(X) of homogeneous coordinates (x1: ---: xy).

Let d = 1" D1 and o = vol(A), where 1 denotes the vector whose components are all
equal to 1. I prove that

— XTLX
NCUt(A, A) = m
holds iff the following condition holds:
aa+b(d —a) = 0. (1)

Note that condition () applied to a vector X whose components are a or b is equivalent to
the fact that X is orthogonal to D1, since

XT'D1 = aa+ (d— a)b,

where a = vol({v; € V' | z; = a}).



13

If we let
X ={(z1,...,2n) |z € {a,b}, a,b ER, a,b # 0},
our solution set is

K={XeXx|X'D1=0}.

Actually, to be perfectly rigorous, we are looking for solutions in RPY ™!, so our solution set
is really

P(K) = {(z1: -+ :zy) € RPV | (z4,...,2n) €K}
Consequently, our minimization problem can be stated as follows:

Problem PNC1

o XTLX
minimize YTDX
subject to X"D1=0, XeX.

It is understood that the solutions are points P(X) in RPN,

Since the Rayleigh ratio and the constraints X ' D1 = 0 and X € X are scale-invariant,
we are led to the following formulation of our problem:

Problem PNC2

minimize XTLX

subject to X'DX =1, X"D1=0, Xex.

Because problem PNC2 requires the constraint X ' DX = 1 to be satisfied, it does not
have the same set of solutions as problem PNC1 , but PNC2 and PNC1 are equivalent in
the sense that they have the same set of minimal solutions as points P(X) € RPY™! given
by their homogeneous coordinates X. More precisely, if X is any minimal solution of PNC1,
then X/(XTDX)'Y? is a minimal solution of PNC2 (with the same minimal value for the
objective functions), and if X is a minimal solution of PNC2, then AX is a minimal solution
for PNCI1 for all A # 0 (with the same minimal value for the objective functions).

Now, as in the classical papers, we consider the relaxation of the above problem obtained
by dropping the condition that X € X', and proceed as usual. However, having found a
solution Z to the relaxed problem, we need to find a discrete solution X such that d(X, Z)
is minimum in RPY!. All this is presented in Section 4.2.

If the number of clusters K is at least 3, then we need to choose a matrix representation
for partitions on the set of vertices. It is important that such a representation be scale-
invariant, and it is also necessary to state necessary and sufficient conditions for such matrices
to represent a partition (to the best of our knowledge, these points are not clearly articulated
in the literature).
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We describe a partition (Ay, ..., Ax) of the set of nodes V by an N x K matrix X =
(X1 X&] whose columns X!, ..., XX are indicator vectors of the partition (A, ..., Ak).
Inspired by what we did when K = 2, we assume that the vector X7 is of the form

XTI = (2,...,2%),
where xf €{aj,bj} forj=1,...,Kandi=1,...,N, and where a;,b; are any two distinct
real numbers. The vector X7 is an indicator vector for A; in the sense that, fori =1,..., N,
i Q5 if v; € Aj
! bj if V; ¢ Aj.

The choice {a;,b;} = {0,1} for j = 1,..., K is natural, but premature. I show that if we
pick b; = 0, then we have

t(A X7)TLXY
Cu( 9 ):( ) j:]_,---gK)

i Ay
vol(4,) (X9)TDXJ

which implies that
t(A:, A XNTLXY

Then, I give necessary and sufficient conditions for a matrix X to represent a partition.

If we let
X = {[Xl XK X = (el 2y, o) € {1,0),a; € R, XY 7&0}

(note that the condition X7 # 0 implies that a; # 0), then the set of matrices representing
partitions of V' into K blocks is

(X)TDXI =0, 1<i,j<K, i#j
X(XTX)1xT1 = 1}.

As in the case K = 2, to be rigorous, the solution are really K -tuples of points in RPY 1,
so our solution set is really

P(K) = {(P(Xl), O PXE)) XY - XK e /c}.

Remark: For any X € X, the condition X (X "X)™'X "1 = 1 is redundant. However, when
we relax the problem and drop the condition X € X, the condition X(XTX)1XT1 =1
captures the fact 1 should be in the range of X.
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In view of the above, we have our first formulation of K-way clustering of a graph using
normalized cuts, called problem PNC1 (the notation PNCX is used in Yu [23], Section 2.1):

K-way Clustering of a graph using Normalized Cut, Version 1:
Problem PNC1

K

L (XHTLXI
minimize ; m
subject to (XH'DX7 =0, 1<i,j<K,i#j,
X(XTX)'xT1 =1, XeAX.

As in the case K = 2, the solutions that we are seeking are K-tuples (P(X1),...,P(X%))
of points in RPY ! determined by their homogeneous coordinates X!, ..., XX,

Then, step by step, we transform problem PNCI1 into an equivalent problem PNC2. We
eventually relax PNC1 into (*;) and PNC2 into (x3), by dropping the condition that X € X.

Our second revelation is that the relaxation (k2) of version 2 of our minimization problem
(PNC2), which is equivalent to version 1, reveals that that the solutions of the relaxed
problem (x3) are members of the Grassmannian G(K, N).

This leads us to our third revelation: we have two choices of metrics to compare solutions:
(1) a metric on (RPY 1)K (2) a metric on G(K, N). We discuss the first choice, which is the
choice implicitly adopted by Shi and Yu. However, in approximating a discrete solution X
by a solution Z of problem (x;) we allow more general transformations of the form ) = RA,
where R € O(K), and A is a diagonal invertible matrix. Thus we seek R and A to minimize
| X — ZRA| . This yields better discrete solutions X.

In Chapter 5, I show how both the spectral method for graph drawing and the normalized-
cut method for K clusters generalize to signed graphs, which are graphs whose weight matrix
W may contain negative entries. The intuition is that negative weights indicate dissimilarity
or distance.

The first obstacle is that the degree matrix may now contain negative entries. As a
consequence, the Laplacian L may no longer be positive semidefinite, and worse, D~/? may
not exist.

A simple remedy is to use the absolute values of the weights in the degree matrix! We
denote this matrix by D, and define the signed Laplacian as L = D — W. The idea to
use positive degrees of nodes in the degree matrix of a signed graph with weights (—1,0,1)
occurs in Hou [14]. The natural step of using absolute values of weights in the degree matrix
is taken by Kolluri, Shewchuk and O’Brien [15] and Kunegis et al. [16].

As we will see, this trick allows the whole machinery that we have presented to be used
to attack the problem of clustering signed graphs using normalized cuts.
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As in the case of unsigned weighted graphs, for any orientation G° of the underlying
graph of a signed graph G = (V, W), there is an incidence matrix B? such that

B°(B°)' =D-W =L.

Consequently, B?(B?)" is independent of the orientation of the underlying graph of G' and
L =D — W is symmetric and positive semidefinite. I also show that

- 1 & .
x' Lz = 5 Z lwi;|(z; — sgn(w;j)z;)?  for allz € R™.

i.j=1

As in Section 4.3, given a partition of V into K clusters (Ay,..., Ak), if we represent the
jth block of this partition by a vector X7 such that

Xj_ {a]’ ifUiEAj
' 0 lf’UZ¢A],

for some a; # 0, then the following result holds: For any vector X7 representing the jth
block of a partition (Ay, ..., Ax) of V, we have

(X7)TLX7 = a}(cut(A;, A;) + 2links™ (A}, A;j)).

The above suggests defining the key notion of signed normalized cut: The signed nor-
malized cut sNcut(Ay, ..., Ax) of the partition (Ay, ..., Ak) is defined as

K
cut(A4;, A,) links™
SNCU_t(Ah...,AK) = Z Vol 22 Vol )

J=1 )
Our definition of a signed normalized cut appears to be novel.

Based on previous computations, we have

where X is the N x K matrix whose jth column is X/7.

Observe that minimizing sNcut(Ay, ..., Ax) amounts to minimizing the number of posi-
tive and negative edges between clusters, and also minimizing the number of negative edges
within clusters. This second minimization captures the intuition that nodes connected by a
negative edge should not be together (they do not “like” each other; they should be far from
each other). It would be preferable if the notion of signed cut only took into account the
contribution 1inks+(Aj,A_j) of the positively weighted edges between disjoint clusters, but
we have not found a way to achieve this.
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Since

the whole machinery of Sections 4.3 and 4.5 can be applied with D replaced by D and
L replaced by L. However, there is a new phenomenon, which is that L may be positive
definite. As a consequence, 1 is not always an eigenvector of L.

Following Kunegis et al. [16], we show that the signed Laplacian L is positive definite iff
(G is unbalanced, which means that it contains some cycle with an odd number of negative
edges. We also characterize when a graph is balanced in terms of the kernel of the transpose
BT of any of its incidence matrices.

To generalize the graph drawing method to signed graphs, we explain that if the energy
function £(R) of a graph drawing is redefined to be

ER)= Y |wylllp(vi) —sgn(wy)p(vy)]*,

{'Ui,’l)j}eE

then we obtain orthogonal graph drawings of minimal energy, and we give some examples.

We conclude this survey with a short chapter on graph clustering using ratio cuts. The
idea of ratio cut is to replace the volume vol(4;) of each block A; of the partition by its
size, |A;| (the number of nodes in A;). Given an unsigned graph (V,W), the ratio cut
Reut(Ay, ..., Ak) of the partition (Ay,..., Ak) is defined as

& cut(A;, A,
R,CUt(Al, c 7AK) = Z T
i=1 J

If we represent the jth block of this partition by a vector X7 such that

A A N (X9)TLX
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Therefore, ratio cut is the special case of normalized cut where D = ! Consequently, all that
needs to be done is to replace the normalized Laplacian Lgy, by the unormalized Laplacian
L (and omit the step of considering Problem (xx;)).

In the case of signed graphs, we define the signed ratio cut sRcut(Ay,..., Ag) of the
partition (Ay,..., Ax) as

K - K 5., _

t(A;, A; links™ (A;, A;
sRcut(Al,...,AK):E:%+QZ in Slﬁuj, J)
J J

j=1 j=1

Since we still have
(XHTLXT = a?(cut(A;, A;) + 2links™ (4;, 4;)),

we obtain

B (X TLX
_y B

(X7) (X)TXI

Jj=1

sReut(Ay,..., A

Therefore, this is similar to the case of unsigned graphs, with L replaced with L. The same
algorithm applies, but as in Chapter 5, the signed Laplacian L is positive definite iff G is
unbalanced.

Some of the most technical material on the Rayleigh ratio, which is needed for some
proofs in Chapter 3, is the object of Appendix A. Appendix B may seem a bit out of place.
Its purpose is to explain how to define a metric on the projective space RP". For this, we
need to review a few notions of differential geometry.

I hope that these notes will make it easier for people to become familiar with the wonderful
theory of normalized graph cuts. As far as I know, except for a short section in one of
Gilbert Strang’s book, and von Luxburg [22] excellent survey on spectral clustering, there is
no comprehensive writing on the topic of graph cuts.



Chapter 2

Graphs and Graph Laplacians; Basic
Facts

2.1 Directed Graphs, Undirected Graphs, Incidence
Matrices, Adjacency Matrices, Weighted Graphs

Definition 2.1. A directed graph is a pair G = (V, E), where V' = {vy,...,v,} is a set of
nodes or vertices, and E C V x V is a set of ordered pairs of distinct nodes (that is, pairs
(u,v) € V x V with u # v), called edges. Given any edge e = (u,v), we let s(e) = u be the
source of e and t(e) = v be the target of e.

Remark: Since an edge is a pair (u,v) with u # v, self-loops are not allowed. Also, there
is at most one edge from a node u to a node v. Such graphs are sometimes called simple
graphs.

An example of a directed graph is shown in Figure 2.1.

Figure 2.1: Graph Gj.

19



20 CHAPTER 2. GRAPHS AND GRAPH LAPLACIANS; BASIC FACTS
For every node v € V, the degree d(v) of v is the number of edges leaving or entering v:
d(v) ={ue V| (v,u) € Eor (u,v) € E}|.
We abbreviate d(v;) as d;. The degree matriz D(G), is the diagonal matrix
D(G) = diag(dy, ..., dn).

For example, for graph G, we have

D(Gh) =

S OO O N
O O O = O
S O W oo
S W o OO
N OO OO

Unless confusion arises, we write D instead of D(G).

Definition 2.2. Given a directed graph G = (V, E), for any two nodes u,v € V, a path
from wu to v is a sequence of nodes (vg, vy, ...,vx) such that vg = u, vy = v, and (v;, vi41) is
an edge in F for all ¢ with 0 < ¢ < k — 1. The integer k is the length of the path. A path
is closed if u = v. The graph G is strongly connected if for any two distinct nodes u,v € V,
there is a path from u to v and there is a path from v to w.

Remark: The terminology walk is often used instead of path, the word path being reserved
to the case where the nodes v; are all distinct, except that vy = v, when the path is closed.

The binary relation on V' x V' defined so that u and v are related iff there is a path from
u to v and there is a path from v to u is an equivalence relation whose equivalence classes
are called the strongly connected components of G.

Definition 2.3. Given a directed graph G = (V, E), with V. = {vy,...,v,}, if E =
{e1,...,en}, then the incidence matriz B(G) of G is the m x n matrix whose entries b, ; are
given by
+1 if s(ej) = v
bij = —1 lf t(ej) = V;

0 otherwise.

Here is the incidence matrix of the graph Gjy:

11 0 0 0 0 0
-1 0 -1 -1 1 0 O
B=|0 -1 1 0 0 0 1
o o0 o 1 0 -1 -1
o o0 0 o0 -1 1 0
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Figure 2.2: The undirected graph Gbs.

Observe that every column of an incidence matrix contains exactly two nonzero entries,
+1 and —1. Again, unless confusion arises, we write B instead of B(G).

When a directed graph has m nodes vy, ..., v, and n edges eq,...,e,, a vector x € R™
can be viewed as a function z: V' — R assigning the value z; to the node v;. Under this
interpretation, R™ is viewed as RY. Similarly, a vector y € R” can be viewed as a function
in R¥. This point of view is often useful. For example, the incidence matrix B can be
interpreted as a linear map from R” to RY, the boundary map, and BT can be interpreted
as a linear map from RY to RE, the coboundary map.

Remark: Some authors adopt the opposite convention of sign in defining the incidence
matrix, which means that their incidence matrix is —B.

Undirected graphs are obtained from directed graphs by forgetting the orientation of the
edges.

Definition 2.4. A graph (or undirected graph) is a pair G = (V| E), where V' = {vy, ..., v, }
is a set of nodes or vertices, and E is a set of two-element subsets of V' (that is, subsets
{u,v}, with u,v € V- and u # v), called edges.

Remark: Since an edge is a set {u, v}, we have u # v, so self-loops are not allowed. Also,
for every set of nodes {u, v}, there is at most one edge between u and v. As in the case of
directed graphs, such graphs are sometimes called simple graphs.

An example of a graph is shown in Figure 2.2.

For every node v € V, the degree d(v) of v is the number of edges incident to v:
d(w) = [{u € V | {u,v} € E}|.

The degree matrix D is defined as before.
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Definition 2.5. Given a (undirected) graph G = (V| E), for any two nodes u,v € V', a path
from u to v is a sequence of nodes (vg, vy, ...,vx) such that vy = u, vy = v, and {v;, v;41} is
an edge in F for all ¢ with 0 <7 < k — 1. The integer k is the length of the path. A path is
closed if u = v. The graph G is connected if for any two distinct nodes u,v € V, there is a
path from u to v.

Remark: The terminology walk or chain is often used instead of path, the word path being
reserved to the case where the nodes v; are all distinct, except that vy = v, when the path
is closed.

The binary relation on V' x V' defined so that v and v are related iff there is a path from
to v is an equivalence relation whose equivalence classes are called the connected components

of GG.

The notion of incidence matrix for an undirected graph is not as useful as in the case of
directed graphs

Definition 2.6. Given a graph G = (V, E), with V. = {vy,..., o}, if E = {e1,...,en},
then the incidence matriz B(G) of G is the m x n matrix whose entries b;; are given by

b {+1 if e; = {v;, v} for some k
ij =

0 otherwise.
Unlike the case of directed graphs, the entries in the incidence matrix of a graph (undi-
rected) are nonnegative. We usually write B instead of B(G).

The notion of adjacency matrix is basically the same for directed or undirected graphs.

Definition 2.7. Given a directed or undirected graph G = (V, E), with V' = {vy, ..., v},
the adjacency matriz A(G) of G is the symmetric m x m matrix (a;;) such that

(1) If G is directed, then

1 if there is some edge (v;,v;) € E or some edge (v;,v;) € E
Aij = .
’ 0 otherwise.

(2) Else if G is undirected, then

aij—

{1 if there is some edge {v;,v;} € E

0 otherwise.

As usual, unless confusion arises, we write A instead of A(G). Here is the adjacency
matrix of both graphs G; and Gs:
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011060
1 0111
A=1]11 1010
01101
01010

If G = (V,FE) is a directed or an undirected graph, given a node u € V', any node v € V'
such that there is an edge (u,v) in the directed case or {u, v} in the undirected case is called
adjacent to u, and we often use the notation

u~ .

Observe that the binary relation ~ is symmetric when G is an undirected graph, but in
general it is not symmetric when G is a directed graph.

If G = (V,E) is an undirected graph, the adjacency matrix A of G can be viewed as a
linear map from RY to RY, such that for all z € R™, we have

(Az)i =) aj;

j~i

that is, the value of Az at v; is the sum of the values of z at the nodes v; adjacent to v;. The
adjacency matrix can be viewed as a diffusion operator. This observation yields a geometric
interpretation of what it means for a vector x € R™ to be an eigenvector of A associated
with some eigenvalue \; we must have

Ax; = E xj, i=1,...,m,

i~

which means that the the sum of the values of x assigned to the nodes v; adjacent to v; is
equal to A times the value of = at v;.

Definition 2.8. Given any undirected graph G = (V| E), an orientation of G is a function
o: F — V x V assigning a source and a target to every edge in E, which means that for
every edge {u,v} € E, either o({u,v}) = (u,v) or o({u,v}) = (v,u). The oriented graph
G’ obtained from G by applying the orientation o is the directed graph G? = (V, E7), with
E? =0o(FE).

The following result shows how the number of connected components of an undirected
graph is related to the rank of the incidence matrix of any oriented graph obtained from G.

Proposition 2.1. Let G = (V, E) be any undirected graph with m vertices, n edges, and
¢ connected components. For any orientation o of G, if B is the incidence matriz of the
oriented graph G°, then ¢ = dim(Ker (B")), and B has rank m — c. Furthermore, the
nullspace of BT has a basis consisting of indicator vectors of the connected components of
G; that is, vectors (z1,...,2,) such that z; = 1 iff v; is in the ith component K; of G, and
zj = 0 otherwise.
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Proof. After Godsil and Royle [10], Section 8.3). The fact that rank(B) = m — ¢ will be
proved last.

Let us prove that the kernel of B' has dimension c¢. A vector z € R™ belongs to the
kernel of B" iff BTz = 0 iff 2" B = 0. In view of the definition of B, for every edge {v;, v;}
of G, the column of B corresponding to the oriented edge o({v;,v,}) has zero entries except
for a +1 and a —1 in position ¢ and position j or vice-versa, so we have

Zi = Zj.

An easy induction on the length of the path shows that if there is a path from v; to v; in G
(unoriented), then z; = z;. Therefore, z has a constant value on any connected component of
G. Tt follows that every vector z € Ker (B") can be written uniquely as a linear combination

2=Mz 4+ A2S

where the vector z* corresponds to the ith connected component K; of G and is defined such
that

“j

1 iff v; € K;
0 otherwise.

This shows that dim(Ker (B")) = ¢, and that Ker (B") has a basis consisting of indicator
vectors.

Since BT is a n x m matrix, we have
m = dim(Ker (B")) 4 rank(B "),

and since we just proved that dim(Ker (BT)) = ¢, we obtain rank(B") = m — ¢. Since B
and BT have the same rank, rank(B) = m — ¢, as claimed. ]

Following common practice, we denote by 1 the (column) vector whose components are
all equal to 1. Since every column of B contains a single +1 and a single —1, the rows of
BT sum to zero, which can be expressed as

B'1=0.

According to Proposition 2.1, the graph G is connected iff B has rank m — 1 iff the nullspace
of BT is the one-dimensional space spanned by 1.

In many applications, the notion of graph needs to be generalized to capture the intuitive
idea that two nodes u and v are linked with a degree of certainty (or strength). Thus, we
assign a nonnegative weight w;; to an edge {v;,v;}; the smaller w;; is, the weaker is the
link (or similarity) between v; and v;, and the greater w;; is, the stronger is the link (or
similarity) between v; and v;.
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Definition 2.9. A weighted graph is a pair G = (V, W), where V = {vy,...,v,} is a set of
nodes or vertices, and W is a symmetric matrix called the weight matriz, such that w;; > 0
for all 4,5 € {1,...,m}, and w;; = 0 for i = 1,...,m. We say that a set {v;,v;} is an edge
iff w;; > 0. The corresponding (undirected) graph (V, E) with £ = {{v;,v;} | w;; > 0}, is
called the underlying graph of G.

Remark: Since w;; = 0, these graphs have no self-loops. We can think of the matrix W as
a generalized adjacency matrix. The case where w;; € {0,1} is equivalent to the notion of a
graph as in Definition 2.4.

We can think of the weight w;; of an edge {v;,v;} as a degree of similarity (or affinity)
in an image, or a cost in a network. An example of a weighted graph is shown in Figure 2.3.
The thickness of an edge corresponds to the magnitude of its weight.

Figure 2.3: A weighted graph.

For every node v; € V, the degree d(v;) of v; is the sum of the weights of the edges

adjacent to v;:
d(Uz) = Z wl-j.
j=1

Note that in the above sum, only nodes v; such that there is an edge {v;, v;} have a nonzero
contribution. Such nodes are said to be adjacent to v;, and we write v; ~ v;. The degree
matrix D is defined as before, namely by D = diag(d(vy),...,d(vm)).

The weight matrix W can be viewed as a linear map from R to itself. For all z € R™,

we have
(Wz); = Zwij%‘;

g
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that is, the value of W at v; is the weighted sum of the values of x at the nodes v; adjacent
to v;.

Observe that W1 is the (column) vector (d(v1),...,d(v,,)) consisting of the degrees of
the nodes of the graph.

Given any subset of nodes A C V, we define the volume vol(A) of A as the sum of the
weights of all edges adjacent to nodes in A:

vol(A) = Z d(v;) = Z Zwij'

v;€EA v€A j=1

Remark: Yu and Shi [24] use the notation degree(A) instead of vol(A).

The notions of degree and volume are illustrated in Figure 2.4.

Figure 2.4: Degree and volume.

Observe that vol(A) = 0 if A consists of isolated vertices, that is, if w;; = 0 for all v; € A.
Thus, it is best to assume that G does not have isolated vertices.

Given any two subset A, B C V' (not necessarily distinct), we define links(A, B) by
links(A, B) = Z w; .
v €A EB
Since the matrix W is symmetric, we have
links(A, B) = links(B, A),

and observe that vol(A) = links(A, V).

The quantity links(A, A) = links(A, A) (where A = V' — A denotes the complement of
A in V) measures how many links escape from A (and A), and the quantity links(A, A)
measures how many links stay within A itself. The quantity

cut(A) = links(4, A)
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is often called the cut of A, and the quantity
assoc(A) = links(A, A)
is often called the association of A. Clearly,
cut(A) + assoc(A) = vol(A).

The notion of cut is illustrated in Figure 2.5.

Figure 2.5: A Cut involving the set of nodes in the center and the nodes on the perimeter.

We now define the most important concept of these notes: The Laplacian matrix of a
graph. Actually, as we will see, it comes in several flavors.

2.2 Laplacian Matrices of Graphs

Let us begin with directed graphs, although as we will see, graph Laplacians are funda-
mentally associated with undirected graph. The key proposition below shows how given an
undirected graph G, for any orientation o of G, B°(B°)" relates to the adjacency matrix
A (where B? is the incidence matrix of the directed graph G?). We reproduce the proof in
Gallier [7] (see also Godsil and Royle [10]).

Proposition 2.2. Given any undirected graph G, for any orientation o of G, if B%is the
incidence matriz of the directed graph G°, A is the adjacency matriz of G°, and D is the
degree matriz such that D;; = d(v;), then

B°(B°)" =D — A.

Consequently, L = B°(B°)" is independent of the orientation o of G, and D— A is symmetric
and positive semidefinite; that is, the eigenvalues of D — A are real and nonnegative.
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Proof. The entry B(B?)]; is the inner product of the ith row b7, and the jth row b5 of B.
If © = 7, then as
+1 if s(ex) = v;
bj, = —1 ift(ex) = v;

0 otherwise

we see that b7 - b7 = d(v;). If i # j, then b7 - b7 # 0 iff there is some edge e;, with s(ey) = v;
and t(ey) = v; or vice-versa (which are mutually exclusive cases, since G” arises by orienting
an undirected graph), in which case, b7 - b7 = —1. Therefore,

B°(B°)" =D — A,
as claimed.
For every x € R™, we have
v Lo =2 BY(B%) w = (B°) ) (B*) Tz = ||(B) |5 > 0,

since the Euclidean norm || ||, is positive (definite). Therefore, L = B?(B’)" is positive
semidefinite. It is well-known that a real symmetric matrix is positive semidefinite iff its
eigenvalues are nonnegtive. 0

The matrix L = B°(B°)" = D — A is called the (unnormalized) graph Laplacian of the
graph G7. For example, the graph Laplacian of graph G, is

2 -1 -1 0 0
-1 4 -1 -1 -1
L=]-1 -1 3 -1 0
o -1 -1 3 -1
o -1 0 -1 2

The (unnormalized) graph Laplacian of an undirected graph G = (V, E) is defined by
L=D—- A

Observe that each row of L sums to zero (because (B?)"1 = 0). Consequently, the vector 1
is in the nullspace of L.

Remarks:

1. With the unoriented version of the incidence matrix (see Definition 2.6), it can be
shown that
BB' =D+ A.
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2. As pointed out by Evangelos Chatzipantazis, Proposition 2.2 in which the incidence
matrix B? is replaced by the incidence matrix B of any arbitrary directed graph G
does not hold. The problem is that such graphs may have both edges (v;,v;) and
(vj,v;) between two distinct nodes v; and v;, and as a consequence, the inner product
b; - bj = —2 instead of —1. A simple counterexample is given by the directed graph
with three vertices and four edges whose incidence matrix is given by

1 -1 0 -1

We have
3 -2 -1 300 011
BB"=|-2 3 —1|#|03 0|-|101|=D-A
-1 -1 2 00 2 110

The natural generalization of the notion of graph Laplacian to weighted graphs is this:
Definition 2.10. Given any weighted graph G = (V,W) with V' = {vy,...,v,}, the (un-
normalized) graph Laplacian L(G) of G is defined by

L(G)=D(G) - W,
where D(G) = diag(dy, ..., d,,) is the degree matrix of G (a diagonal matrix), with

m
di: E Wy j-
=1

As usual, unless confusion arises, we write L instead of L(G).

The graph Laplacian can be interpreted as a linear map from RY to itself. For all z € RV,

we have

i~

It is clear that each row of L sums to 0, so the vector 1 is the nullspace of L, but it is
less obvious that L is positive semidefinite. One way to prove it is to generalize slightly the
notion of incidence matrix.

Definition 2.11. Given a weighted graph G = (V, W), with V' = {vy, ..., v}, if {e1, ..., en}
are the edges of the underlying graph of G (recall that {v;,v,;} is an edge of this graph iff
w;; > 0), for any oriented graph G obtained by giving an orientation to the underlying
graph of G, the incidence matriz B of G is the m x n matrix whose entries b;; are given
by
—l—\/w_,] if 8(6]’) = U;
bij = —\/w_” lf t(Ej) = V;

0 otherwise.
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For example, given the weight matrix

W o W o
wWw o O Ww
wWw o OO
O W Ww w

the incidence matrix B corresponding to the orientation of the underlying graph of W where
an edge (i, j) is oriented positively iff ¢ < j is

1.7321  2.4495 1.7321 0 0

B —1.7321 0 0 1.7321 0
0 —2.4495 0 0 1.7321
0 0 —-1.7321 —-1.7321 —1.7321

The reader should verify that BB = D — W. This is true in general, see Proposition 2.3.

It is easy to see that Proposition 2.1 applies to the underlying graph of G. For any oriented
graph G obtained from the underlying graph of GG, the rank of the incidence matrix B? is
equal to m — ¢, where ¢ is the number of connected components of the underlying graph of
G, and we have (B°)"1 = 0. We also have the following version of Proposition 2.2 whose
proof is immediately adapted.

Proposition 2.3. Given any weighted graph G = (V,W) with V- = {vy,...,vn}, if B is
the incidence matriz of any oriented graph G° obtained from the underlying graph of G and
D s the degree matrixz of W, then

B°(B°)' =D—-W = L.

Consequently, B°(B°)" is independent of the orientation of the underlying graph of G and
L =D — W 1is symmetric and positive semidefinite; that s, the eigenvalues of L = D — W
are real and nonnegative.

Remark: Given any orientation G of the underlying graph of a weighted graph G = (V, W),
if B is the incidence matrix of G°, then BT defines a kind of discrete covariant derivative
V:RY x X(G) — RY on the set of 0-forms, which is just the set of functions R. For every
vertex v; € V', we view the set of edges with source or endpoint v;,

T,,G = {(vi,v5) | wij # 0} U {(vn, vi) | wps # 0},

as a kind of discrete tangent space at v;. The disjoint union of the tangent spaces T, G
is the discrete tangent bundle TG. A discrete vector field is then a function X: V — TG
that assigns to every vertex v; € V some edge X (v;) = e, € T,,G, and we denote the set
of all discrete vectors fields by X (G). For every function f € RV and for every vector field
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X € X(G), we define the function Vy f, a discrete analog of the covariant derivative of the
function f with respect to the vector field X, by

(Vxf)(vi) = B (/)(X (v:));
that is, if X (v;) is the kth edge e; = (v;,v;), then

(Vx/)(wi) = wi(fi = ),
else if X (v;) is the kth edge e = (v}, v;), then

(Vx f)(vi) = wi (f; = fi)-
Then, the graph Laplacian L is given by
L=DBB";

for every node v;, we have
i
Thus, L appears to be a discrete analog of the connection Laplacian (also known as Bochner
Laplacian), rather than a discrete analog of the Hodge (Laplace-Beltrami) Laplacian; see
Petersen [19]. To make the above statement precise, we need to view V f as the function
from X (G) to RV given by
(VI)(X) = Vxf.

The set of functions from X'(G) to RY is in bijection with the set of functions R¥(@*V from
X(G) x V to R, and we can view the discrete connection V as a linear map V: RV —
RY(@*V " Since both X(G) and V are finite, we can use the inner product on the vector
space RY(@*V (and the inner product on RY) to define the adjoint V*: RY(@*V 5 RV of
V:RY — RYGXV by

(V'F, f) = (F,Vf),

for all f € RV and all F € RY¥(@*V_ Then, the connection Laplacian V*V: RY — RY is
indeed equal to L.

Another way to prove that L is positive semidefinite is to evaluate the quadratic form

x! Lx.

Proposition 2.4. For any m x m symmetric matric W = (w;;), if we let L = D —W where
D 1is the degree matrix associated with W, then we have

1 m
x" Lr = 3 ”21 w; j(z; — x;)?  for allz € R™.

Consequently, " Lz does not depend on the diagonal entries in W, and if w;; > 0 for all
i,7 € {1,...,m}, then L is positive semidefinite.
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Proof. We have

x' Lr = xTDx — :L‘TW:U

Obviously, the quantity on the right-hand side does not depend on the diagonal entries in
W, and if w;; > 0 for all 4, 7, then this quantity is nonnegative. n

Proposition 2.4 immediately implies the following facts: For any weighted graph G =
V. W),

1. The eigenvalues 0 = A\; < Ay < ... < )\, of L are real and nonnegative, and there is
an orthonormal basis of eigenvectors of L.

2. The smallest eigenvalue A\ of L is equal to 0, and 1 is a corresponding eigenvector.

It turns out that the dimension of the nullspace of L (the eigenspace of 0) is equal to the
number of connected components of the underlying graph of G.

Proposition 2.5. Let G = (V,W) be a weighted graph. The number ¢ of connected com-
ponents Ky, ..., K. of the underlying graph of G is equal to the dimension of the nullspace
of L, which is equal to the multiplicity of the eigenvalue 0. Furthermore, the nullspace of L
has a basis consisting of indicator vectors of the connected components of GG, that is, vectors
(f1,-.., fm) such that f; =1 iff v; € K; and f; = 0 otherwise.

Proof. Since L = BB for the incidence matrix B associated with any oriented graph
obtained from G, and since L and B have the same nullspace, by Proposition 2.1, the
dimension of the nullspace of L is equal to the number ¢ of connected components of G and
the indicator vectors of the connected components of G form a basis of Ker (L). O

Proposition 2.5 implies that if the underlying graph of GG is connected, then the second
eigenvalue Ay of L is strictly positive.

Remarkably, the eigenvalue Ay contains a lot of information about the graph G (assuming
that G = (V, F) is an undirected graph). This was first discovered by Fiedler in 1973, and for
this reason, A, is often referred to as the Fiedler number. For more on the properties of the
Fiedler number, see Godsil and Royle [10] (Chapter 13) and Chung [4]. More generally, the



2.2. LAPLACIAN MATRICES OF GRAPHS 33

spectrum (0, Ag, ..., A,,) of L contains a lot of information about the combinatorial structure
of the graph GG. Leverage of this information is the object of spectral graph theory.

It turns out that normalized variants of the graph Laplacian are needed, especially in
applications to graph clustering. These variants make sense only if G has no isolated vertices,
which means that every row of W contains some strictly positive entry. In this case, the
degree matrix D contains positive entries, so it is invertible and D~'/? makes sense; namely

D™V? = diag(d; V..., d;}/?),

' m
and similarly for any real exponent a.

Definition 2.12. Given any weighted directed graph G = (V, W) with no isolated vertex

and with V' = {vy,..., vy}, the (normalized) graph Laplacians Ly and Ly, of G are defined
by

Lsym — D_1/2LD_1/2 —J— D—1/2WD—1/2
Lw=D'L=1-D"'W.

Observe that the Laplacian Lgyy, = D~Y2L,D7Y/? is a symmetric matrix (because L and
D~'/2 are symmetric) and that

Ly = D72 Ly D2

The reason for the notation L. is that this matrix is closely related to a random walk on
the graph G.

Since the unnormalized Laplacian L can be written as L = BB, where B is the incidence
matrix of any oriented graph obtained from the underlying graph of G = (V, W), if we let

Bsym = D_l/zBa

we get
Lsym = BsymBT

sym*

In particular, for any singular decomposition By, = U VT of Byym (with U an m x m
orthogonal matrix, > a “diagonal” m xn matrix of singular values, and V' an n xn orthogonal
matrix), the eigenvalues of Ly, are the squares of the top m singular values of By, and
the vectors in U are orthonormal eigenvectors of Lgy,, with respect to these eigenvalues (the
squares of the top m diagonal entries of 3). Computing the SVD of By, generally yields
more accurate results than diagonalizing Lgym, especially when Ly, has eigenvalues with
high multiplicity.

There are simple relationships between the eigenvalues and the eigenvectors of Lgyy,, and
L,y. There is also a simple relationship with the generalized eigenvalue problem Lz = ADz.
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Proposition 2.6. Let G = (V, W) be a weighted graph without isolated vertices. The graph
Laplacians, L, Lgyy,, and Ly, satisfy the following properties:

(1) The matriz Ly, is symmetric and positive semidefinite. In fact,

2
1 xT; T
T Lyym® = = i | 0= — —Z for all z € R™.
A yZL’ 2211}] \/d_l \/d_] or all x

i,7=1

(2) The normalized graph Laplacians Leyy, and Ly, have the same spectrum
0=1v1 <1y <...< ), and a vector u # 0 is an eigenvector of Ly, for X iff D'/2y
is an eigenvector of Leym for .

(3) The graph Laplacians L and Ly, are symmetric and positive semidefinite.

(4) A wector u # 0 is a solution of the generalized eigenvalue problem Lu = ADu iff D'/?u
is an eigenvector of Lgm for the eigenvalue X\ iff u is an eigenvector of Ly for the
eigenvalue \.

(5) The graph Laplacians, L and Ly, have the same nullspace. For any vector u, we have
u € Ker (L) iff DY?u € Ker (Lgym).

(6) The vector 1 is in the nullspace of Ly, and DY?1 is in the nullspace of Lym.

(7) For every eigenvalue v; of the normalized graph Laplacian Lgyy,, we have 0 < v; < 2.

Furthermore, v,, = 2 iff the underlying graph of G contains a nontrivial connected
bipartite component.

(8) If m > 2 and if the underlying graph of G is not a complete graph, then vy < 1.
Furthermore the underlying graph of G is a complete graph iff v, =

m—1"~

(9) If m > 2 and if the underlying graph of G is connected then vo > 0.

(10) If m > 2 and if the underlying graph of G has no isolated vertices, then vy, > ™.
Proof. (1) We have Ly, = D™Y2LD~Y2 and D~1/2 is a symmetric invertible matrix (since
it is an invertible diagonal matrix). It is a well-known fact of linear algebra that if B is an
invertible matrix, then a matrix S is symmetric, positive semidefinite iff BSB' is symmetric,
positive semidefinite. Since L is symmetric, positive semidefinite, so is Leym = D™Y/2LD~Y/2,
The formula

2
1 & z; T
T 1 J m
' LeymT = = Wi | — — forallz e R
Yy 22 ]< /d; /dj>

ij=1

follows immediately from Proposition 2.4 by replacing z by D~'/2z, and also shows that
Lgym is positive semidefinite.
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(2) Since

Lrw = D71/2LsymD1/27
the matrices Lgym and L, are similar, which implies that they have the same spectrum. In
fact, since D'/? is invertible,

Lywu=D"'Lu=\u
ifft

D™V Ly = ADY?y
iff
D™'V2LD™? DV = Ly DY?u = ADVu,

which shows that a vector u # 0 is an eigenvector of Ly, for \ iff D'/?u is an eigenvector of
Ly for A.

(3) We already know that L and Ly, are positive semidefinite.
(4) Since D~Y/2 is invertible, we have
Lu = ADu
iff
D™Y?Lu = A\D'?y
iff
D Y2LD72DV2y = Ly, DY?u = ADY?u,

which shows that a vector u # 0 is a solution of the generalized eigenvalue problem Lu = ADu
iff DV is an eigenvector of Lgym for the eigenvalue A. The second part of the statement
follows from (2).

(5) Since D! is invertible, we have Lu = 0 iff D™'Lu = L,wu = 0. Similarly, since D~'/2
is invertible, we have Lu = 0 iff D~Y2LD~1/2DV2y = 0 iff DY/?u € Ker (Lgym).

(6) Since L1 = 0, we get L,,1 = D7'L1 = 0. That D21 is in the nullspace of Lgyy,
follows from (2). Properties (7)—(10) are proved in Chung [4] (Chapter 1). O

Remark: Observe that although the matrices Lgyn, and L,,, have the same spectrum, the
matrix L, is generally not symmetric, whereas Lgyy, is symmetric.

A version of Proposition 2.5 also holds for the graph Laplacians Lgy,, and L,,. This follows
easily from the fact that Proposition 2.1 applies to the underlying graph of a weighted graph.
The proof is left as an exercise.

Proposition 2.7. Let G = (V,W) be a weighted graph. The number ¢ of connected compo-
nents K1, ..., K. of the underlying graph of G is equal to the dimension of the nullspace of
both Lsyr, and L., which is equal to the multiplicity of the eigenvalue 0. Furthermore, the
nullspace of L. has a basis consisting of indicator vectors of the connected components of
G, that is, vectors (fi,..., fm) such that f; =1 iff v; € K; and f; = 0 otherwise. For Lgym,
a basis of the nullpace is obtained by multiplying the above basis of the nullspace of L., by
D2,
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Chapter 3

Spectral Graph Drawing

3.1 Graph Drawing and Energy Minimization

Let G = (V, E) be some undirected graph. It is often desirable to draw a graph, usually
in the plane but possibly in 3D, and it turns out that the graph Laplacian can be used to
design surprisingly good methods. Say |V| = m. The idea is to assign a point p(v;) in R"
to the vertex v; € V| for every v; € V', and to draw a line segment between the points p(v;)
and p(v;) iff there is an edge {v;,v;}. Thus, a graph drawing is a function p: V' — R™.

We define the matriz of a graph drawing p (in R™) as a m X n matrix R whose ith row
consists of the row vector p(v;) corresponding to the point representing v; in R™. Typically,
we want n < m; in fact n should be much smaller than m. A representation is balanced iff
the sum of the entries of every column is zero, that is,

1"R =0.

If a representation is not balanced, it can be made balanced by a suitable translation. We
may also assume that the columns of R are linearly independent, since any basis of the
column space also determines the drawing. Thus, from now on, we may assume that n < m.

Remark: A graph drawing p: V' — R" is not required to be injective, which may result in
degenerate drawings where distinct vertices are drawn as the same point. For this reason,
we prefer not to use the terminology graph embedding, which is often used in the literature.
This is because in differential geometry, an embedding always refers to an injective map.
The term graph immersion would be more appropriate.

As explained in Godsil and Royle [10], we can imagine building a physical model of G
by connecting adjacent vertices (in R™) by identical springs. Then, it is natural to consider
a representation to be better if it requires the springs to be less extended. We can formalize
this by defining the energy of a drawing R by

ER)= Y lp(ws) = pwy)]*,

{Ui,Uj}EE

37
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where p(v;) is the ith row of R and ||p(v;) — p(v;)||” is the square of the Euclidean length of
the line segment joining p(v;) and p(v;).

Then, “good drawings” are drawings that minimize the energy function £. Of course, the
trivial representation corresponding to the zero matrix is optimum, so we need to impose
extra constraints to rule out the trivial solution.

We can consider the more general situation where the springs are not necessarily identical.
This can be modeled by a symmetric weight (or stiffness) matrix W = (w;;), with w;; > 0.
Then our energy function becomes

ER)= ) wyllp(v) — p(vy)II*.

{’L)i,’L)]'}EE

It turns out that this function can be expressed in terms of the Laplacian L = D — W. The
following proposition is shown in Godsil and Royle [10]. We give a slightly more direct proof.

Proposition 3.1. Let G = (V,W) be a weighted graph, with |V| = m and W an m x m
symmetric matriz, and let R be the matriz of a graph drawing p of G in R™ (a m xn matriz).
If L =D — W s the unnormalized Laplacian matriz associated with W, then

E(R) =tr(R"LR).

Proof. Since p(v;) is the ith row of R (and p(v;) is the jth row of R), if we denote the kth
column of R by R*, using Proposition 2.4, we have

ER) =D wyllp(v) = p(v)]’

{vi,vj}GE

=2 2. wilBu— Ry’
k=1 {’Ui,Uj}GE
n 1 m
=25 > wi(Ri — Ryy.)?
1

k=1 " i,j=1

3

(RMTLR* = tr(R"LR),
k=1

as claimed. n

Note that
L1 =0,
as we already observed.

Since the matrix R" LR is symmetric, it has real eigenvalues. Actually, since L is positive
semidefinite, so is R LR. Then, the trace of RTLR is equal to the sum of its positive
eigenvalues, and this is the energy £(R) of the graph drawing.
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If R is the matrix of a graph drawing in R™, then for any invertible matrix M, the map
that assigns p(v;) M to v; is another graph drawing of GG, and these two drawings convey the
same amount of information. From this point of view, a graph drawing is determined by the
column space of R. Therefore, it is reasonable to assume that the columns of R are pairwise
orthogonal and that they have unit length. Such a matrix satisfies the equation R'TR = I,
and the corresponding drawing is called an orthogonal drawing. This condition also rules
out trivial drawings. The following result tells us how to find minimum energy orthogonal
balanced graph drawings, provided the graph is connected.

Theorem 3.2. Let G = (V,W) be a weighted graph with |V| =m. If L = D — W s the
(unnormalized) Laplacian of G, and if the eigenvalues of L are 0 = Ay < Ay < A3 < ... < Ay,
then the minimal energy of any balanced orthogonal graph drawing of G in R™ is equal to
Ao+ -+ Apy1 (in particular, this implies that n < m). The m xn matriz R consisting of any
unit etgenvectors s, . .., Uy associated with Ay < ... < A\,y1 yields a balanced orthogonal
graph drawing of minimal energy; it satisfies the condition R'TR = 1.

Proof. We present the proof given in Godsil and Royle [10] (Section 13.4, Theorem 13.4.1).
The key point is that the sum of the n smallest eigenvalues of L is a lower bound for
tr(R"LR). This can be shown using an argument using the Rayleigh ratio; see Proposition
A.3 (the Poincaré separation theorem). Then, any n eigenvectors (uy,...,u,) associated
with Ay, ..., A\, achieve this bound. Because the first eigenvalue of L is Ay = 0 and because
we are assuming that Ay > 0, we have u; = 1/y/m. Since the u; are pairwise orthogonal
for i = 2,...,n and since u; is orthogonal to u; = 1/y/m, the entries in u; add up to 0.
Consequently, for any ¢ with 2 < ¢ < n, by deleting u; and using (us,...,us), we obtain a
balanced orthogonal graph drawing in R*~! with the same energy as the orthogonal graph
drawing in R’ using (u;,us,...,us). Conversely, from any balanced orthogonal drawing in
R~ using (us, ..., us), we obtain an orthogonal graph drawing in R’ using (u1, us, . .., u)
with the same energy. Therefore, the minimum energy of a balanced orthogonal graph
drawing in R™ is equal to the minimum energy of an orthogonal graph drawing in R"*!, and
this minimum is Ag + -+ 4+ A\i1. O

Since 1 spans the nullspace of L, using u; (which belongs to Ker L) as one of the vectors
in R would have the effect that all points representing vertices of G would have the same
first coordinate. This would mean that the drawing lives in a hyperplane in R", which is
undesirable, especially when n = 2, where all vertices would be collinear. This is why we
omit the first eigenvector u;.

Observe that for any orthogonal n x n matrix @), since
tr(R"LR) = tr(Q" R LRQ),

the matrix R(Q also yields a minimum orthogonal graph drawing. This amounts to applying
the rigid motion @' to the rows of R.

In summary, if A, > 0, an automatic method for drawing a graph in R? is this:
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1. Compute the two smallest nonzero eigenvalues Ay < A3 of the graph Laplacian L (it is
possible that A3 = Ay if A9 is a multiple eigenvalue);

2. Compute two unit eigenvectors usg, uz associated with Ay and A3, and let R = [ug us)
be the m x 2 matrix having us and us as columns.

3. Place vertex v; at the point whose coordinates is the ith row of R, that is, (R, Ri2).

This method generally gives pleasing results, but beware that there is no guarantee that
distinct nodes are assigned distinct images, because R can have identical rows. This does
not seem to happen often in practice.

3.2 Examples of Graph Drawings

We now give a number of examples using Matlab. Some of these are borrowed or adapted
from Spielman [21].

Example 1. Consider the graph with four nodes whose adjacency matrix is

0110
100 1
A=110 01
0110

We use the following program to compute us and ug:

A=[0110;1001;1001; 0110];
D = diag(sum(A));
L =D - A;

[v, el = eigs(L);

gplot (A, v(:,[3 2]1))
hold on;

gplot(A, v(:,[3 2]),%0”)

The graph of Example 1 is shown in Figure 3.1. The function eigs (L) computes the six
largest eigenvalues of L in decreasing order, and corresponding eigenvectors. It turns out
that Ay = A3 = 2 is a double eigenvalue.

Example 2. Consider the graph G5 shown in Figure 2.2 given by the adjacency matrix

01100
10111
A=11 1010
01101
01 010

We use the following program to compute us and ug:
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Figure 3.1: Drawing of the graph from Example 1.

A [0b1100;10111;11010;01101;01010];
D = diag(sum(A));

L=D-4;

[v, el = eig(L);

gplot(A, v(:, [2 3]))

hold on

gplot(A, v(:, [2 3]),’0%)

The function eig(L) (with no s at the end) computes the eigenvalues of L in increasing
order. The result of drawing the graph is shown in Figure 3.2. Note that node v, is assigned
to the point (0,0), so the difference between this drawing and the drawing in Figure 2.2 is
that the drawing of Figure 3.2 is not convex.

0.41

0.2

-0.21-

04

—06}

L L L L L L L
~0.8 06 -04 -0.2 0 02 04 06 08

Figure 3.2: Drawing of the graph from Example 2.
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Ezxample 3. Consider the ring graph defined by the adjacency matrix A given in the Matlab
program shown below:

A = diag(ones(1, 11),1);
A=A+ A

AC1, 12) =1; A(12, 1) = 1;
D = diag(sum(A));
L=D-A4;

[v, el = eig(L);

gplot (A, v(:, [2 3]))

hold on

gplot(A, v(:, [2 3]),’07)

Figure 3.3: Drawing of the graph from Example 3.

Observe that we get a very nice ring; see Figure 3.3. Again Ay = 0.2679 is a double
eigenvalue (and so are the next pairs of eigenvalues, except the last, Ajo = 4).

Example 4. In this example adapted from Spielman, we generate 20 randomly chosen points
in the unit square, compute their Delaunay triangulation, then the adjacency matrix of the
corresponding graph, and finally draw the graph using the second and third eigenvalues of
the Laplacian.

A = zeros(20,20);

xy = rand(20, 2);

trigs = delaunay(xy(:,1), xy(:,2));
elemtrig = ones(3) - eye(3);

for i = 1:length(trigs),
A(trigs(i,:),trigs(i,:)) = elemtrig;
end
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A = double(A >0);

gplot (A,xy)

D = diag(sum(A));
L=D-A4;

[v, e] = eigs(L, 3, ’sm’);
figure(2)

gplot(A, v(:, [2 11))
hold on

gplot(A, v(:, [2 1]1),’07)

The Delaunay triangulation of the set of 20 points and the drawing of the corresponding
graph are shown in Figure 3.4. The graph drawing on the right looks nicer than the graph
on the left but is is no longer planar.

09 T T T T T T T T T 05

08 B 041

07 1 031

0.6 B 0.2

05F g 01l

04} 1 o

03 B —01}

02 - -0.2

0.1F 4 -031

L L L L L L L L L L ! ! L L L L
0 01 02 03 04 05 06 07 08 09 1 -04 -03 -02 01 0 o1 02 03 04

Figure 3.4: Delaunay triangulation (left) and drawing of the graph from Example 4 (right).

Ezample 5. Our last example, also borrowed from Spielman [21], corresponds to the skele-
ton of the “Buckyball,” a geodesic dome invented by the architect Richard Buckminster
Fuller (1895-1983). The Montréal Biosphere is an example of a geodesic dome designed by
Buckminster Fuller.

A = full(bucky);
D = diag(sum(A));
L=D-4;

[v, el = eig(L);
gplot(A, v(:, [2 31))
hold on;

gplot(A,v(:, [2 3]), ’0’)

Figure 3.5 shows a graph drawing of the Buckyball. This picture seems a bit squashed
for two reasons. First, it is really a 3-dimensional graph; second, \; = 0.2434 is a triple
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eigenvalue. (Actually, the Laplacian of L has many multiple eigenvalues.) What we should
really do is to plot this graph in R? using three orthonormal eigenvectors associated with \,.

0. L L L L L L L L L
~025 -02 -015 0.1 005 0 005 01 015 02 025

Figure 3.5: Drawing of the graph of the Buckyball.

A 3D picture of the graph of the Buckyball is produced by the following Matlab program,
and its image is shown in Figure 3.6. It looks better!

[x, y] = gplot(A, v(:, [2 3]));
[x, z] gplot(A, v(:, [2 4]));
plot3(x,y,z)

Figure 3.6: Drawing of the graph of the Buckyball in R3.
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Graph Clustering

4.1 Graph Clustering Using Normalized Cuts

Given a set of data, the goal of clustering is to partition the data into different groups
according to their similarities. When the data is given in terms of a similarity graph G,
where the weight w; ; between two nodes v; and v; is a measure of similarity of v; and v;, the
problem can be stated as follows: Find a partition (Aj,..., Ax) of the set of nodes V into
different groups such that the edges between different groups have very low weight (which
indicates that the points in different clusters are dissimilar), and the edges within a group
have high weight (which indicates that points within the same cluster are similar).

The above graph clustering problem can be formalized as an optimization problem, using
the notion of cut mentioned at the end of Section 2.1.

Given a subset A of the set of vertices V, recall that we define cut(A) by
cut(A) = links(A4, A) = Z w; j,
UZ‘EA,UJ‘EZ

and that - - _
cut(A) = links(A, A) = links(A, A) = cut(A).

If we want to partition V into K clusters, we can do so by finding a partition (A4, ..., Ak)
that minimizes the quantity

K
cut(Ay, ..., Ax) = %Zcut(Ai).
=1

The reason for introducing the factor 1/2 is to avoiding counting each edge twice. In partic-
ular,

cut(A, A) = links(A, A).

For K = 2, the mincut problem is a classical problem that can be solved efficiently, but in
practice, it does not yield satisfactory partitions. Indeed, in many cases, the mincut solution

45
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separates one vertex from the rest of the graph. What we need is to design our cost function
in such a way that it keeps the subsets A; “reasonably large” (reasonably balanced).

A example of a weighted graph and a partition of its nodes into two clusters is shown in
Figure 4.1.

Figure 4.1: A weighted graph and its partition into two clusters.

A way to get around this problem is to normalize the cuts by dividing by some measure of
each subset A;. One possibility is to use the size (the number of elements) of A;. Another is to
use the volume vol(A4;) of A;. A solution using the second measure (the volume) (for K = 2)
was proposed and investigated in a seminal paper of Shi and Malik [20]. Subsequently, Yu
(in her dissertation [23]) and Yu and Shi [24] extended the method to K > 2 clusters. We
will describe this method later. The idea is to minimize the cost function

K

Neut(Ay, ..., Ag) =Y
=1

K

links(A;, 4;) Z cut(A;, A;)
VOI(AZ) - VOl(AJ .

We begin with the case K = 2, which is easier to handle.

4.2 Special Case: 2-Way Clustering Using Normalized
Cuts

Our goal is to express our optimization problem in matrix form. In the case of two clusters,
a single vector X can be used to describe the partition (A, A2) = (A, A). We need to choose
the structure of this vector in such a way that Ncut(A, A) is equal to the Rayleigh ratio

XTLX
XTDX
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It is also important to pick a vector representation which is invariant under multiplication
by a nonzero scalar, because the Rayleigh ratio is scale-invariant, and it is crucial to take
advantage of this fact to make the denominator go away.

Let N = |V| be the number of nodes in the graph G. In view of the desire for a scale-
invariant representation, it is natural to assume that the vector X is of the form

X = (z1,...,2n),

where z; € {a,b} fori =1,... N, for any two distinct real numbers a, b. This is an indicator
vector in the sense that, for7=1,..., N,
a ifv,eA
T, =
Yoo ifu ¢ A

The correct interpretation is really to view X as a representative of a point in the real
projective space RPY ™!, namely the point P(X) of homogeneous coordinates (zy: ---: xy).

Therefore, from now on, we view X as a vector of homogeneous coordinates representing the
point P(X) € RPY .

Let d = 1T D1 and a = vol(A). Then, vol(A) = d — . By Proposition 2.4, we have
XTLX = (a —b)? cut(A, A),

and we easily check that
X'DX = ad® + (d — a)b*.

Since cut(A, A) = cut(A, A), we have

— _cut(A,A)  cut(4,A4) 1
Neut(4, 4) = vol(A) vol(4) (Vol

1 _
(A) + VOI(Z)) cut(A, A),

so we obtain

d —

1
ald—a) cut(A, A).

Ncut(A, A) = (— +

a d—a«

) cut(A, A) =

Since

X'LX  (a—b)?
XTDX  aa?+ (d—a)b

5 cut(4, 4),

in order to have

— XTLX
NCHt(A,A) = m,
we need to find a and b so that
(a —b)? B d

aa? + (d—a)p?  a(d—a)
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The above is equivalent to
(a —b)*ald — o) = ada® + (d — o)db?,
which can be rewritten as
a*(ad — a(d — ) + b*(d* — ad — a(d — a)) + 2a(d — a)ab = 0.
The above yields
a*a® + b*(d* — 2ad + o) + 2a(d — a)ab = 0,

that is,
a*a® + b*(d — a)* + 2a(d — a)ab = 0,

which reduces to

(ac + b(d — a))* = 0.

Therefore, we get the condition
aa+b(d —a) = 0. (1)

Note that condition () applied to a vector X whose components are a or b is equivalent to
the fact that X is orthogonal to D1, since
X'"D1 = aa+ (d— a)b,

where a = vol({v; € V' | z; = a}).
We claim the following two facts. For any nonzero vector X whose components are a or
b, if X"D1 = aa+ (d — a)b =0, then
(1) a#0and a #d iff a # 0 and b # 0.

(2) if a,b # 0, then a # b.

(1) First assume that a # 0 and b # 0. If @ = 0, then aa + (d — a)b = 0 yields db = 0
with d # 0, which implies b = 0, a contradiction. If d — o = 0, then we get da = 0 with
d # 0, which implies a = 0, a contradiction.

Conversely, assume that a # 0 and « # d. If a = 0, then from aa + (d — a)b = 0 we get
(d — a)b = 0, which implies b = 0, contradicting the fact that X # 0. Similarly, if b = 0,
then we get aa = 0, which implies a = 0, contradicting the fact that X # 0.

(2) If a,b#0, a=band aa+ (d — )b =0, then aa + (d — a)a = 0, and since a # 0, we
deduce that d = 0, a contradiction.

If X"D1 =aa+ (d—a)b=0and a,b# 0, then
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so we get
(d—a)?, 2
aa® + (d — a)b* = « > b+ (d — a)b
d — o)db?
:(d—a)< a 1)52—( a)db”
Q@
and
d— 2
(a—b)? = (—( O‘>b—b>
Q@
o 2 27,2
= (d a+1> bQ_Q.
o
Since
X"DX = ad® + (d — o)b*
XTLX = (a —b)*cut(A, A),
we obtain
XTDX — (d — o)db? _ ada®
a (d— )
d*b? — d*a? —
.
X' LX = - cut(A, A) = e cut(A, A).
If we wish to make « disappear, we pick
d—« «
— b _ —
“ a d—a’
and then
X'DX =d
d? — —
X'TLX = —— cut(A, A) = dNcut(A, A).
ald — )

In this case, we are considering indicator vectors of the form

{(;cl,...,xN)me{W,—\/Z},azvol(fD},
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for any nonempty proper subset A of V. This is the choice adopted in von Luxburg [22].

Shi and Malik [20] use
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with N
k=—.
d
Another choice found in the literature (for example, in Belkin and Niyogi [2]) is
1 1
“Tw d—«

However, there is no need to restrict solutions to be of either of these forms. So, let
X ={(z1,...,2n) | 5 € {a,b}, a,b ER, a,b# 0},

so that our solution set is
K={XeXx|X'D1=0},

because by previous observations, since vectors X € X have nonzero components, X ' D1 = 0
implies that a # 0, @ # d, and a # b, where o = vol({v; € V' | 2; = a}). Actually, to be
perfectly rigorous, we are looking for solutions in RPY ™!, so our solution set is really

P(K) = {(z1: -+ :zy) € RPV | (zq,...,2n) €K}

Consequently, our minimization problem can be stated as follows:

Problem PNC1

L XTLX

minimi —

“ XTDX
subject to X"D1 =0, XcX.

It is understood that the solutions are points P(X) in RPN,

Since the Rayleigh ratio and the constraints X D1 = 0 and X € X are scale-invariant
(for any A # 0, the Rayleigh ratio does not change if X is replaced by AX, X € X iff

AX € X, and (A\X)"D1 = AX"D1 = 0), we are led to the following formulation of our
problem:

Problem PNC2

minimize XTLX

subject to X'DX =1, X"D1 =0, XecXx.

Because problem PNC2 requires the constraint X ' DX = 1 to be satisfied, it does not
have the same set of solutions as problem PNC1. Nevertherless, problem PNC2 is equiv-
alent to problem PNCI1, in the sense that if X is any minimal solution of PNC1, then
X/(XTDX)Y? is a minimal solution of PNC2 (with the same minimal value for the objec-
tive functions), and if X is a minimal solution of PNC2, then AX is a minimal solution for
PNCI1 for all A # 0 (with the same minimal value for the objective functions). Equivalently,
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problems PNC1 and PNC2 have the same set of minimal solutions as points P(X) € RPY
given by their homogeneous coordinates X.

Unfortunately, this is an NP-complete problem, as shown by Shi and Malik [20]. As often
with hard combinatorial problems, we can look for a relazation of our problem, which means
looking for an optimum in a larger continuous domain. After doing this, the problem is to
find a discrete solution which is close to a continuous optimum of the relaxed problem.

The natural relaxation of this problem is to allow X to be any nonzero vector in RY, and
we get the problem:

minimize X'LX subjectto X'DX =1, X'D1=0.

In order to apply Proposition A.2, we make the change of variable Y = DY2X, so that
X = D~Y2Y . Then, the condition X " DX = 1 becomes

Y'Y =1,
the condition
X'"D1=0
becomes
YTDY?1 =,
and

X'LX =YD V2D 12y,
We obtain the problem:

minimize YD Y2LD7V?Y  subjectto Y'Y =1, Y'DY?1=0.

Because L1 = 0, the vector D'/?1 belongs to the nullspace of the symmetric Laplacian
Leym = D=2, D~1/2. By Proposition A.2, minima are achieved by any unit eigenvector
Y of the second eigenvalue vo > 0 of Lgyy,. Since 0 is the smallest eigenvalue of Lgym,
and since D'/?1 belongs to the nullspace of Ly, as the eigenvectors associated with distinct
eigenvalues are orthogonal, the vector Y is orthogonal to D21, so the constraint YT D1/21 =
0 is satisfied. Then, Z = D~'/?Y is a solution of our original relaxed problem. Note that
because Z is nonzero and orthogonal to D1, a vector with positive entries, it must have
negative and positive entries.

The next question is to figure how close is Z to an exact solution in X. Actually, because
solutions are points in RPY ™!, the correct statement of the question is: Find an exact
solution P(X) € P(X') which is the closest (in a suitable sense) to the approximate solution
P(Z) € RPY'. However, because X is closed under the antipodal map, as explained in
Appendix B, minimizing the distance d(P(X),P(Z)) on RPY ! is equivalent to minimizing
the Euclidean distance || X — Z||,, where X and Z are representatives of P(X) and P(Z) on
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the unit sphere (if we use the Riemannian metric on RPY ! induced by the Euclidean metric
on RY).

We may assume b < 0, in which case a > 0. If all entries in Z are nonzero, due to the
projective nature of the solution set, it seems reasonable to say that the partition of V is
defined by the signs of the entries in Z. Thus, A will consist of nodes those v; for which
x; > 0. Elements corresponding to zero entries can be assigned to either A or A, unless
additional information is available. In our implementation, they are assigned to A.

Here are some examples of normalized cuts found by a fairly naive implementation of the
method. The weight matrix of the first example is

e}

Wi

SO O OO O
SO R OO o oo

[N eNoeoNeoNoll =R
SO OO+ OO O
_ O OO o= O O
_ o O o oo+~ O o
O R O OO oo oo
_ o O o O oo o
O~ O FEOOOOo

(]
]

Its underlying graph has 9 nodes and 9 edges and is shown in Figure 4.2 on the left. The
normalized cut found by the algorithm is shown in the middle; the edge of the cut is shown
in magenta, and the vertices of the blocks of the partition are shown in blue and red. The
figure on the right shows the two disjoint subgraphs obtained after deleting the cut edge.

Figure 4.2: Underlying graph of the matrix W, (left); normalized cut (middle); blocks of the
cut (right).

The weight matrix of the second example is

03 6 3
300 3
W2_6003
3330
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Its underlying graph has 4 nodes and 5 edges and is shown in Figure 4.3 on the left. The
normalized cut found by the algorithm is shown in the middle; the edges of the cut are shown
in magenta, and the vertices of the blocks of the partition are shown in blue and red. The
figure on the right shows the two disjoint subgraphs obtained after deleting the cut edges.

Figure 4.3: Underlying graph of the matrix Wy (left); normalized cut (middle); blocks of the
cut (right).

The weight matrix Wj of the third example is the adjacency matrix of the complete graph
on 12 vertices. All nondiagonal entries are equal to 1, and the diagonal entries are equal to
0. This graph has 66 edges and is shown in Figure 4.4 on the left.

Figure 4.4: Underlying graph of the matrix W3 (left); normalized cut (middle); blocks of the
cut (right).

The normalized cut found by the algorithm is shown in the middle; the edges of the cut
are shown in magenta, and the vertices of the blocks of the partition are shown in blue and
red. The figure on the right shows the two disjoint subgraphs obtained after deleting the cut
edges. Recall that Ly, = BngT for any incidence matrix Bs associated with W3, so that for
any SVD Us3X3Vs of Bs, the vectors in Us are eigenvectors of Lgyy, for its eigenvalues listed in
decreasing order. The normalized Laplacian of this weight matrix has the eigenvalue 1.0909
with multiplicity 11 (and any incidence matrix Bz associated with W3 has the singular value
1.0445 with multiplicity 11). Computing the SVD U3X¥3V3 of By and picking the next to
the last eigenvector in Us yields a partition consisting of 7 and 5 nodes. There are other
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eigenvectors that yield partitions with an equal number of elements. Since a complete graph
has a lot of symmetries, it is not surprising that there are many different solutions. In fact,
examination of the eigenvectors of Us reveal very unbalanced solutions.

For graphs where the number N of edges is very large and the number of edges is O(N?),
computing the SVD of the incidence matrix B is not practical. Instead, we compute an SVD
for Leym, which appears to be more stable that diagonalizing Lgym,.

Our naive algorithm treated zero as a positive entry. Now, using the fact that

aa
d—a’

b:

a better solution is to look for a vector X € RY with X; € {a,b} which is closest to a
minimum Z of the relaxed problem (in the sense that || X — Z|| is minimized) and with
|1 Xl = | Z||. We designed the following algorithm.

A vector X describing a partition (A, A) is of the form

Xi:{a ifv, € A

—fBa otherwise,

with
«a

a =vol({v; | v; € A}), ﬁzd_a;

and where a > 0 is chosen so that ||7|| = ||Z]|. For any solution Z of the relaxed problem,
let I = {i | Z; > 0} be the set of indices of positive entries in Z, I, = {i | Z; < 0} the
set of indices of negative entries in Z, I3 = {i | Z; = 0} the set of indices of zero entries in
Z. Initially, it makes sense to form a discrete approximation X of Z such that all entries of
index in I} are assigned the value a > 0 (to be determined later), and all other entries are
assigned the value —fBa. In order for X and Z to have the same norm, since

IX|* = (na + BN —na))a?
with

na = |71, a=vol({v; | i € I7}), B =

we set

_ 12 |
\/(na + 52<N - na))

The problems is to determine whether an entry with an index 7 € I (which is initially
assigned the value —(a) should be reassigned the value a. To make the decision, we form

the new discrete solution X obtained from X by adding the index i to I}, and updating
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a, 8 and a; this is done in step (2). Then, we compare || X — Z|| and || X — Z|| and keep the
vector that yields the smallest norm. We delete i from I, and repeat step (2). After a finite
number of steps, I3 becomes empty and we obtain a discrete solution X which is typically
closer to X than the starting approximate solution.

We also need to decide whether to start with Z or —Z (remember that solution are
determined up to a nonzero scalar). We proceed as follows. Let ZT and Z~ be the vectors
given by

g JZ itiel L,z itiel;
Clo ifig IS ‘ 0 ifigl;

Also let n, = |I}|, ny = |I;], let @ and b be the average of the positive and negative entries
in Z respectively, that is,

— Zielg Zi - Zie[; Zi
a=—""— b= —F—,
N Ty

and let Z+ and Z— be the vectors given by
— a ifiel} — b ifiel,
(Z%)i = o (Z7)i = Lo
0 ifi¢l; 0 ifi¢l,
If HF— Z+|| > HT— Z‘”, then replace Z by —Z.
Step 1 of the algorithm is to compute an initial approximate discrete solution X.

(1) Let

na = |17, a=vol({v; |i € I} }), p=

and form the vector X with

v _Jo ifiel}
—fBa otherwise,
such that || X|| = || Z||, where the scalar a is determined by

1Z]] |
V(1 + B2(N = ny))

Next, pick some entry with index ¢ € I and see whether we can impove the solution
X by adding i to I}.
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(2) While Iy # (), pick the smallest index ¢ € I3, compute

I =17 u{i}
Ng =Ny + 1

a=a+dv)
8=

a
d—a’

and then X with

g _Ja_ ity eI}
T —5&’ otherwise,

and
- 12|

o Ve + BN — )

Set 19 = 1% — {i}. If | X — Z|| < |[ X — Z||, then let X = X, I} = I}, ng = 7q, a = @.
Go back to (2).

(3) The final answer if X.

I implemented this algorithm, and it seems to do a god job dealing with zero entries in

the continuous solution Z.

4.3 K-Way Clustering Using Normalized Cuts

We now consider the general case in which K > 3. Two crucial issues need to be addressed
(to the best of our knowledge, these points are not clearly articulated in the literature).

1. The choice of a matrix representation for partitions on the set of vertices. It is impor-

tant that such a representation be scale-invariant. It is also necessary to state necessary
and sufficient conditions for such matrices to represent a partition.

. The choice of a metric to compare solutions. It turns out that the space of discrete

solutions can be viewed as a subset of the K-fold product (RPY 1) of the projective
space RPY 1. Version 1 of the formulation of our minimization problem (PNC1) makes
this point clear. However, the relaxation (x,) of version 2 of our minimization problem
(PNC2), which is equivalent to version 1, reveals that that the solutions of the relaxed
problem (x3) are members of the Grassmannian G(K, N). Thus, we have two choices
of metrics: (1) a metric on (RPY 1%, (2) a metric on G(K, N). We discuss the first
choice, which is the choice implicitly adopted by Shi and Yu. Actually, it appears that
it is difficult to deal with the product metric on (RPY )X induced by a metric on
RPY !, Instead, we approximate a metric on (RPY )% using the Frobenius norm; see
Section 4.5 for details.
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We describe a partition (Ay, ..., Ax) of the set of nodes V by an N x K matrix X =
(X1 X&] whose columns X!, ..., XX are indicator vectors of the partition (A, ..., Ak).
Inspired by what we did in Section 4.2, we assume that the vector X7 is of the form

X7 = (z],...,2)),
where :Uf € {a;,b;} for j=1,...,Kandi=1,..., N, and where a;,b; are any two distinct
real numbers. The vector X7 is an indicator vector for A; in the sense that, fori =1,..., N,
i_ a; if v; € Aj
! bj if (4 ¢ Aj.

When {a;,b;} = {0,1} for j = 1,..., K, such a matrix is called a partition matriz by
Yu and Shi. However, such a choice is premature, since it is better to have a scale-invariant
representation to make the denominators of the Rayleigh ratios go away.

Since the partition (Aj,..., Ax) consists of nonempty pairwise disjoint blocks whose
union is V', some conditions on X are required to reflect these properties, but we will worry
about this later.

As in Section 4.2, we seek conditions on the a;s and the b;s in order to express the
normalized cut Ncut(A,..., Ax) as a sum of Rayleigh ratios. Then, we reformulate our
optimization problem in a more convenient form, by chasing the denominators in the Rayleigh
ratios, and by expressing the objective function in terms of the trace of a certain matrix. This
will reveal the important fact that the solutions of the relaxed problem are right-invariant
under multiplication by a K x K orthogonal matrix.

Let d = 1T D1 and «; = vol(A4;), so that a; + - - -+ ax = d. Then, vol(4;) = d — a;, and
as in Section 4.2, we have

(X7)TLX7 = (aj — bj)? cut(A;, 4;),
(XHNTDX7 = ajal + (d — o)b?.

When K > 3, unlike the case K = 2, in general we have cut(A;, A;) # cut(Ay, Ay) if j # k,
and since

K
NCUt(Al, e ,AK) = Z M7

= VOl(AJ)
we would like to choose a;, b; so that
(A A (O
vol(4,)  (xi)yTbxi 7T o

because this implies that
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Since o
(X))TLXT  (a; —b;)* cut(A;, 4;)
(Xj)TDXj CYJ‘CEJZ- + (d — Oéj)bjz

and vol(A4;) = a;, in order to have

cut(A;, A;)  (X9)TLXI ] i
vol(4,)  (xi)yTDxi 7Tt
we need to have
(aj_b‘j)2 —i j:l, ,K

ozjajz + (d— aj)bjz N a;

Thus, we must have
(a5 — 2a;b; + b3)a; = ajal + (d — oy)b3,
which yields
2ajbj(bj — CL]‘) = db?

The above equation is trivially satisfied if b; = 0. If b; # 0, then
2aj(b; — a;) = dbj,

which yields
20@' —d
= b:.
aj; 20, j

This choice seems more complicated that the choice b; = 0, so we will opt for the choice
b =0,7=1,..., K. With this choice, we get

(X)) DX’ = aja’.
Thus, it makes sense to pick

1 1 o
TVa Yy 1T

which is the solution presented in von Luxburg [22]. This choice also corresponds to the
scaled partition matrix used in Yu [23] and Yu and Shi [24].

1 K

CLJ' = Yoy ,

When N = 10 and K = 4, an example of a matrix X representing the partition of
V = {v1,v9,...,v10} into the four blocks

{A1> A27 A?n A4} = {{/027 Uy, vG}a {Ula U5}7 {Ug, Usg, UlO}a {U?, U9}}a
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is shown below:

0 az 0 O
a 0 0 0
0 0 az3 O
ag 0 0 0
0 az 0 O
X = agz 0 0 0
0 0 0 a
0 0 a3 O
0 0 0 a4
0 0 a3 O

Let us now consider the problem of finding necessary and sufficient conditions for a matrix
X to represent a partition of V.

When b; = 0, the pairwise disjointness of the A; is captured by the orthogonality of the
X
(XHT'XT =0, 1<i,j<K,i#j (%)
This is because, for any matrix X where the nonzero entries in each column have the same
sign, for any 7 # j, the condition
(XHTX7 =0
says that for every k = 1,..., N, if 2% # 0 then 2] = 0.

When we formulate our minimization problem in terms of Rayleigh ratios, conditions on
the quantities (X*)T DX? show up, and it is more convenient to express the orthogonality
conditions using the quantities (X?)" DX7 instead of the (X?)" X/, because these various
conditions can be combined into a single condition involving the matrix X" DX. Now,
because D is a diagonal matrix with positive entries and because the nonzero entries in each
column of X have the same sign, for any 7 # j, the condition

(XHTX7 =0
is equivalent to . A
(X)"DX7 =0, ()

since, as above, it means that for k = 1,..., N, if i # 0 then xfc = 0. Observe that the
orthogonality conditions (x) (and (xx)) are equivalent to the fact that every row of X has
at most one nonzero entry.

Remark: The disjointness condition
Xlg =1y

is used in Yu [23]. However, this condition does guarantee the disjointness of the blocks. For
example, it is satisfied by the matrix X whose first column is 1, with 0 everywhere else.
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Each A; is nonempty iff X7 # 0, and the fact that the union of the A; is V' is captured
by the fact that each row of X must have some nonzero entry (every vertex appears in some
block). It is not immediately obvious how to state conveniently this condition in matrix
form.

Observe that the diagonal entries of the matrix XX are the square Euclidean norms of
the rows of X. Therefore, we can assert that these entries are all nonzero. Let DIAG be the
function which returns the diagonal matrix (containing the diagonal of A),

DIAG(A) = diag(aiy, ..., ann),

for any square matrix A = (a;;). Then, the condition for the rows of X to be nonzero can
be stated as

det(DIAG(X X)) # 0.

Since every row of any matrix X representing a partition has a single nonzero entry aj,
we have
T . 2 2
X' X = diag (nlal, e ,nKaK) ,

where n; is the number of elements in A;, the jth block of the partition. Therefore, an
equivalent condition for the columns of X to be nonzero is

det(XTX) # 0.

Remark: The matrix
DIAG(X X T)~1/2x

is the result of normalizing the rows of X so that they have Euclidean norm 1. This nor-
malization step is used by Yu [23] in the search for a discrete solution closest to a solution
of a relaxation of our original problem. For our special matrices representing partitions,
normalizing the rows will have the effect of rescaling the columns (if row ¢ has a; in column
J, then all nonzero entries in column j are equal to a;), but for a more general matrix, this is
false. Thus, in general, DIAG(X X T)~/2X is not a solution of the original problem. Still, as
we will see in Section 4.5, this matrix is a pretty good approximation to a discrete solution.

Another condition which does not involve explicitly a determinant and is scale-invariant
stems from the observation that not only

XTX = diag (nlaf, e ,HKG%) 5

but
niaq

X"y = : ,

Ngag
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and these equations imply that

and thus
X(XTX)'XT1y =1y, (1)

When a; =1 for j=1,..., K, we have (X' X)™'X "1 = 1k, and condition (}) reduces to
X1g =1y

Note that because the columns of X are linearly independent, (X" X)~!X T is the pseudo-
inverse X of X. Consequently, if XX is invertible, condition (1) can also be written
as

XX 71y = 1y.

However, it is well known that X X is the orthogonal projection of RX onto the range of
X (see Gallier [8], Section 14.1), so the condition X X*1y = 1y is equivalent to the fact
that 15 belongs to the range of X. In retrospect, this should have been obvious since the
columns of a solution X satisfy the equation

a;tX? +---+a;{1XK =1y.

We emphasize that it is important to use conditions that are invariant under multipli-
cation by a nonzero scalar, because the Rayleigh ratio is scale-invariant, and it is crucial to
take advantage of this fact to make the denominators go away.

If we let

X = {[X1 XK X9 = ay(ad, . 2, ol € {1,0),q; € R, ijéo}

(note that the condition X7 # 0 implies that a; # 0), then the set of matrices representing
partitions of V' into K blocks is

K:{X:[Xl XK | Xea,
(X)'DX7 =0, 1<ij<K, i#j,
X(XTX)1xT1 = 1}.
Since for matrices in K, the orthogonality conditions (X¢)"DX7 = 0 are equivalent to

the orthogonality conditions (X%)" X7 = 0, and since matrices in X have nonzero columns,
X TX is invertible, so the last condition makes sense.
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As in the case K = 2, to be rigorous, the solution are really K-tuples of points in RPY !,
so our solution set is really

P(K) = {(P(Xl), L PXE)) XY - XK e /c}.

In view of the above, we have our first formulation of K-way clustering of a graph using
normalized cuts, called problem PNC1 (the notation PNCX is used in Yu [23], Section 2.1):

K-way Clustering of a graph using Normalized Cut, Version 1:
Problem PNC1

K

o (X)) TLXI
minimize Z m
7j=1
subject to (XH'DX7 =0, 1<i,j<K,i#j,
XXTX)'xT1 =1, Xex.
As in the case K = 2, the solutions that we are seeking are K-tuples (P(X1),...,P(X%))
of points in RPY~! determined by their homogeneous coordinates X*, ..., X*.

Remark: Because
(XHTLX? = (X))TDX? — (X)"TW X7 = vol(A;) — (X)) TW X7,

Instead of minimizing

K .
XH)TLXI
Xl XK — (
we can maximize p
X)W X7
Xl XK — (
6( ) ) ) ]Z:; (XJ)TDXJ )

since
X', XE) =K — (Xt .. X))

This second option is the one chosen by Yu [23] and Yu and Shi [24] (actually, they work with
(K — (X', ..., X5)), but this doesn’t make any difference). Theoretically, minimizing
w(Xt ..., XE) is equivalent to maximizing e(X?!,..., X&), but from a practical point of
view, it is preferable to maximize e(X?',..., X¥). This is because minimizing solutions
of u are obtained from (unit) eigenvectors corresponding to the K smallest eigenvalues
of Leym = D=Y2L,DY/2 (by multiplying these eigenvectors by D'/?). However, numerical
methods for computing eigenvalues and eigenvectors of a symmetric matrix do much better
at computing largest eigenvalues. Since Ly, = I — D™Y2WD~Y/2 the eigenvalues of Ly,
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listed in increasing order correspond to the eigenvalues of I — Ly, = D™Y2W D~Y/2 listed in
decreasing order. Furthermore, v is an eigenvector of Lgy,, for the ith smallest eigenvalue v;
iff v is an eigenvector of I — Lgyy, for the (N + 1 —)th largest eigenvalue ;. Therefore, it is
preferable to find the largest eigenvalues of I — Ly, = D™Y2W D~1/2 and their eigenvectors.
In fact, since the eigenvalues of Lgy,, are in the range [0, 2], the eigenvalues of 21 — Ly, = I+
D~Y2W D~Y/2 are also in the range [0, 2] (that is, I+ D~Y2W D~'/2 is positive semidefinite).

Let us now show how our original formulation (PNC1) can be converted to a more
convenient form, by chasing the denominators in the Rayleigh ratios, and by expressing the
objective function in terms of the trace of a certain matrix.

For any N x N matrix A, because

[ (x)T
XTAX = : AX- - XK
_(XK)T
(Xl)TAXl (XI)TAX2 (XI)TAXK
(X2>TAX1 (X2)TAX2 . (XQ)TAxK
we have
K
tr(XTAX) =) (X/)TAXY,
j=1

and the conditions _ ‘
(XHTAX) =0, 1<ij<K, i#]j

are equivalent to
XTAX = diag((XH)TAX!, ... (XE)TAXF).

As a consequence, if we assume that
(XI)TAXI - .= (XK)TAXK — a27

then we have

XTAX = o1,
and if R is any orthogonal K x K matrix, then by multiplying on the left by R" and on the
right by R, we get

R'XTAXR=R"a’IR=a’R"R = d’I.

Therefore, if

XTAX =21,

then
(XR)'A(XR) = a?I,
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for any orthogonal K x K matrix R. Furthermore, because tr(AB) = tr(BA) for all matrices
A, B, we have
tr(RTXTAXR) = tr(X T AX).

Since the Rayleigh ratios . .

(X9)TLX7

(X7)T DX
are invariant under rescaling by a nonzero number, by replacing X’ by ((X7)"DX7)~1/2X7,
the denominators become 1, and we have

K

u<X>=u<X17...,XK>=;%
p(((XHTDXY)TVEXY L (XF)TDX ) T12XK)
(XN TDXH)VHXNTL (X)) T DX))~1/2 X7

Jj=
tr ( 1/2XTLXA—1/2)
tr

= tr(AT' X T LX),
where
A = diag(XY)"DX!, ..., (X®*)TDXF).
If (XNHTDX'=... = (XK)TDXK = a?, then A = o?I, so

1
u(X) =tr(A'X LX) = Str(X LX),
a
and for any orthogonal K x K matrix R,
1 TyT 1 T
u(RX) = gtr(R X' 'LXR) = Jtr(X LX),

and thus,
u(X) = u(XR).

The condition
XXTX)'x"1=1
is also invariant if we replace X by X R, where R is any invertible matrix, because
XR(XR)"(XR)™XR)"1=XRR"X"XR)'R"X"1
= XRR'(X'X)"YR")'RTXT1
= X(XTX)'XT1=1.

In summary we proved the following proposition:
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Proposition 4.1. For any orthogonal K x K matriz R, any symmetric N X N matriz A,
and any N x K matriz X = [X! -+ X&), the following properties hold:

(1) W(X) =tr(A P XTLX), where
A = diag((XN)"'DX', ... (X®)TDXF).
(2) If (X)TDX' = - = (X¥X)TDXK = o2, then
w(X) = u(XR) = %tr(XTLX).
(3) The condition XTAX = o?I is preserved if X is replaced by X R.
(4) The condition X (X" X)"1X "1 =1 is preserved if X is replaced by X R.

Now, by Proposition 4.1(1) and the fact that the conditions in PNC1 are scale-invariant,
we are led to the following formulation of our problem:

minimize tr(X LX)
subject to (XH'DX7 =0, 1<i,j<K,i#j,
(XH'DX' =1, 1<j<K,
XXTX)'xT1 =1, Xex.

Conditions on lines 2 and 3 can be combined in the equation
X'DX =1,

and, we obtain the following formulation of our minimization problem:

K-way Clustering of a graph using Normalized Cut, Version 2:
Problem PNC2

minimize tr(X LX)
subject to X'DX =1,
XXTX)'x"1=1, XeAX.

Because problem PNC2 requires the constraint X DX = I to be satisfied, it does not
have the same set of solutions as problem PNC1. Nevertherless, problem PNC2 is equivalent
to problem PNCI, in the sense that for every minimal solution (X1, ..., X¥) of PNCI,
(XHTDXH7V2X . (XE)TDXE)=1/2XK) is a minimal solution of PNC2 (with the
same minimum for the objective functions), and that for every minimal solution (Z1, ... Z¥)
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of PNC2, (M ZY, ..., Ak Z¥) is a minimal solution of PNC1, for all \; # 0,7 =1,..., K (with
the same minimum for the objective functions). In other words, problems PNC1 and PNC2
have the same set of minimal solutions as K-tuples of points (P(X'),...,P(X¥)) in RP¥ !
determined by their homogeneous coordinates X!, ..., XX,

Formulation PNC2 reveals that finding a minimum normalized cut has a geometric in-
terpretation in terms of the graph drawings discussed in Section 3.1. Indeed, PNC2 has
the following equivalent formulation: Find a minimal energy graph drawing X in R¥ of the
weighted graph G = (V, W) such that:

1. The matrix X is orthogonal with respect to the inner product (—, —)p in R" induced
by D, with
(x,y)p =" Dy, z,yeRY,

2. The rows of X are nonzero; this means that no vertex v; € V is assigned to the origin
of R¥ (the zero vector O).

3. Every vertex v; is assigned a point of the form (0,...,0,a;,0,...,0) on some axis (in
RE).

4. Every axis in R¥ is assigned at least some vertex.

Condition 1 can be reduced to the standard condition for graph drawings (R'R = I) by
making the change of variable Y = DY2X or equivalently X = D~/2Y . Indeed,

tr(X LX) = tr(Y' D Y2LD?Y),
so we use the normalized Laplacian Ly, = D™Y/2LD~Y/2 instead of L,
X' DX=Y"Y =1,

and conditions (2), (3), (4) are preserved under the change of variable Y = DY/2X since D'/?
is invertible. However, conditions (2), (3), (4) are “hard” constraints, especially condition
(3). In fact, condition (3) implies that the columns of X are orthogonal with respect to both
the Euclidean inner product and the inner product (—, —)p, so condition (1) is redundant,
except for the fact that it prescribes the norm of the columns, but this is not essential due
to the projective nature of the solutions.

The main problem in finding a good relaxation of problem PNC2 is that it is very difficult
to enforce the condition X € X. Also, the solutions X are not preserved under arbitrary
rotations, but only by very special rotations which leave X invariant (they exchange the
axes).

The first natural relaxation of problem PNC2 is to drop the condition that X € X, and
we obtain the

Problem (k)
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minimize tr(X LX)
subject to X'"DX =1,
X(XTX)'x"1=1.
Actually, since the discrete solutions X € X that we are ultimately seeking are solutions

of problem PNCI1, the preferred relaxation is the one obtained from problem PNC1 by
dropping the condition X € X, and simply requiring that X7 #£ 0, for j =1,..., K:

Problem (x;)

K

L (X7)TLXI
minimize Z m
7=1
subject to (XHT'DX7I =0, X7 +#0 1<i,j <K, i#j,

XX'X)'x"1=1.

Now that we dropped the condition X € X, it is not clear that X ' X is invertible in ()
and (k). However, since the columns of X are nonzero and D-orthogonal, they must be
linearly independent, so X has rank K and and X "X is invertible.

As we explained before, every solution Z = [Z*, ..., ZX] of problem (x,) yields a solution
of problem (#;) by normalizing each Z7 by ((Z7)TDZ7)'/2, and conversely for every solution
7 = [Z',..., ZX] of problem (%,), the K-tuple [\{Z!,...  AxZ¥] is a solution of problem
(%1), where A\; # 0 for j = 1,..., K. Furthermore, by Proposition 4.1, for every orthogonal
matrix R € O(K) and for every solution X of (ks), the matrix X R is also a solution of
(7). Since Proposition 4.1(2) requires that all (X7)" DX/ have the same value in order to
have pu(X) = u(XR), in general, if X is a solution of (1), the matrix X R is not necessarily
a solution of (x;). However, every solution X of (kq) is also a solution of (1), for every
R € O(K), XR is a solution of both (%;) and (%), and since () is scale-invariant, for every
diagonal invertible matrix A, the matrix X RA is a solution of ().

In summary, every solution Z of problem (x2) yields a family of solutions of problem
(%1); namely, all matrices of the form ZRA, where R € O(K) and A is a diagonal invertible
matrix. We will take advantage of this fact in looking for a discrete solution X “close” to a
solution Z of the relaxed problem (x5).

Observe that a matrix is of the form RA with R € O(K) and A a diagonal invertible
matrix iff its columns are nonzero and pairwise orthogonal. First, we have

(RA)"RA =A"RTRA = A2,

which implies that the columns of RA are nonzero and pairwise orthogonal. Conversely, if
the columns of A are nonzero and pairwise orthogonal, then

ATA = A2
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for some invertible diagonal matrix A, and then A = RA, where R = AA~! is orthogonal.

As a consequence of the invariance of solutions of (*2) under multiplication on the right
by matrices in O(K), as explained below, we can view the solutions of problem (x;) as
elements of the Grassmannian G(K, N).

Recall that the Stiefel manifold St(k,n) consists of the set of orthogonal k-frames in
R™, that is, the k-tuples of orthonormal vectors (us,...,ux) with u; € R". For k = n,
the manifold St(n,n) is identical to the orthogonal group O(n). For 1 < n < n — 1, the
group SO(n) acts transitively on St(k,n), and St(k,n) is isomorphic to the coset manifold
SO(n)/SO(n — k). The Grassmann manifold G(k,n) consists of all (linear) k-dimensional
subspaces of R™. Again, the group SO(n) acts transitively on G(k,n), and G(k,n) is isomor-
phic to the coset manifold SO(n)/S(O(k) x O(n — k)). The group O(k) acts on the right
on the Stiefel manifold St(k,n) (by multiplication), and the orbit manifold St(k,n)/O(k)
is isomorphic to the Grassmann manifold G(k,n). Furthermore, both St(k,n) and G(k,n)
are naturally reductive homogeneous manifolds (for the Stiefel manifold, when n > 3), and
G(k,n) is even a symmetric space (see O’Neill [18]). The upshot of all this is that to a
large extent, the differential geometry of these manifolds is completely determined by some
subspace m of the Lie algebra so(n), such that we have a direct sum

so(n) =meah,

where h = so(n — k) in the case of the Stiefel manifold, and h = so(k) x so(n — k) in the case
of the Grassmannian manifold (some additional condition on m is required). In particular,
the geodesics in both manifolds can be determined quite explicitly, and thus we obtain closed
form formulae for distances, etc.

The Stiefel manifold St(k,n) can be viewed as the set of all n x k matrices X such that
X'X = 1.
In our situation, we are considering N x K matrices X such that
X'DX =1.
This is not quite the Stiefel manifold, but if we write Y = DY2X then we have
Y'Y =1,

so the space of matrices X satisfying the condition X " DX = I is the image D(St(K, N))
of the Stiefel manifold St(K, N) under the linear map D given by

D(X) = DY?X.

Now, the right action of O(K') on D(St(K, N)) yields a coset manifold D(St(K,N))/O(K)
which is obviously isomorphic to the Grassmann manidold G(K, N).
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Therefore, the solutions of problem (x3) can be viewed as elements of the Grassmannian
G(K,N). We can take advantage of this fact to find a discrete solution of our original
optimization problem PNC2 approximated by a continuous solution of (x3).

Recall that if X "X is invertible (which is the case), condition X (XTX)1XT1 =1 is
equivalent to XX*1 = 1, which is also equivalent to the fact that 1 is in the range of X.
If we make the change of variable Y = DV2X or equivalently X = D~'/2Y the condition
that 1 is in the range of X becomes the condition that D21 is in the range of Y, which is
equivalent to

YY*tDY?1 = DY*1.

However, since Y'Y = I, we have

yt=vy"
so we get the equivalent problem
Problem (xx5)
minimize tr(Y T D™V2 LD~ V2Y)
subject to Y'Y =1,

YY T DY?1 = DY?1.

This time, the matrices Y satisfying condition Y'Y = I do belong to the Stiefel manifold
St(K, N), and again, we view the solutions of problem (xx39) as elements of the Grassmannian
G(K,N). We pass from a solution Y of problem (xx;) in G(K, N) to a solution Z of of
problem (x;) in G(K, N) by the linear map D~%; namely, Z = D~1(Y) = D1/2Y.

It is not a priori obvious that the minimum of tr(Y " Ly, Y) over all N x K matrices Y’
satisfying Y'Y = I is equal to the sum vy + - - + vy of the first K eigenvalues of Ly, =
D~Y2[,D=1/2. Fortunately, the Poincaré separation theorem (Proposition A.3) guarantees
that the sum of the K smallest eigenvalues of Ly, is a lower bound for tr(Y " LeY).
Furthermore, if we temporarily ignore the second constraint, the minimum of problem (xx5)
is achieved by any K unit eigenvectors (uq, ..., u) associated with the smallest eigenvalues

0:V1§1/2§...§1/K

of Lgm.' We may assume that vo > 0, namely that the underlying graph is connected
(otherwise, we work with each connected component), in which case Y = D21/ HDl/ 21“ .
because 1 is in the nullspace of L. Since Y = D'/?1/ HD1/21‘ ,» the vector D'?1 is in the
range of Y, so the condition

YYTDV?1 = DY*1

1Other authors seem to accept this fact as obvious. This is not quite so, and Godsil and Royle [10] provide
a rigorous proof using Proposition A.3.
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is also satisfied. Then, Z = D~Y2Y with Y = [u; ... ux]| yields a minimum of our relaxed
problem (x3) (the second constraint is satisfied because 1 is in the range of 7).

By Proposition 2.6, the vectors Z7 are eigenvectors of L, associated with the eigenvalues
0=v; <y < ... <vg. Recall that 1 is an eigenvector for the eigenvalue v; = 0, and

Zt=1/ HD1/21H2. Because, (Y?)"Y7 = 0 whenever i # j, we have
(Z)'DZ? =0, whenever i # j.

This implies that Z2, ..., Z¥ are all orthogonal to D1, and thus, that each Z7 has both some
positive and some negative coordinate, for j =2,..., K.

The conditions (Z9)T"DZ7 = 0 do not necessarily imply that Z? and Z7 are orthogonal
(w.r.t. the Euclidean inner product), but we can obtain a solution of Problems (%3) and
(%1) achieving the same minimum for which distinct columns Z* and Z7 are simultaneously
orthogonal and D-orthogonal, by multiplying Z by some K x K orthogonal matrix R on
the right. Indeed, if Z is a solution of (k) obtained as above, the K x K symmetric matrix
Z'Z can be diagonalized by some orthogonal K x K matrix R as

Z'Z = RYR',
where ¥ is a diagonal matrix, and thus,
R'"Z'ZR=(ZR)"ZR =%,

which shows that the columns of ZR are orthogonal. By Proposition 4.1, ZR also satisfies
the constraints of (x) and (), and tr((ZR)"L(ZR)) = tr(Z"LZ).

Remark: Since Y has linearly independent columns (in fact, orthogonal) and since Z =
D=2y | the matrix Z also has linearly independent columns, so Z ' Z is positive definite and
the entries in ¥ are all positive. Also, instead of computing Z " Z explicitly and diagonalizing
it, the matrix R can be found by computing an SVD of Z.

In summary, we should look for a solution Z of (%3) that corresponds to an element of
the Grassmannian G(K, N), and hope that for some suitable orthogonal matrix R and some
diagonal invertible matrix A, the vectors in X RA are close to a true solution of the original
problem.

4.4 K-Way Clustering; Using The Dependencies
Among X', ... X&
At this stage, it is interesting to reconsider the case K = 2 in the light of what we just did

when K > 3. When K =2, X! and X? are not independent, and it is convenient to assume
that the nonzero entries in X' and X? are both equal to some positive real ¢ € R, so that

X'+ X% =cl.
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To avoid subscripts, write (A, A) for the partition of V' that we are seeking, and as before
let d = 1" D1 and a = vol(A4). We know from Section 4.2 that

(XHTDX' = ac?
(XHTDX? = (d — a)c?,
so we normalize X! and X? so that (X!)TDX! = (X?)"DX? = ¢?, and we consider
Xt Xz
B {ﬁ m} |

Now, we claim that there is an orthogonal matrix R so that if X as above is a solution to our
discrete problem, then X R contains a multiple of 1 as a first column. A similar observation
is made in Yu [23] and Yu and Shi [24] (but beware that in these works a = vol(A)/v/d). In

fact,
1 Va o Vd—a
Vd\vi—a -ya )

Indeed, we have

Xt el - X!
XR=|"="—Z|R
L/& vd—a}

{de;xl} <\/_ \/Toz>
va Vi-alVi\Vi-a -a

= — [c1 X \/—(cl - Xl)] :

aa +b(d —a) =0,

If we let

then we check that

which shows that the vector

d_aXl a

7 = S
dov d(d — «)

(c1 — X1

is a potential solution of our discrete problem in the sense of Section 4.2. Furthermore,
because L1 = 0,
tr(X'LX) =tr((XR)'L(XR)) = Z"LZ,

the vector Z is indeed a solution of our discrete problem. Thus, we reconfirm the fact that
the second eigenvector of L,,, = D'L is indeed a continuous approximation to the clustering
problem when K = 2. This can be generalized for any K > 2.
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Again, we may assume that the nonzero entries in X',..., X¥

c € R, so that

are some positive real

X 4+ XE =1,

and if (Ay,..., Ak) is the partition of V' that we are seeking, write o; = vol(A;). We have
a;+---+axg =d=1"D1. Since

(X)) 'DX? = a;c?,

we normalize the X7 so that (X/)"DXJ = ... = (XE)TDXK = ¢? and we consider
Xt X XK
X = L
|:w/061 v/ Qo w/OéK:|

Then, we have the following result.

Proposition 4.2. If X = [f—ail \;(O% %

there is an orthogonal matriz R such that its first column R is

] s a solution of our discrete problem, then

\/@
L 2
R_\/c_i .

VAR

and
c
XR=|—&=12%... ZK] :
b
Furthermore,
(XR)'D(XR) =1
and

tr(XR)"L(XR)) = tr(Z"LZ),
with Z = (22 --- ZK].

Proof. Apply Gram-Schmidt to (R, es, ..., ex) (where (ey,...,ek) is the canonical basis of
R%) to form an orthonormal basis. The rest follows from Proposition 4.1. ]

Proposition 4.2 suggests that if Z = [1 Z? .. ZK] is a solution of the relaxed problem
(*2), then there should be an orthogonal matrix R such that ZR" is an approximation of a
solution of the discrete problem PNCI.
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4.5 Finding a Discrete Solution Close to a Continuous
Approximation

The next step is to find an exact solution (P(X?),...,P(X¥)) € P(K) which is the closest (in
a suitable sense) to our approximate solution (Z%,..., Z%) € G(K, N). The set K is closed
under very special orthogonal transformations in O(K), so we can’t view K as a subset of the
Grassmannian G(K, N). However, we can think of I as a subset of G(K, N) by considering
the subspace spanned by (X!, ..., X¥) for every [X! --- X¥] € K.

Recall from Section 4.3 that every solution Z of problem (x3) yields a family of solutions
of problem (x;); namely, all matrices of the form ZQ, where @ is a K x K matrix with
nonzero and pairwise orthogonal columns. Since the solutions Z@Q of (x1) are all equivalent
(they yield the same minimum for the normalized cut), it makes sense to look for a discrete
solution X closest to one of these Z(). Then, we have two choices of distances.

1. We view K as a subset of (R[P’N 1)K, Because K is closed under the antipodal map,
as explained in Appendix B, for every j (1 < j < K), minimizing the distance
d(P(X7),P(Z7)) on RPY! is equivalent to minimizing || X7 — Z7||,, where X7 and
77 are representatives of P(X7) and P(Z7) on the unit sphere (if we use the Rieman-
nian metric on RPY ™! induced by the Euclidean metric on RY). Then, if we use the
product distance on (RPY 1)K given by

A((BXY), . PXF)), (P(Z1),.. P(Z5))) = D _ d(P(X7), P(27)),
minimizing the distance d((P(X'),...,P(XX)),(B(Z"),...,P(Z5))) in (RPY )X is

equivalent to minimizing

K
S -2, sbetio [, =

Jj=1

|, G=1,...,K).

We are not aware of any optimization method to solve the above problem, which seems
difficult to tackle due to constraints || X7||, = [|Z7||, (j = 1,..., K). Therefore, we drop
these constraints and attempt to minimize

IX - Z||% = ZHXJ 75,

the Frobenius norm of X — Z. This is implicitly the choice made by Yu.

2. We view K as a subset of the Grassmannian G(K, N). In this case, we need to pick a
metric on the Grassmannian, and we minimize the corresponding Riemannian distance
d(X,Z). A natural choice is the metric on so(n) given by

(X,Y) =tr(X"Y).
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This choice remains to be explored.

Inspired by Yu [23] and the previous discussion, given a solution Z of problem (x3), we
look for pairs (X, Q) with X € X and where @ is a K x K matrix with nonzero and pairwise
orthogonal columns, with || X, = || Z||, that minimize

P(X,Q) = [ X = ZQ| .-

Here, ||Al|, is the Frobenius norm of A, with ||A||% = tr(ATA). Yu [23] and Yu and Shi
[24] consider the special case where Q € O(K). We consider the more general case where
Q = RA, with R € O(K) and A is a diagonal invertible matrix.

The key to minimizing || X — ZQ)|| rests on the following computation:

IX = ZQ|I% = (X — ZQ)" (X — 2Q))
=tr(XT - Q"Z")(X - 2Q))
=t X' X-X"ZQ-Q'Z"X+Q"Z2"ZQ)
= tr(X'X) —tr(XTZQ) —tr(Q"ZTX) +t1(QT Z7 ZQ)
= tr(X'X)—tr(QTZ"X)") —tr(QTZTX) + tr(Z7 ZQQT)
= IX7 —2r(QTZTX) + (27 ZQQT).

Therefore, since | X||, = || Z||» is fixed, minimizing || X — ZQ||% is equivalent to minimizing

=2tr(QTZTX) +tr(Z7ZQQT).

This is a hard problem because it is a nonlinear optimization problem involving two
matrix unknowns X and (). To simplify the problem, we proceed by alternating steps
during which we minimize p(X, Q) = || X — ZQ)||» with respect to X holding @ fixed, and
steps during which we minimize ¢(X, Q) = [|X — ZQ)||» with respect to @ holding X fixed.

This second step in which X is held fixed has been studied, but it is still a hard problem
for which no closed—form solution is known. Consequently, we further simplify the problem.
Since @ is of the form Q = RA where R € O(K) and A is a diagonal invertible matrix, we
minimize || X — ZRA|| in two stages.

1. We set A = I and find R € O(K) that minimizes || X — ZR||.
2. Given X, Z, and R, find a diagonal invertible matrix A that minimizes || X — ZRA||.

The matrix RA is not a minimizer of || X — ZRA|| in general, but it is an improvement
on R alone, and both stages can be solved quite easily.

In stage 1, the matrix QQ = R is orthogonal, so QQ" = I, and since Z and X are given,
the problem reduces to minimizing —2tr(Q"Z" X); that is, maximizing tr(Q"ZTX). To
solve this problem, we need the following proposition.
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Proposition 4.3. For any n X n matrix A and any orthogonal matriz (), we have
max{tr(QA) | Q € O(n)} =01+ -+ + oy,

where o1 > --- > o0, are the singular values of A. Furthermore, this mazimum is achieved
by Q=VUT", where A=UXV" is any SVD for A.

Proof. Let A=UXVT be any SVD for A. Then we have
tr(QA) = tr(QUXV")
=tr(V'QUY).

The matrix Z = V'QU is an orthogonal matrix so |z;;| < 1 for 1 < 4,5 < n, and ¥ is a
diagonal matrix, so we have

tr(ZY) = z1101 + -+ 2on0n <01+ -+ Op,
which proves the first statement of the proposition. For Q@ = VU, we get
tr(QA) = tr(QUXV ")
—tr(VU'UZVT)
=tr(VEV) =01+ - + 0,
which proves the second part of the proposition. O

As a corollary of Proposition 4.3 (with A = Z"X and Q = R'), we get the following
result (see Golub and Van Loan [11], Section 12.4.1):

Proposition 4.4. For any two fited N x K matrices X and Z, the minimum of the set
{IX = ZR| | ke O(K)}
is achieved by R = UV, for any SVD decomposition ULV = Z"X of ZTX.
The following proposition takes care of stage 2.

Proposition 4.5. For any two fired N x K matrices X and Z, where Z has no zero column,

there is a unique diagonal matriz A = diag(\, ..., Ax) minimizing || X — ZA|| given by
7Z7X)..
)\j:% ]:1,,K
1271];

Proof. Since A is a diagonal matrix, we have
IX — ZA|? = | X2 = 2tr(ATZ7X) + tr(ZT ZAAT)

= |X|5 — 2tr(ZT XA) + tr(Z" ZA?)
K K ,

= IX15 -2 (Z7X);0 + > |1 2], 45
j=1 i=1
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The above functional has a critical point obtained by setting the partial derivatives with
respect to the A; to 0, which gives

—2<ZTX)]']' + 2 ||Z]H§/\J = 0;

that is,
(Z7X);5

N =
S VA

Since the functional is a sum of quadratic functions and the coefficients || Z7 H; of the A\ are
positive, this critical point is indeed a minimum. O

It should be noted that Proposition 4.5 does not guarantee that A is invertible. For
example, for
10 1 1
X=101}|, Z={|1 0],
10 1 -1

1 0
o (11 1 (21
7= 5) 10 ) =0 0)

so Ay = 0. When Proposition 4.5 yields a singular matrix, we skip stage 2 (we set A = I).

We now deal with step 1, where () = RA is held fixed. For fixed Z and @), we would like
to find some X € K with || X||, = ||Z]|» so that || X — ZQ| is minimal. Without loss of
generality, we may assume that the entries aq, ..., ax occurring in the matrix X are positive
and all equal to some common value a # 0. Recall that a matrix X € X has the property
that every row contains exactly one nonzero entry, and that every column is nonzero.

To find X € K, first we find the shape X of X , which is the matrix obtained from X by
rescaling the columns of X so that X has entries +1,0. The problem is to decide for each

row, which column contains the nonzero entry. After having found X , we rescale its columns
so that || X||, = [|Z][ -

we have

Since

|X = ZQll% = X1l = 2tr(Q" 27 X) + (27 2QQ),
minimizing ||X — ZQ)|| is equivalent to maximizing
w(QTZTX) = ((ZQ)TX) = n(X(2Q)T),

and since the ith row of X contains a single nonzero entry a in column j; (1 < j; < K), if
we write Y = Z(@), then

tr(XY'") = aZin. (%)

i=1
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By (%), since a > 0, the quantity tr(XY ") is maximized iff y;;, is maximized fori = 1,..., N;
this is achieved if for the ith row of X, we pick a column index ¢ such that y;, is maximum.

To find the shape X of X , we first find a matrix X by chosing a single nonzero entry
T;; = 1 on row ¢ in such a way that y;; is maximum according to the following method. If
we let

Hi 1§j§Ksz

fOI'i:17H'7N7 then
B {—H for some chosen j € J;,
l’ij -

0 otherwise.

Of course, a single column index is chosen for each row. In our implementation, we pick the
smallest index in J;.

Unfortunately, the matrix X may not be a correct solution, because the above prescription
does not guarantee that every column of X is nonzero. When this happens, we reassign
certain nonzero entries in columns having “many” nonzero entries to zero columns, so that
we get a matrix in /.

Suppose column j is zero. Then, we pick the leftmost index k of a column with a
maximum number of 1, and if ¢ the smallest index for which X, = 1, then we set X;, =0
and X;; = 1. We repeat this reallocation scheme until every column is nonzero.

We obtain a new matrix X in X , and finally we normalize X to obtain X , so that
X1 p = 121l -

A practical way to deal with zero columns in X is to simply decrease K. Clearly, further
work is needed to justify the soundness of such a method.

The above method is essentially the method described in Yu [23] and Yu and Shi [24],
except that in these works (in which X, Z and Y are denoted by X* , X* and X, respectively)
the entries in X belong to {0, 1}; as described above, for row i, the 1ndex ¢ corresponding to
the entry +1 is given by

arg 1r<nzix X(z 7).
The fact that X may have zero columns is not addressed by Yu. Furthermore, it is important
to make sure that X has the same norm as Z, but this normalization step is not performed
in the above works. On the other hand, the rows of Z are normalized and the resulting
matrix may no longer be a correct solution of the relaxed problem. In practice, it appears to
be a good approximation of a discrete solution; see option (3) of the initialization methods
for Z described below.

Any matrix obtained by flipping the signs of some of the columns of a solution ZR of
problem (x9) is still a solution. Moreover, all entries in X are nonnegative. It follows that
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a “good” solution Z@), (that is, close to a discrete solution) should have the property that
the average of each of its column is nonnegative. We found that the following heuristic
is quite helpful in finding a better discrete solution X. Given a solution ZR of problem
(%), we compute Z@Q),, defined such that if the average of column (ZR)’ is negative, then
(ZQ,) = —(ZR), else (ZQ,)’ = (ZR)'. It follows that the average of every column
in Z@), is nonnegative. Then, we apply the above procedure to find discrete solutions
X and X, closest to ZR and Z(@), respectively, and we pick the solution corresponding to
min{|| X — ZR| ., || X, — ZQ,| »}. Flipping signs of columns of ZR correspond to a diagonal
matrix R, with entries £1, a very special kind of orthogonal matrix. In summary, the
procedure for finding a discrete X close to a continuous ZR also updates R to (), = RR,.
This step appears to be very effective for finding a good initial X.

The method due to Yu and Shi (see Yu [23] and Yu and Shi [24]) to find X € K and
Q) = RA with R € O(K) and A diagonal invertible that minimize ¢(X, Q) = ||X — ZQ|| is
to alternate steps during which either @ is held fixed (step PODX) or X is held fixed (step
PODR), except that Yu and Shi consider the special case where A = I.

(1) In step PODX, the next discrete solution X* is obtained fom the previous pair (Q*, Z)
by computing X and then X* = X from Y = ZQ*, as just explained above.

(2) In step PODR, the next matrix Q* = RA is obtained from the previous pair (X*, Z)
by first computing
R=UV',

for any SVD decomposition UXV " of ZT X*, and then computing A from X* and ZR
using Proposition 4.5. If A is singular, then set A = [.

We keep track of the progress of the procedure by computing ¢(X*, Q*) = || X* — ZQ*|| »
after every step and checking that X* or ¢(X*, Q*) stops changing, whichever comes first.
We observed that after a small number of steps, up to machine precision, ¢(X*, Q*) stops
decreasing, and when this occurs the procedure halts (we also set a maximum number of
steps in case p(X*, Q*) decreases for a very long time). Moreover, looking for Q = RA where
R € O(K) and A is obtained using the method of Proposition 4.5 speeds up the convergence
and yields a better discrete solution X.

The process of searching for X and () has an illuminating geometric interpretation in
terms of graph drawings. We may assume that the entries in the discrete solution X are 0 or
1. Then the rows of the discrete solutions X correspond to the tips of the unit vectors along
the coordinate axes in R¥. Every axis contains at least such a point, and the multiplicity of
the point along the jth axis is the number of nodes in the jth block of the partition. Similarly,
the rows of Z are the nodes of a graph drawing of the weighted graph (V,W). Multiplying
Z on the right by a K x K matrix Q (obtaining ZQ) is equivalent to multiplying Z' on
the left by QT (obtaining @ Z"). This means that the points in R¥ representing the rows
of Z() are obtained by applying the linear transformation Q" to the columns of Z". Thus,
Z R amounts to applying the rigid motion R to the graph drawing Z, and ZA (where A is
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a diagonal invertible matrix) amounts to stretching or shrinking the graph drawing Z in the
directions of the axes.

Then, in step 2 (PODR), we are trying to deform the graph drawing given by Z using a
linear map (RA)T, so that the deformed graph drawing ZRA is as close as possible to X (in
the sense that ||X — ZRA| is minimized).

In step 1 (PODX), we are trying to approximate the deformed graph drawing ZRA by a
discrete graph drawing X (whose nodes are the tips of the unit vectors), so that | X — ZRA||
is minimized.

If we are willing to give up the requirement that the deformed Z is still a solution of
problem (x;), we have quite a bit of freedom in step 2. For example, we may allow normalizing
the rows. This seems reasonable to obtain an initial transformation ). However, we feel
uncomfortable in allowing intermediate deformed Z that are not solutions of (*;) during the
iteration process. This point should be investigated further.

In some sense, we have less freedom in step 1, since the ith row of ZRA is assigned to
the jth unit vector iff the index of the leftmost largest coordinate of this row is j. If some
axis has not been assigned any row of R, then we reallocate one of the points on an axis
with a maximum number of points.

Figure 4.5 shows a graph (on the left) and the graph drawings X and Z * R obtained
by applying our method for three clusters. The rows of X are represented by the red points
along the axes, and the rows of Z* R by the green points (on the right). The original vertices
corresponding to the rows of Z are represented in blue. We can see how the two red points
correspond to an edge, the three red points correspond to a triangle, and the four red points
to a quadrangle. These constitute the clusters.

It remains to initialize Q* to start the process, and then steps (1) and (2) are iterated,
starting with step (1). Actually, what we really need is a “good” initial X*, but to find it,
we need an initial R*.

Method 1. One method is to use an orthogonal matrix denoted R;, such that distinct
columns of ZR; are simultaneously orthogonal and D-orthogonal. The matrix R; can be
found by diagonalizing Z7Z as Z'Z = R\XR[, as we explained at the end of Section 4.3.
We write Zy = ZR;.

Method 2. The method advocated by Yu [23] is to pick K rows of Z that are as orthogonal
to each other as possible and to make a matrix R whose columns consist of these rows
normalized to have unit length. The intuition behind this method is that if a continuous
solution Z can be sent close to a discrete solution X by a rigid motion, then many rows of Z
viewed as vectors in R¥ should be nearly orthogonal. This way, ZR should contain at least
K rows well aligned with the canonical basis vectors, and these rows are good candidates
for some of the rows of the discrete solution X.

The algorithm given in Yu [23] needs a small correction, because rows are not removed
from Z when they are added to R, which may cause the same row to be added several times
to R.
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Figure 4.5: A graph and its drawing to find 3 clusters.

Given the N x K matrix Z (whose columns all have the same norm), we compute a
matrix R whose columns are certain rows of Z. We use a vector ¢ € RY to keep track of the
inner products of all rows of Z with the columns R',..., R¥=! that have been constructed
so far, and initially when k = 1, we set ¢ = 0.

The first column R' of R is any chosen row of Z.

Next, for k = 2,..., K, we compute all the inner products of R¥~! with all rows in Z,
which are recorded in the vector ZR*~!, and we update c as follows:

c=c+ abs(ZRF ).

We take the absolute values of the entries in ZRF~! so that the ith entry in c is a score of
how orthogonal is the ith row of Z to R',..., R¥~!. Then, we choose R* as any row Z; of Z
for which ¢; is minimal (the customary (and ambiguous) ¢ = argminc), and we delete this
row from Z. The process is repeated (with the updated Z) until k = K.

At the end of the above process, we normalize the columns of R, to obtain a matrix that
we denote Rs.

After some experimentation, we found that to obtain a better initial X*, it is may desir-
able to start from a variant of the continuous solution Z obtained by solving problem (x5).
We have implemented three methods.

1. We attempt to rescale the columns of Z by some diagonal invertible matrix A =
diag(A1, ..., Ak), so that the rows of ZA sum to 1 as much as possible in the least-
squares sense. Since the vector of sums of rows of ZA is ZAlx = Z\, with AT =
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(A1, ..., A\k), the least-squares problem is to minimize
1ZX) — 15|13,
and since Z has rank K, the solution is A = (Z7Z)"1Z "1y, and thus,
A =diag((Z"2)'Z"1y).

The matrix A is singular if some of the columns of Z sum to 0. This happens for
regular graphs, where the degree matrix is a multiple of the identity. There are also
cases where some of the )\; are very small, so we use a tolerance factor to prevent
this, and in case of failure, we set A = I. In case of failure, we may also use ZR;
instead of Z, where R; is the orthogonal matrix that makes ZR; both D-orthogonal
and orthogonal.

2. We attempt to rescale the columns of Z by some diagonal invertible matrix A =
diag(A1, ..., Ak), so that the rows of ZA have unit length as much as possible in the
least-squares sense. Since the square-norm of the ith row of ZA is

K

242
E Zij)‘j7
=1

if we write Z o Z for the matrix (z7;) of square entries of elements in Z (the Hadamard
product of Z with itself), the least-squares problem is to mimimize

2023 1.

where (A\3)T = (A2,...,)%). The matrix Z o Z may not have rank K, so the least-
squares solution for A\? is given by the pseudo-inverse of Z o Z, as

N = (ZoZ) 1y.

There is no guarantee that the vector on the right-hand side has all positive entries,
so the method may fail. It may also fail when some of the A; are very small. We use
a tolerance factor to prevent this, and in case of failure, we set A = I.

3. We use a method more drastic than (2), which consists in normalizing the rows of Z.
Thus, we form the matrix

NZ = diag((ZZ ), .. (22750,

and we return NZ % Z. Unlike the methods used in (1) and (2), this method does
not guarantee that NZ % Z is a solution of problem (x;). However, since the rows of
Z can be interpreted as vectors in R that should align as much as possible with the
canonical basis vectors of R¥ this method makes sense as a way to come closer to a
discrete solution. In fact, we found that it does well in most cases.
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We implemented a computer program that prompts the user for various options. To avoid
confusion, let us denote the original solution of problem (x;) by Z;, and let Zy = Z1 Ry, as
obtained by initialization method 1. The four options are:

1. Use the original solution Z; of problem (x3), as well as Z.
2. Apply method 1 to Z; and Zs.
3. Apply method 2 to Z; and Zs.
4. Apply method 3 to Z; and Zs.

Then, for each of these options, if we denote by Zinit; and Zinits the solutions returned by
the method, our program computes initial solutions X, X5, X3, X, as follows:

1. Use Zinit; and R = 1.
2. Use Zinity and R = R2a, the matrix given by initialization method 2.
3. Use Zinity and R = 1.

4. Use Zinity and R = R2b, the matrix given by initialization method 2.

After this, the program picks the discrete solution X = X; which corresponds to the minimum
of

| X1 — Zinitl||, || X2 — Zinitl * R2a||, || X3 — Zinit2||, || X4 — Zinit2 « R2b|| .

Our experience is that options (3) and (4) tend to give better results. However, it is
harder to say whether any of the X; does a better job than the others, although (2) and (4)
seem to do slightly better than (1) and (3). We also give the user the option in step PODR
to only compute R and set A = I. It appears that the more general method is hardly more
expansive (because finding A is cheap) and always gives better results.

We also found that we obtain better results if we rescale Z (and X) so that||Z|| . = 100.

If we apply the method (using method 3 to find the initial R) to the graph associated
with the the matrix W shown in Figure 4.6 for K = 4 clusters, the algorithm converges in
3 steps and we find the clusters shown in Figure 4.7.

The solution Z of the relaxed problem is

—21.3146 —0.0000  19.4684 —15.4303
—4.1289  0.0000 16.7503  —15.4303
—21.3146  32.7327 —19.4684 —15.4303
—4.1289  —0.0000  16.7503 —15.4303
Z = 19.7150 0.0000 9.3547  —15.4303
—4.1289  23.1455 —16.7503 —15.4303
—21.3146 —32.7327 —19.4684 —15.4303
—4.1289 —23.1455 —16.7503 —15.4303
19.7150  —0.0000 —9.3547 —15.4303
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Figure 4.6: Underlying graph of the matrix Wj.

e
L

Figure 4.7: Four blocks of a normalized cut for the graph associated with W .

We find the following sequence for @), Z x ), X:

0 0.6109 —0.3446 —0.7128
_ | —1.0000 0.0000 0.0000 —0.0000
@= 0.0000 0.5724 0.8142  0.0969 |’
—0.0000 0.5470 —0.4672 0.6947
which is the initial ) obtained by method 1;
0.0000  —10.3162 30.4065  6.3600 0 010
0.0000  —1.3742 222703 —6.1531 0 010
—32.7327 —32.6044 —1.2967  2.5884 0001
0.0000  —1.3742 222703 —6.1531 0010
ZxQ = 0.0000 8.9576 8.0309 —23.8653 X=1010 0];
—23.1455 —20.5505 —5.0065 —9.3982 0 010
32.7327 —32.6044 —1.2967 2.5884 10 00
23.1455  —20.5505 —5.0065 —9.3982 1000
—0.0000 —1.7520 —7.2027 —25.6776 10 00
—0.0803 0.8633 —0.4518 —0.2102
| —0.6485 0.1929  0.1482  0.7213
@= —0.5424  0.0876  0.5546 —0.6250
—0.5281 —0.4581 —0.6829 —0.2119
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—0.6994 —9.6267 30.9638 —4.4169 0010
—0.6051 49713  21.6922 —6.3311 0010
—0.8081 —6.7218 14.2223 43.5287 0001
—0.6051 49713  21.6922 —6.3311 0010
ZxQ=| 14913 249075 6.8186 —6.7218 X=1010 0};

2.5548 6.5028 6.5445 31.3015 0001
41.6456 —19.3507 4.5190 —3.6915 1 000
32.0742 —2.4272 —0.3168 —2.0882 1000
11.6387  23.2692 —3.5570 4.9716 0100

—0.3201  0.7992 —0.3953 —0.3201

| =0.7071 —0.0000 0.0000  0.7071

@= —-0.4914 —-0.0385 0.7181 —0.4914

—0.3951 —0.5998 —0.5728 —0.3951
3.3532  —8.5296 31.2440  3.3532 0010
—0.8129 5.3103  22.4987 —0.8129 0010
—0.6599 —7.0310 3.2844 45.6311 0001
—0.8129 5.3103  22.4987 —0.8129 0010
ZxQ = |—48123 24.6517 7.7629 —4.8123 X=]101200
—0.7181  6.5997 —1.5571 32.0146 0001
45.6311 —7.0310 3.2844 —0.6599 1000
32.0146  6.5997 —1.5571 —0.7181 1000
4.3810 25.3718 —5.6719 4.3810 0100

During the next round, the exact same matrices are obtained and the algorithm stops.
Comparison of the matrices Z x () and X makes it clear that X is obtained from Z % ) by
retaining on every row the leftmost largest value and setting the others to 0 (non-maximum
supression).

In this example, the columns of all X were nonzero, but this may happen, for example
when we apply the algorithm to the graph of Figure 4.6 to find K = 5 clusters shown in

Figure 4.8.

Figure 4.8: Five blocks of a normalized cut for the graph associated with Wy .

We find that the initial value for Z * @) is
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—5.7716 —27.5934 0.0000  —9.3618  —0.0000
5.5839  —20.2099 -29.7044 —1.2471 —0.0000
—2.3489  1.1767  —0.0000 —29.5880 —29.7044
5.5839 —20.2099 29.7044 —1.2471  0.0000
Zx@Q = | 21.6574 —7.2879  0.0000 8.1289 0.0000
8.5287 45433  —0.0000 —18.6493 —21.0042
—2.3489  1.1767  —0.0000 —29.5880 29.7044
8.5287 4.5433  —0.0000 —18.6493 21.0042
23.3020  6.5363  —0.0000 —1.5900 —0.0000

The matrix X1 given by the above method in which we pick the leftmost largest entry on
every row has a fourth row equal to 0. The matrix X1 is repaired by migrating a 1 from
the second entry of the first column, which contains the largest number of 1’s, yielding the
matrix X2; see below.
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Chapter 5

Signed Graphs

5.1 Signed Graphs and Signed Laplacians

Intuitively, in a weighted graph, an edge with a positive weight denotes similarity or proximity
of its endpoints. For many reasons, it is desirable to allow edges labeled with negative
weights, the intuition being that a negative weight indicates dissimilarity or distance.

Weighted graphs for which the weight matrix is a symmetric matrix in which negative and
positive entries are allowed are called signed graphs. Such graphs (with weights (—1,0,+1))
were introduced as early as 1953 by Harary [12], to model social relations involving disliking,
indifference, and liking. The problem of clustering the nodes of a signed graph arises naturally
as a generalization of the clustering problem for weighted graphs. From our perspective, we
would like to know whether clustering using normalized cuts can be extended to signed
graphs.

Given a signed graph G = (V, W) (where W is a symmetric matrix with zero diagonal
entries), the underlying graph of G is the graph with node set V' and set of (undirected)
edges £ = {{v;,v,} | w;; # 0}.

The first obstacle is that the degree matrix may now contain zero or negative entries. As

a consequence, the Laplacian L may no longer be positive semidefinite, and worse, D~1/2
may not exist.

A simple remedy is to use the absolute values of the weights in the degree matrix! This
idea applied to signed graph with weights (—1,0, 1) occurs in Hou [14]. Kolluri, Shewchuk
and O’Brien [15] take the natural step of using absolute values of weights in the degree
matrix in their original work on surface reconstruction from noisy point clouds. Given a
Delaunay tetrahedralization, they build a graph with positive and negative edges and use
the normalized cut method for two clusters to decide which tetrahedra are inside or outside
the original object. The triangulated surface (called the eigencrust) consists of the triangles
where an inside and an outside tetrahedron meet. The authors state that the Lapacians
arising from such graphs are always positive definite, which is not quite correct since this
is only true for unbalanced graphs (see Section 5.3). Kunegis et al. [16] appear to be the

87
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first to make a systematic study of spectral methods applied to signed graphs. In fact, many
results in this section originate from Kunegis et al. [16]. However, it should be noted that
only 2-clustering is considered in the above papers.

As we will see, the trick of using absolute values of weights in the degree matrix allows
the whole machinery that we have presented to be used to attack the problem of clustering
signed graphs using normalized cuts. This requires a modification of the notion of normalized
cut. This new notion it is quite reasonable, as we will see shortly.

If (V,W) is a signed graph, where W is an m X m symmetric matrix with zero diagonal
entries and with the other entries w;; € R arbitrary, for any node v; € V, the signed degree
of v; is defined as

and the signed degree matriz D as
D = diag(d(v1), ..., d(vm)).
For any subset A of the set of nodes V| let
vol(A) = "di=> > Juwyl.
vieA vi€A j=1
For any two subsets A and B of V, define links* (A, B), links™ (A, B), and cut(4, A) by
links™(A,B) = > wy

vi€A;EB
Wij >0

links (A, B) = > —wy

vi€Aw;EB
Wij <0

Note that links™ (4, B) = links™ (B, A), links™ (A, B) = links™ (B, A), and
cut(A, A) = links™ (A, A) + links™ (4, A4).
Then, the signed Laplacian L is defined by
L=D-W,

and its normalized version Lgyy, by

— ——1/2

Lam =D -2

ID V= 1-D'*wD
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For a graph without isolated vertices, we have d(v;) > 0 for i = 1,...,m, so 5_1/2 is well
defined.

The signed Laplacian is symmetric positive semidefinite. As for the Laplacian of a weight
matrix (with nonnegative entries), this can be shown in two ways. The first method consists
in defining a notion of incidence matrix for a signed graph, and appears in Hou [14].

Definition 5.1. Given a signed graph G = (V, W), with V' = {wvy,...,v,}, if {e1,...,en}
are the edges of the underlying graph of G (recall that {v;,v;} is an edge of this graph iff
w;; # 0), for any oriented graph G obtained by giving an orientation to the underlying
graph of G, the incidence matriz B of G° is the m x n matrix whose entries b;; are given
by

+~/U)Z‘j if Wij > 0 and s(ej
b — —/Wij if Wij > 0 and t(ej
" —w;; if wi; <0 and (s(ej) = v; or t(e;) = v;)

(%

0 otherwise.

Then, we have the following proposition whose proof is easily adapted from the proof of
Proposition 2.2.

Proposition 5.1. Given any signed graph G = (V,W) with V' = {v1,..., v}, if B is the
incidence matriz of any oriented graph G° obtained from the underlying graph of G and D
18 the signed degree matriz of W, then

B°(B°)' =D-W =1L.

Consequently, B°(B°)" is independent of the orientation of the underlying graph of G and
L =D —W is symmetric and positive semidefinite; that is, the eigenvalues of L = D — W
are real and nonnegative.

Another way to prove that L is positive semidefinite is to evaluate the quadratic form
2" Lz. We will need this computation to figure out what is the new notion of normalized
cut. For any real A € R, define sgn(\) by

+1 ifA>0
sgn(A) =< -1 ifA<0
0 if A=0.

Proposition 5.2. For any m X m symmetric matric W = (wij), if we let L =D —W where
D is the signed degree matriz associated with W, then we have

- 1 & .
x' Lz = 5”221 lwij|(z; — sgn(w;j)z;)?  for allz € R™.

Consequently, L is positive semidefinite.
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Proof. We have

I
(]
g
=
2
(0]
=
IS
Ay
8
8
<

and this quantity is nonnegative. O]

5.2 Signed Normalized Cuts

As in Section 4.3, given a partition of V' into K clusters (A4, ..., Ak), if we represent the
jth block of this partition by a vector X7 such that

Xj _ Q; if v; € Aj
! 0 if V; ¢ A]7
for some a; # 0, then we have the following result.

Proposition 5.3. For any vector X7 representing the jth block of a partition (Ay, ..., Ak)
of V', we have - o
(XHTLXI = a?(cut(Aj, A;) + 2links™ (A, A))).

Proof. Using Proposition 5.2, we have

m

o1 j j
(X)TIXT = 5 D lwie] (X7 — sgn(wq) X7)*.
i,k=1

The sum on the righthand side splits into four parts:
(1) S = %Zi’keAj lwir| (X7 — sgn(wy) X7)2. In this case, X/ = X} = a;, so only negative

edges have a nonzero contribution, and we have

1
S1 = 3 Z lwik| (a; + a;)? = 2a2links™ (A4;, A;).

i,kEA]-,wik<0
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(2) Sy = %ZieAcheAT lwir| (X7 — sgn(wg)X7)?. In this case, X! = a; and X} =0, so

1 1 _
SQ = §CL]2 Z |wzk| = Qaicut(Aj,Aj).
i€A; kEA;

(3) S5 = %Zier7keAj lwir| (X7 — sgn(wg) X7)?. In this case, X! = 0 and XJ = a;, so

1 1 T 1 A
Ss=50 D lwal = jajeut(A, A)) = ajeut(4;, 4).

(4)

S1= 52 pen; lwir| (X7 — sgn(wg)X7)?. In this case, X! = X{ =0, so

Sy =0.
In summary,

(X7)TLX7 = Sy + Sy + S5 4 Sy = 2ailinks™ (A, A;) + ajcut(4;, 4;),
as claimed. O
Since with the revised definition of vol(A4;), we also have
(XHTDXI = a? Z d; = a3vol(4;),
'UZ'GA]'

we deduce that

(X9)TDXT vol(4;) |

The calculations of the previous paragraph suggest the following definition.

Definition 5.2. The signed normalized cut sNcut(Ay, ..., Ax) of the partition (A, ..., Ak)
is defined as

K K 1.4 _
cut(A;, A; links™ (A4, A;
sNecut(A4y,..., Ax) = E M+2§ vol((AJ.) J).
j

Remark: Kunegis et al. [16] deal with a different notion of cut, namely ratio cut (in which
vol(A) is replaced by the size |A| of A), and only for two clusters. In this case, by a clever
choice of indicator vector, they obtain a notion of signed cut that only takes into account
the positive edges between A and A, and the negative edges among nodes in A and nodes
in A. This trick does not seem to generalize to more than two clusters, and this is why we
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use our representation for partitions. Our definition of a signed normalized cut appears to
be novel.

Based on previous computations, we have

where X is the N x K matrix whose jth column is X 7, Therefore, this is the same problem
as in Chapter 4, with L replaced by L and D replaced by D.

Observe that minimizing sNcut(Ay, ..., Ax) amounts to minimizing the number of posi-
tive and negative edges between clusters, and also minimizing the number of negative edges
within clusters. This second minimization captures the intuition that nodes connected by a
negative edge should not be together (they do not “like” each other; they should be far from
each other).

The K-clustering problem for signed graphs is related but not equivalent to another
problem known as correlation clustering. In correlation clustering, in our terminology and
notation, given a graph G = (V, W) with positively and negatively weighted edges, one seeks
a clustering of V' that minimizes the sum links™ (A4;, A;) of the absolute values of the negative
weights of the edges within each cluster A;, and minimizes the sum links™ (4, Zj) of the pos-
itive weights of the edges between distinct clusters. In contrast to K-clustering, the number
K of clusters is not given in advance, and there is no normalization with respect to size of
volume. Furthermore, in correlation clustering, only the contribution links+(Aj,Zj) of posi-
tively weighted edges is minimized, but our method only allows us to minimize cut(4;, 4;),
which also takes into account negatively weighted edges between distinct clusters. Correla-
tion clustering was first introduced and studied for complete graphs by Bansal, Blum and
Chawla [1]. They prove that this problem is NP-complete and give several approximation al-
gorithms, including a PTAS for maximizing agreement. Demaine and Immorlica [5] consider
the same problem for arbitrary weighted graphs, and they give an O(logn)-approximation
algorithm based on linear programming. Since correlation clustering does not assume that K
is given and not not include nomalization by size or volume, it is not clear whether algorithms
for correlation clustering can be applied to normalized K-clustering, and conversely.

5.3 Balanced Graphs

Since

the whole machinery of Sections 4.3 and 4.5 can be applied with D replaced by D and
L replaced by L. However, there is a new phenomenon, which is that L may be positive
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definite. As a consequence, 1 is not always an eigenvector of L. As observed by Kunegis et
al. [16], it is also possible to characterize for which signed graphs the Laplacian L is positive
definite. Such graphs are “cousins” of bipartite graphs and were introduced by Harary [12].
Since a graph is the union of its connected components, we restrict ourselves to connected
graphs.

Definition 5.3. Given a signed graph G = (V, W) with negative weights whose underlying
graph is connected, we say that G is balanced if there is a partition of its set of nodes V'
into two blocks Vi and V5 such that all positive edges connect nodes within V; or V5, and
negative edges connect nodes between V; and V5.

An example of a balanced graph is shown in Figure 5.1 on the left, in which positive
edges are colored green and negative edges are colored red. This graph admits the partition

({Ula V2, U4, V7, US}? {U37 Vs, Vg, U9})-

On the other hand, the graph shown on the right contains the cycle (v, vs, vg, Vs, V4, v9) With
an odd number of negative edges (3), and thus is not balanced.

Figure 5.1: A balanced signed graph G; (left). An unbalanced signed graph Go (right).

Observe that if we delete all positive edges in a balanced graph, then the resulting graph is
bipartite. Then, it is not surprising that connected balanced graphs can be characterized as
signed graphs in which every cycle has an even number of negative edges. This is analogous
to the characterization of a connected bipartite graph as a graph in which every cycle has
even length. The following proposition was first proved by Harary [12]. We give a more
direct proof.

Proposition 5.4. If G = (V,W) is a connected signed graph with negative weights, then G
1s balanced iff every cycle contains an even number of negative edges.

Proof. If G is balanced, then every cycle must switch from a node in V; to a node in V5 (or
from a node in V, to a node in V}) an even number of times. Therefore, it contains an even
number of negative edges.
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Conversely, assume that G contains no cycle with an odd number of negative edges. Since
G is connected, pick some some vy in V, and let Vi be the set of node reachable from v
by a path with an odd number of negative edges, and let V, be the set of node reachable
from vy by a path with an even number of negative edges. Clearly, (V;, V2) is a partition of
V. Assume that there is a negative edge {u, v} between two nodes within V; (or V3). Then,
using the paths from vy to u and v, where the parity of the number of negative edges is
the same, we would obtain a cycle with an odd number of negative edges, a contradiction.
Therefore, edges between nodes in V; (or V3) are positive, and negative edges connect nodes
in V] and V5. O

We can also detect whether a connected signed graph is balanced in terms of the kernel
of the transpose of any of its incidence matrices.

Proposition 5.5. If G = (V, W) is a connected signed graph with negative weights and with
m nodes, for any orientation of its underlying graph, let B be the corresponding incidence
matriz. The underlying graph of G is balanced iff rank(B) = m — 1. Furthermore, if G is
balanced, then there is a vector u with u; € {—1,1} such that B"u = 0, and the sets of nodes
Vi={vi|w =—1} and Vo = {v; | w; = +1} form a partition of V' for which G is balanced.

Proof. Assume that rank(B) = m — 1; this implies that Ker (B") # (0). For any u # 0, we
have BTu = 0 iff " B = 0 iff u is orthogonal to every column of B. By definition of B, we
have

u; = sgn(w;;)u,

iff there is an edge between v; and v;.

Pick node v; in V' and define V; and V5 as in the proof of Proposition 5.4. The above
equation shows that u has the same value on nodes connected by a path with an even number
of negative edges, and opposite values on nodes connected by a path with an odd number of
negative edges. Since V] consists of all nodes connected to v; by a path with an odd number
of negative edges and V; consists of all nodes connected to v; by a path with an even number
of negative edges, it follows that u has the same value ¢ = u; on all nodes in Vi, and the
value —c on all nodes in V5. Then, there is no negative edge between any two nodes in V;
(or V3), since otherwise u would take opposite values on theses two nodes, contrary to the
fact that u has a constant value on V; (and V3). This implies that (Vi, V5) is a partition of
V making G a balanced graph.

Conversely, if G is balanced, then there is a partition (V;,V2) of V' such that positive
edges connect nodes within V; or V5, and negative edges connect nodes between V; and V5.
Then, if u is the vector with w; € {—1,1} defined so that u; = +1 iff v; € V} and w; = —1 iff
v; € Vi, we have

U; = sgn(wij)uj,

and so BTu = 0, which shows that u € Ker (B"). Furthermore, the argument in the first
part of the proof shows that every vector in Ker (B") must have the same value ¢ on all
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nodes in V;, and the value —c on all nodes in V5, so it must be a multiple of the vector u
given by u; = +1 iff v; € Vi and u; = —1 iff v; € V5. Therefore, dim(Ker (BT)) = 1, and
rank = m — 1. The third part of the proposition has already been shown. O]

Remark: A simple modification of the proof of Proposition 5.5 shows that if there are ¢;
components containing only positive edges, co components that are balanced graphs, and c3
components that are not balanced (and contain some negative edge), then

¢1 + ¢ = m —rank(B).

Since by Proposition 5.1 we have L = BB for any incidence matrix B associated with
an orientation of the underlying graph of G, we obtain the following important result (which
is proved differently in Kunegis et al. [16]).

Theorem 5.6. The signed Laplacian L of a connected signed graph G is positive definite iff
G is not balanced (possesses some cycle with an odd number of negative edges).

If G = (V,W) is a balanced graph, then there is a partition (V3,V5) of V such that for
every edge {v;, v;}, if w;; > 0, then v;,v; € Vi or v;,v; € Vo, and if w;; < 0, then v; € V; and
v; € V. It follows that if we define the vector x such that z; = +1 iff v; € V; and x; = —1
iff v; € V3, then for every edge {v;,v;} we have

sgn(w;j) = ;.

We call z a bipartition of V.
The signed Laplacian of the balanced graph (G is given by

2 -1 0 -1 0 0 0 0 O
-15 1 =1 1 0 0 =1 0
0 1 3 0 -1 -1 0 0 0
-1 -1 0 5 1 0 -1 -1 0
=10 1 -1 1 6 -1 0 1 -1
o 0 -1 0 -1 4 0 1 -1
0 0 0 -1 0 0 2 -1 0
0o -1 0 -1 1 1 -1 6 1
o 0 0 0O -1 -1 0 1 3

Using Matlab, we find that its eigenvalues are
0, 1.4790, 1.7513, 2.7883, 4.3570, 4.8815, 6.2158, 7.2159, 7.3112.
The eigenvector corresponding to the eigenvalue 0 is

(0.3333, 0.3333, —0.3333, 0.3333, —0.3333, —0.3333, 0.3333, 0.3333, —0.3333)
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It gives us the bipartition

({’Ul, U2, V4, V7, Us}, {U3> Vs, Vg, ’09}),

as guaranteed by Proposition 5.5.

The signed Laplacian of the unbalanced graph Gs is given by

2 -1 0 -1 0 0 0 0 O
-15 1 1 =1 0 0 =1 0
0 1 3 0 -1 -1 0 0 0
-11 0 5 1 0 -1 -1 0
ILy=]10 -1 -1 1 6 -1 0 1 -1
o 0 -1 0 -1 4 0 1 -1
0O 0 0 -1 0 0 2 -1 0
0 -1 0 -1 1 1 -1 6 1
o 0 0 0O -1 -1 0 1 3

The eigenvalues of L, are
0.5175, 1.5016, 1.7029, 2.7058, 3.7284, 4.9604, 5.6026, 7.0888, 8.1921.

The matrix Ly is indeed positive definite (since Gy is unbalanced). Hou [14] gives bounds
on the smallest eigenvalue of an unbalanced graph. The lower bound involves a measure of
how unbalanced the graph is (see Theorem 3.4 in Hou [14]).

Following Kunegis et al., we can prove the following result showing that the eigenvalues
and the eigenvectors of L and its unsigned counterpart £ are strongly related. Given a
symmetric signed matrix W, we define the unsigned matrix W such that W;; = |w;;| (1 <
i,7 <m). We let £ be the Laplacian associated with WW. Note that

L=D-W.
The following proposition is shown in Kunegis et al. [16]).

Proposition 5.7. Let G = (V,W) be a signed graph and let W be the unsigned matriz
associated with W. If G is balanced, and x is a bipartition of V', then for any diagonalization
L = PAPT of L, where P is an orthogonal matriz of eigenvectors of L, if we define the matriz
P so that

P = x; P,

where P; is the ith row of P and P; is the ith row of P, then P is orthogonal and
L=PAP"

is a diagonalization of L. In particular, L and £ have the same eigenvalues with the same
multiplicities.
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Proof. Observe that if we let
X = diag(zy,...,Tm),

then
P=XP.
It follows that B B
PAP"T = XPAP'X'" = XLX'" = XLX,
since X is a diagonal matrix. As a consequence, for diagonal entries, we have
w7 Li; = Dy = Ly,

and for i # 7, we have

wiwj Lij = sgu(wij) Li; = —sgn(wij)wi; = —|wij| = =Wy; = Ly,
which proves that £ = PAP'. It remains to prove that P is orthogonal. Since X is a
diagonal matrix whose entries are +1, we have X' X = I, so

P'P=(XP)'XP=P'X'XP=P'IP=1,

since P is orthogonal. Thus, P is indeed orthogonal. O]

5.4 K-Way Clustering of Signed Graphs

Using the signed Laplacians L and fsym, we can define the optimization problems as in
Section 4.3 and solve them as in Section 4.5, except that we drop the constraint

XXTX)'xT1 =1,

since 1 is not necessarily an eigenvector of L. By Proposition A.3, the sum of the K smallest
eigenvalues of Ly, is a lower bound for tr(Y " Lg,,Y'), and the minimum of problem (xx5)
is achieved by any K unit eigenvectors (uq, ..., uy) associated with the smallest eigenvalues

O0<nm<wm<...<wvg

of fsym. The difference with unsigned graphs is that v; may be strictly positive. Here is the
result of applying this method to various examples.

First, we apply our algorithm to find three clusters for the balanced graph ;. The graph
(G1 as outputted by the algorithm is shown in Figure 5.2 and the three clusters are shown in
Figure 5.3. As desired, these clusters do not contain negative edges.

By the way, for two clusters, the algorithm finds the bipartition of G, as desired.

Next, we apply our algorithm to find three clusters for the unbalanced graph G5. The
graph G4 as outputted by the algorithm is shown in Figure 5.2 and the three clusters are
shown in Figure 5.3. As desired, these clusters do not contain negative edges.

The algorithm finds the same clusters, but this is probably due to the fact that G'; and
(G5 only differ by the signs of two edges.
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Figure 5.2: The balanced graph Gj.

7

Figure 5.3: Three blocks of a normalized cut for the graph associated with Gj.

Figure 5.4: The unbalanced graph Gs.

. .

\

Figure 5.5: Three blocks of a normalized cut for the graph associated with Gb.
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5.5 Signed Graph Drawing

Following Kunegis et al. [16], if our goal is to draw a signed graph G = (V, W) with m nodes,
a natural way to interpret negative weights is to assume that the endpoints v; and v; of an
edge with a negative weight should be placed far apart, which can be achieved if instead of
assigning the point p(v;) € R™ to v;, we assign the point —p(v;). Then, if R is the m x n
matrix of a graph drawing of G in R", the energy function £(R) is redefined to be

ER)= D |wylllp(v:) — sgn(wy)p(v;)|.

{’Ui,v]'}GE
We obtain the following version of Proposition 3.1.

Proposition 5.8. Let G = (V,W) be a signed graph, with |V| =m and with W a m x m
symmetric matriz, and let R be the matriz of a graph drawing p of G in R™ (a m xn matriz).
Then, we have

E(R) = tr(R"LR).

Proof. Since p(v;) is the ith row of R (and p(v;) is the jth row of R), if we denote the kth
column of R by RF, using Proposition 5.2, we have

ER)= Y lwylllp(v) = sgn(wiy)p(v;)|”

{’UZ‘,’U]'}GE

=3 > lwil(Rix — sgn(wi)) Rjx)?

k=1 {’U,L',’Uj}EE

n 1 m

- Z 2 Z |wi; | (Rir, — sgn(wi;) Rjx)?
k=1 i,j=1
(R)'LE" = tx(R'LR),

k=1

as claimed. n

Then, as in Chapter 3, we look for a graph drawing R that minimizes £(R) = tr(R"LR)
subject to RTR = I. The new ingredient is that L is positive definite iff G is not a balanced
graph. Also, in the case of a signed graph, 1 does not belong to the kernel of L, so we do
not get a balanced graph drawing.

If G is a signed balanced graph, then Ker L is nontrivial, and if G is connected, then
Ker L is spanned by a vector whose components are either +1 or —1. Thus, if we use the
first n unit eigenvectors (uq, ug, . .., u,) associated with the n smallest eigenvalues 0 = A\; <
Ay < oo < N\, of L, we obtain a drawing for which the nodes are partitionned into two
sets living in two hyperplanes corresponding to the value of their first coordinate. Let us
call such a drawing a bipartite drawing. However, if G is connected, the vector us does not
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belong to Ker L, so if m > 3, it must have at least three coordinates with distinct absolute
values, and using (us, ..., u,4+1) We obtain a nonbipartite graph. Then, the following version
of Theorem 3.2 is easily shown.

Theorem 5.9. Let G = (V,W) be a signed graph with |V| = m > 3, assume that G has
some negative edge and is connected, and let L = D — W be the signed Laplacian of G.

(1) If G is not balanced and if the eigenvalues of L are 0 < Ay < Xy < A3 < ... < A\, then
the minimal energy of any orthogonal graph drawing of G in R™ is equal to \y+---+ X\,
The m x n matrix R consisting of any unit eigenvectors uq,...,u, associated with
A < ... <\, yields an orthogonal graph drawing of minimal energy.

(2) If G is balanced and if the eigenvalues of L are 0 = A\ < Ay < A3 < ... < A\, then
the minimal energy of any orthogonal nonbipartite graph drawing of G in R™ is equal
to Ay + -+ + Apy1 (in particular, this implies that n < m). The m X n matriz R
consisting of any unit eigenvectors us, ..., Upr1 associated with Ao < ... < A,y yields
an orthogonal nonbipartite graph drawing of minimal energy.

(3) If G is balanced, forn = 2, a graph drawing of G as a bipartite graph (with positive edges
only withing the two blocks of vertices) is obtained from the m x 2 matriz consisting of
any two unit eigenvectors uy and us associated with 0 and Ag.

In all cases, the graph drawing R satisfies the condition R"R = I (it is an orthogonal graph
drawing).

Our first example is the signed graph G4 defined by the weight matrix given by the
following Matlab program:

nn = 6; G3
G3(1,nn+1)

diag(ones(1,nn),1); G3 = G3 + G3’;
1; G3(nn+1,1) = 1; G4 = -G3;

All edges of this graph are negative. The graph obtained by using G3 is shown on the left
and the graph obtained by using the signed Laplacian of G4 is shown on the right in Figure
5.6.

The second example is the signed graph G5 obtained from G3 by making a single edge
negative:

G5 = G3; G5(1,2) = -1; G5(2,1) = -1;

The graph obtained by using G3 is shown on the left and the graph obtained by using the
signed Laplacian of G5 is shown on the right in Figure 5.7. Positive edges are shown in blue
and negative edges are shown in red.
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W/

Figure 5.6: The signed graph G4.

Figure 5.7: The signed graph Gb.

The third example is the signed graph G6 defined by the weight matrix given by the
following Matlab program:

nn = 24; G6 = diag(ones(l,nn),1); G6 = G6 + G6’;

G6(1,nn+1) = 1; G6(nn+1,1) = 1;

G6(1,2) = -1; G6(2,1) = -1; G6(6,7) = -1; G6(7,6) = -1;
G6(11,12) -1; G6(12,11) -1; G6(16,17) = -1; G6(17,16) = -1;
G6(21,22) = -1; G6(22,21) -1;

The graph obtained by using absolute values in G6 is shown on the left and the graph
obtained by using the signed Laplacian of G6 is shown on the right in Figure 5.8.

The fourth example is the signed graph G7 defined by the weight matrix given by the
following Matlab program:

nn = 26; G7 = diag(ones(l,nn),1); G7 = G7 + G7’;

G7(1,nn+1) = 1; G7(an+1,1) = 1;

G7(1,2) = -1; G7(2,1) = -1; G7(10,11) = -1; G7(11,10) = -1;
G7(19,20) = -1; G7(20,19) = -1;

The graph obtained by using absolute values in G7 is shown on the left and the graph
obtained by using the signed Laplacian of G7 is shown on the right in Figure 5.9.
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Figure 5.8: The signed graph G6.

Figure 5.9: The signed graph G7.

These graphs are all unbalanced. As predicted, nodes linked by negative edges are far
from each other.

Our last example is the balanced graph G1 from Figure 5.1. The graph obtained by using
absolute values in G'1 is shown on the left and the bipartite graph obtained by using the
signed Laplacian of G1 is shown on the right in Figure 5.10.

Figure 5.10: The balanced graph G1.



Chapter 6

Graph Clustering Using Ratio Cuts

In this short chapter, we consider the alternative to normalized cut, called ratio cut, and
show that the methods of Chapters 4 and 5 can be trivially adapted to solve the clustering
problem using ratio cuts. All that needs to be done is to replace the normalized Laplacian
Ly by the unormalized Laplacian L, and omit the step of considering Problem (xx3). In
particular, there is no need to multiply the continuous solution Y by D~'/2. The idea of
ratio cut is to replace the volume vol(A;) of each block A; of the partition by its size, |A;]
(the number of nodes in A;). First, we deal with unsigned graphs, the case where the entries
in the symmetric weight matrix W are nonnegative.

Definition 6.1. The ratio cut Rcut(Ay, ..., Ax) of the partition (A4, ..., Ax) is defined as

K
t(A;, A
Reut(Ay,..., Ag) = Y = (45, 4)
i=1 ’AJ"
As in Section 4.3, given a partition of V' into K clusters (Ay, ..., Ax), if we represent the

jth block of this partition by a vector X7 such that
Xj o a; if v; € Aj
e 0 if V; ¢ Aj,
for some a; # 0, then
(X)) TLX? = a2(cut(4;, ;)
(X)) TX7 = a3|Ay).

Consequently, we have
K

K — ) )
o cut(Aj,Aj) o (XJ)TLX]
RCUt(Al,,AK) —2_1:|A—]| —2_1:<‘X.7)—TX7

103
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On the other hand, the normalized cut is given by
K K . .
t(A;, A; XNHNTLXI

Therefore, ratio cut is the special case of normalized cut where D = [. If we let

X = {[Xl XK XT = a2, o) € {1,0},q; €R, Xj#o}

(note that the condition X7 # 0 implies that a; # 0), then the set of matrices representing
partitions of V' into K blocks is

K:{X:[Xl...XK] ‘ XEX7

(X)X =0, 1<ij<K i#j}

Here is our first formulation of K-way clustering of a graph using ratio cuts, called
problem PRCI1 :

K-way Clustering of a graph using Ratio Cut, Version 1:
Problem PRC1

K

. (X7)TLX
minimize Z W
j=1
subject to (XH'XI =0, 1<4,j<K,i#j,
Xed.

The solutions that we are seeking are K-tuples (P(X'),...,P(X¥)) of points in RPN~
determined by their homogeneous coordinates X*,..., X%, As in Chapter 4, chasing de-
nominators and introducing a trace, we obtain the following formulation of our minimization
problem:

K-way Clustering of a graph using Ratio Cut, Version 2:
Problem PRC2

minimize tr(X LX)
subject to XX =1,
XeX.

The natural relaxation of problem PRC2 is to drop the condition that X € &X', and we
obtain the
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Problem (Rx*;)

minimize tr(X LX)
subject to XTX =1

This time, since the normalization condition is X "X = I, we can use the eigenvalues and
the eigenvectors of L, and by Proposition A.2, the minimum is achieved by any K unit
eigenvectors (uq, ..., ux) associated with the smallest K eigenvalues

O:)\IS)\QSS)\K

of L. The matrix Z =Y = [uy,...,uk] yields a minimum of our relaxed problem (Rx2).
The rest of the algorithm is as before; we try to find @ = RA with R € O(K), A diagonal
invertible, and X € X such that || X — ZQ)|| is minimum.

In the case of signed graphs, we define the signed ratio cut sRcut(Ay,..., Ax) of the
partition (Ay,..., Ak) as

i cut(A hnks j)
sReut(Ay, ..., Ak Z |A | —1—22

7j=1
Since we still have
(XHTLXT = a?(cut(Aj,A_j) + 2links™ (4;, 4;)),

we obtain
i (XI)TLX7

sReut(Ay,..., A XX

Jj=1

Therefore, this is similar to the case of unsigned graphs, with L replaced with L. The same
algorithm applies, but as in Chapter 5, the signed Laplacian L is positive definite iff G is
unbalanced. Modifying the computer program implementing normalized cuts to deal with

ratio cuts is trivial (use L instead of Ly, and don’t multiply Y by Eflﬂ). Generally,
normalized cut seems to yield “better clusters,” but this is not a very satisfactory statement
since we haven’t defined precisely in which sense a clustering is better than another. We
leave this point as further research.
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Appendix A

Rayleigh Ratios and the
Courant-Fischer Theorem

The most important property of symmetric matrices is that they have real eigenvalues and
that they can be diagonalized with respect to an orthogonal matrix. Thus, if A is an
n X n symmetric matrix, then it has n real eigenvalues Ay, ..., \, (not necessarily distinct),
and there is an orthonormal basis of eigenvectors (uy, ..., u,) (for a proof, see Gallier [§]).
Another fact that is used frequently in optimization problem is that the eigenvalues of a
symmetric matrix are characterized in terms of what is known as the Rayleigh ratio, defined
by

' Az

R(A)(x) =

n
pos g reR" x#0.

The following proposition is often used to prove the correctness of various optimization
or approximation problems (for example PCA).

Proposition A.1. (Rayleigh-Ritz) If A is a symmetric n X n matriz with eigenvalues \; <
Ay < oo <N\, and if (uq, ..., uy,) is any orthonormal basis of eigenvectors of A, where u; is
a unit eigenvector associated with \;, then

r' Az \
max =
a0 x'x "

(with the maximum attained for v = u, ), and
r' Ax

max = = A_k
T#0,8€{up_f+1,.sun}t T T

(with the mazximum attained for v = u,_y), where 1 < k < n — 1. Equivalently, if V} is the
subspace spanned by (uy, ..., ux), then

x! Ax
Ay = max ——, k=1,...,n
x#0,2€Vy, X' X

107
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Proof. First, observe that

TA
max - = max{zr' Az |z 'z =1},
z#0 T T
and similarly,
-
x Ax T L T
a —— = ma A € AT N A =1)t.
x¢0’x€{ur£kfl .... o}t I mxx{x z| (€ {Un—pt1 Un} ) A (2 @ )}

Since A is a symmetric matrix, its eigenvalues are real and it can be diagonalized with respect
to an orthonormal basis of eigenvectors, so let (uq, ..., u,) be such a basis. If we write

n
T = Z Tils,
i=1
a simple computation shows that
n
v Ar = Z N
i=1

If 72 =1, then Y7, 22 = 1, and since we assumed that \; < Ay < -+ < \,,, we get

=11
x Ax = 2": Nz <\, (z”: mf) =\,
i=1

=1

Thus,
max {xTAx | x'r = 1} < A\,
X
and since this maximum is achieved for e,, = (0,0, ..., 1), we conclude that
max {z Az |2’z =1} = \,.
xT
Next, observe that © € {u,_gi1,...,un}" and 2’2 = 1 iff 2, 441 = -+ = 1, = 0 and

Z;:lk x? = 1. Consequently, for such an x, we have

n—k n
ol Az = Z Aix? < )\n_k( Z xf) = A\—i.

i=1 i=k+1
Thus,
max {z" Az | (2 € {Un—ps1, - U} ) A (T2 = 1)} < Ay,
x
and since this maximum is achieved for e, , = (0,...,0,1,0,...,0) with a 1 in position

n — k, we conclude that
max {z' Az | (z € {un_ps1,-. -, U} ) A (T2 =1)} = Ay,

as claimed. n
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For our purposes, we also need the version of Proposition A.1 applying to min instead of
max, whose proof is obtained by a trivial modification of the proof of Proposition A.1.

Proposition A.2. (Rayleigh-Ritz) If A is a symmetric n X n matriz with eigenvalues Ay <
Ay <o <N\, and if (uq, ..., uy) is any orthonormal basis of eigenvectors of A, where u; is
a unit eigenvector associated with \;, then

.z Az \
min =
x#0 ITZE !
(with the minimum attained for xr = uy), and
x' Az

min =
r£0,x€{ut,cui—1}+ T T

(with the minimum attained for x = u;), where 2 < i < n. Equivalently, if W), = V-,
denotes the subspace spanned by (uy, ..., u,) (with Vo = (0)), then

. ' Ax . x ! Ax
AL, = min —— = min -
z#£0,2€Wr T'T z£0,2€VEE, T X

k=1,...,n.

Propositions A.1 and A.2 together are known as the Rayleigh—Ritz theorem.

As an application of Propositions A.1 and A.2, we give a proof of a proposition which is
the key to the proof of Theorem 3.2. First, we need a definition. Given an n X n symmetric
matrix A and an m x m symmetric B, with m < n, if \; < Ay <--- < A, are the eigenvalues
of Aand puy < pg < --- < p,, are the eigenvalues of B, then we say that the eigenvalues of
B interlace the eigenvalues of A if

)\igﬂié)\n_m_ﬂ', z:l,,m

The following proposition is known as the Poincaré separation theorem; see Horn and John-
son [13], Section 4.3, Corollary 4.3.16.

Proposition A.3. Let A be an n X n symmetric matriz, R be an n X m matriz such that
R'R =1 (withm < n), and let B= R"AR (an m x m matriz). The following properties
hold:

(a) The eigenvalues of B interlace the eigenvalues of A.

(b) If Ay < Ay < -+ < N, are the eigenvalues of A and py < po < -+ < U, are the
eigenvalues of B, and if \; = p;, then there is an eigenvector v of B with eigenvalue
Wi such that Rv is an eigenvector of A with eigenvalue ;.
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Proof. (a) Let (uq, ..., u,) be an orthonormal basis of eigenvectors for A, and let (vy, ..., v,,)
be an orthonormal basis of eigenvectors for B. Let U; be the subspace spanned by (u1, .. ., u;)
and let V; be the subspace spanned by (vy,...,v;). For any 7, the subpace V; has dimension

i and the subspace R'U;_; has dimension at most i — 1. Therefore, there is some nonzero
vector v € V; N (RTU;_1)*, and since

v Ry = (Rv) u; =0, j=1,...,i—1,
we have Rv € (U;_;)*. By Proposition A.2 and using the fact that RTR = I, we have
T T
\ < (Rv)' ARv _ v Bv.
~ (Rv)"Ruv vy
On the other hand, by Proposition A.1,

x"Bx x'Bx
W = max = max
2£0,2E{Vi 41, 0n T xTx z#0,2€{v1,...,v; } xlx’
SO -
w' Bw
<yu; forallw eV,
T )
w'w

and since v € V;, we have

v’ Bv

vl

Alg S,ul, z:l,,m

We can apply the same argument to the symmetric matrices —A and —B, to conclude that

—An—mti < —Hi,
that is,
Mig)\n_m.g.i, i:1,...,m.
Therefore,
i < < My, 1=1,...,m,
as desired.

(b) If A\; = p;, then
\ = (Rv)"ARv _v'Buv 4
" (Rv)TRv  vTv Ha
so v must be an eigenvector for B and Rv must be an eigenvector for A, both for the
eigenvalue \; = ;. O]

Observe that Proposition A.3 implies that
MA -+ A Str(RTAR) € Mg + -+ + M.
The left inequality is used to prove Theorem 3.2.

For the sake of completeness, we also prove the Courant—Fischer characterization of the
eigenvalues of a symmetric matrix.
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Theorem A.4. (Courant—Fischer) Let A be a symmetric n X n matriz with eigenvalues
A< A < - <N, and let (ug, ..., up) be any orthonormal basis of eigenvectors of A,
where u; is a unit eigenvector associated with ;. If Vi denotes the set of subspaces of R" of
dimension k, then

o T Az
AL, = max min =
Wevn7k+1 ceWax#0 T'XT
x' Ax

A, = min max —.
WeVy zeWa#0 x'X

Proof. Let us consider the second equality, the proof of the first equality being similar.
Observe that the space V) spanned by (u1, ..., u;) has dimension k, and by Proposition A.1,
we have

x| Ax ' Ax

A = 1max — > min max —
r#0,2€Vy T ' T WeVy zeWz£0 ' X

Therefore, we need to prove the reverse inequality; that is, we have to show that

x Ax
A < max -
x#0,2eW ' X

, forall W eV,

Now, for any W € V, if we can prove that WNV,-, # (0), then for any nonzerov € WNV,: |,
by Proposition A.2 , we have
x Az vl Av v’ Ax

AL, = min — < —=— < max =—.
cA0@eVE, X' T vl TeEWz£0 ' 1

It remains to prove that dim(W NV,t,) > 1. However, dim(V,_1) = k — 1, so dim(V;1,) =
n —k+ 1, and by hypothesis dim(W) = k. By the Grassmann relation,

dim(W) + dim(V,=,) = dim(W N VL) + dim(W + V,.5,),
and since dim(W + V;- ) < dim(R") = n, we get
k4+n—k+1<dm(WnVE)+n;

that is, 1 < dim(W N V;-,), as claimed. O
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Appendix B

Riemannian Metrics on Quotient
Manifolds

In order to define a metric on the projective space RP", we need to review a few notions of
differential geometry. First, we need to define the quotient M /G of a manifold by a group
acting on M. This section relies heavily on Gallot, Hulin, Lafontaine [9] and Lee [17], which
contain thorough expositions and should be consulted for details.

Definition B.1. Recall that an action of a group G (with identity element 1) on a set X is
amap v: G x X — X satisfying the following properties:

(1) v(1,z) =z, for all x € X.

(2) v(g1,7(92,2)) = ¥(9192, %), for all g1, 9> € G, and all z € X.
We usually abbreviate v(g,x) by g - z.

If X is a topological space and G is a topological group, we say that the action is
continuous iff the map ~ is continuous. In this case, for every g € G, the map x — g - z is
a homeomorphism. If X is a smooth manifold and G is a Lie group, we say that the action
is smooth iff the map v is smooth. In this case, for every ¢ € G, the map z — g -z is a
diffeomorphism.

Remark: To be more precise, what we have defined in Definition B.1 is a left action of the
group G on the set X. There is also a notion of a right action, but we won'’t need it.

The quotient of X by G, denoted X/G, is the set of orbits of G; that is, the set of
equivalences classes of the equivalence relation ~ defined such that, for any =,y € X,

r~y iff (geG)y=g-2).
The orbit of x € X (the equivalence class of x) is the set
O(z) ={g-x|g€G},

113



114 APPENDIX B. RIEMANNIAN METRICS ON QUOTIENT MANIFOLDS

also denoted by G - z. If X is a topological space, we give X/G the quotient topology.
For any subset V' of X and for any g € GG, we denote by gV the set

gV ={g-z|xeV}

One problem is that even if X is Hausdorff, X/G may not be. Thus, we need to find
conditions to ensure that X/G is Hausdorff.

By a discrete group, we mean a group equipped with the discrete topology (every subset
is open). In other words, we don’t care about the topology of G! The following conditions
prove to be useful.

Definition B.2. Let -: G x X — X be the action of a group G on a set X. We say that G
acts freely (or that the action is free) iff for all g € G and all z € X, if g # 1 then g -z # x.

If X is a locally compact space and G is a discrete group acting continuously on X, we
say that G acts properly (or that the action is proper) iff

(i) For every x € X, there is some open subset V' with x € V such that gV NV # () for
only finitely many g € G.

(ii) For all z,y € X, if y ¢ G -z (y is not in the orbit of z), then there exist some open
sets V,W with z € V and y € W such that gV "W =0 for all g € G.

The following proposition gives necessary and sufficient conditions for a discrete group
to act freely and properly often found in the literature (for instance, O’Neill [18], Berger and
Gostiaux [3], and do Carmo [6], but beware that in this last reference Hausdorff separation
is not required!).

Proposition B.1. If X is a locally compact space and G is a discrete group, then a smooth
action of G on M s free and proper iff the following conditions hold:

(i) For every x € X, there is some open subset V with x € V' such that gV NV =0 for
all g € G such that g # 1.

(ii) For all x,y € X, ify ¢ G -x (y is not in the orbit of x), then there exist some open
sets V.W with x € V and y € W such that gV "W =0 for all g € G.

Proof. Condition (i) of Proposition B.1 implies condition (i) of Definition B.2, and condition
(ii) is the same in Proposition B.1 and Definition B.2. If (i) holds, then the action must be
free since if g - # = x, then gV NV # (), which implies that g = 1.

Conversely, we just have to prove that the conditions of Definition B.2 imply condition
(i) of Proposition B.1. By (i) of Definition B.2, there is some open subset U containing x
and a finite number of elements of G, say g1, ..., gm, with g; # 1, such that

gUNU#D, i=1,...,m.
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Since our action is free and g; # 1, we have g; - x # z, so by Hausdorff separation, there exist
some open subsets W;, W/, with z € W; and ¢;-x € W/, such that W;,nW/ =0,i=1,...,m.
Then, if we let

v=wn(oringw)),
i=1
we see that VN g;V = 0, and since V. C W, we also have VNgV = () for all other g € G. [

Remark: The action of a discrete group satisfying the properties of Proposition B.1 is
often called “properly discontinuous.” However, as pointed out by Lee ([17], just before
Proposition 9.18), this term is self-contradictory since such actions are smooth, and thus
continuous!

We also need covering maps.

Definition B.3. Let X and Y be two topological spaces. A map 7m: X — Y is a covering
map iff the following conditions hold:

(1) The map 7 is continuous and surjective.

(2) For every y € Y, there is some open subset W C Y with y € W, such that
~—w)=Ju,
iel
where the U; C X are pairwise disjoint open subsets such that the restriction of 7 to
U; is a homeomorphism for every i € I.

If X and Y are smooth manifolds, we assume that 7 is smooth and that the restriction of m
to each U; is a diffeomorphism.

Then, we have the following useful result.

Theorem B.2. Let M be a smooth manifold and let G be discrete group acting smoothly,
freely and properly on M. Then there is a unique structure of smooth manifold on M/G
such that the projection map w: M — M /G is a covering map.

For a proof, see Gallot, Hulin, Lafontaine [9] (Theorem 1.88) or Lee [17] (Theorem 9.19).

Real projective spaces are illustrations of Theorem B.2. Indeed, if M is the unit n-
sphere S™ C R"™! and G = {I,—1I}, where —I is the antipodal map, then the conditions of
Proposition B.1 are easily checked (since S™ is compact), and consequently the quotient

RP" = 5" /G
is a smooth manifold and the projection map 7: S™ — RP" is a covering map. The fiber
7 !([z]) of every point [z] € RP" consists of two antipodal points: x, —z € S™.

The next step is see how a Riemannian metric on M induces a Riemannian metric on
the quotient manifold M/G.
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Definition B.4. Given any two Riemmanian manifolds (M, g) and (N, k) a smooth map
f: M — N is a local isometry iff for all p € M, the tangent map df,: T,M — T N is an
orthogonal transformation of the Euclidean spaces (T,M, g,) and (TN, hyy)). Further-
more, if f is a diffeomorphism, we say that f is an isometry.

The Riemannian version of a covering map is the following:

Definition B.5. Let (M, g) and (IV,h) be two Riemannian manifolds. A map 7: M — N
is a Riemannian covering map iff the following conditions hold:

(1) The map = is a smooth covering.

(2) The map 7 is a local isometry.

The following theorem is the Riemannian version of Theorem B.2.

Theorem B.3. Let (M, h) be a Riemannian manifold and let G be discrete group acting
smoothly, freely and properly on M, and such that the map x — o - x is an isometry for all
o € G. Then there is a unique structure of Riemannian manifold on N = M/G such that
the projection map w: M — M /G is a Riemannian covering map.

Proof sketch. For a complete proof see Gallot, Hulin, Lafontaine [9] (Proposition 2.20). To
define a Riemannian metric g on N = M /G we need to define an inner product g, on the
tangent space T,N for every p € N. Pick any ¢; € 7 '(p) in the fibre of p. Because 7 is a
Riemannian covering map, it is a local diffeomorphism, and thus dn,, : T,, M — T,M is an
isometry. Then, given any two tangent vectors u,v € T,N, we define their inner product
9gp(u,v) by

9p(u, v) = hy, (drry, ' (u), drr ! ().

Now, we need to show that g, does not depend on the choice of ¢z € 7 *(p). So, let
¢2 € m (p) be any other point in the fibre of p. By definition of N = M/G, we have
g2 = g - q1 for some g € G, and we know that the map f: ¢ — ¢ - ¢ is an isometry of M.
Now, since m = 7 o f we have

dwfh - dﬂ-q2 © del?

and since dmg, : T, M — T,M and dny,: Ty, M — T,M are isometries, we get
cl7rq_21 =dfg o d7rq_11.
But df,, : T,, M — T,,M is also an isometry, so
gy (dr,' (), Ay, (v)) = ho, (dfy, (dry, (w)), dfy, (A, (0))) = h, (dry,! (u), dry,* (v)).

Therefore, the inner product g, is well defined on T, N. O]
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Theorem B.3 implies that every Riemannian metric g on the sphere S™ induces a Rieman-
nian metric g on the projective space RP", in such a way that the projection 7: S™ — RP"
is a Riemannian covering. In particular, if U is an open hemisphere obtained by removing
its boundary S™~! from a closed hemisphere, then 7 is an isometry between U and its image
RP" — 7(S"~!) ~ RP" — RP"!.

We also observe that for any two points p = [z| and ¢ = [y] in RP", where z,y € S™, if
x -y = cosf, with 0 < 6 <, then there are two possibilities:

1. -y >0, which means that 0 < 60 < /2, or
2. x -y < 0, which means that 7/2 < 0 < 7.

In the second case, since [—y| = [y] and = - (—y) = —x -y, we can replace the representative y
of ¢ by —y, and we have z - (—y) = cos(m —0), with 0 < 7 — 0 < 7/2. Therefore, in all cases,
for any two points p, ¢ € RP", we can find an open hemisphere U such that p = [z],q = [y],
x,y € U, and x -y > 0; that is, the angle § > 0 between x and y is at most 7/2. This fact
together with the following simple proposition will allow us to figure out the distance (in the
sense of Riemannian geometry) between two points in RP".

Proposition B.4. Let m: M — N be a Riemannian covering map between two Riemannian
manifolds (M, g) and (N,h). Then, the geodesics of (N, h) are the projections of geodesics
in (M,g) (i.e., curves mo~y in (N, h), where v is a geodesic in (M,g)), and the geodesics of
(M, g) are the liftings of geodesics in (N,h) (i.e., curves vy of (M,g), such that w o~y is a
geodesic in (N, h)).

The proof of Proposition B.4 can be found in Gallot, Hulin, Lafontaine [9] (Proposition
2.81).

Now, if (M, g) is a connected Riemannian manifold, recall that we define the distance
d(p, q) between two points p,q € M as

d(p,q) = inf{L(7) [ 7: 0,1} = M},

where v is any piecewise C!-curve from p to ¢, and

Liy) = / Va7 0) dt

is the length of v. It is well known that d is a metric on M. The Hopf-Rinow Theorem
(see Gallot, Hulin, Lafontaine [9], Theorem 2.103) says among other things that (M, g)
is geodesically complete (which means that every geodesics v of M can be extended to a
geodesic ¥ defined on all of R) iff any two points of M can be joined by a minimal geodesic
iff (M, d) is a complete metric space. Therefore, in a complete (connected) manifold

d(p,q) = inf{L(y) | v: [0,1] = M is a geodesic}.
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In particular, compact manifolds are complete, so the distance between two points is the
infimum of the length of minimal geodesics joining these points.

Applying this to RP" and the canonical Euclidean metric induced by R™"*!, since geodesics
of S™ are great circles, by the discussion above, for any two points p = [z] and ¢ = [y] in
RP", with z,y € S™, the distance between them is given by

cosHz-y) ifx-y>0
cosH(—z-y) ifx-y<O.

d(p, q) = d([z], [y]) = {

Here cos™!(z) = arccos(z) is the unique angle 6 € [0, 7] such that cos(f) = 2. Equivalently,

d([z], [y]) = cos™ (| - yl),
and
d([z], [y]) = min{cos™ (z - y),m — cos™!(z - y)}.
If the representatives z,y € R"™! of p = [z] and ¢ = [¢] are not unit vectors, then

il ) = cos™ (1510 )

[l Iyl

Note that 0 < d(p,q) < 7/2.

Now, the Euclidean distance between = and y on S™ is given by
lz = yll5 = llzll; + llyll; = 22 -y = 2 — 2cos § = 4sin®(6/2).

Thus,
|z —y|l, = 2sin(6/2), 0<6<m.

It follows that for any x € S™, and for any subset A C S™, a point a € A minimizes
the distance dgn(z,a) = cos™'(x - a) = 6 on S™ iff it minimizes the Euclidean distance
|z — al|, = 2sin(#/2) (since 0 < # < 7). Then, on RP", for any point p = [z] € RP" and
any A C RP", a point [a] € A minimizes the distance d([z], [a]) on RP" iff it minimizes
min{||z —al,, ||z + all,}. So, we are looking for [b] € A such that

min{[lz —bll,, [l + bll,} = Eg]légmin{ﬂx —ally, [z +ally}

= min{min [z — afl, , min |l + af,}

If the subset A C S™ is closed under the antipodal map (which means that if z € A, then
—x € A), then finding min,e 4 d([z], [a]) on RP" is equivalent to finding min,e4 ||z — al|,, the
minimum of the Euclidean distance. This is the case for the set X in Section 4.2 and the set
K in Section 4.3.
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