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1. Introduction

Clustering, or partitioning into dissimilar groups of similar items, is a problem with
many variants in mathematics and the applied sciences. The availability of vast
amounts of data has revitalized research on the problem. Over the years, several
clever heuristics have been invented for clustering. While many of these heuristics
are problem-specific, the method knowrspsctral clusterindpas been applied suc-
cessfully in a variety of different situations. Roughly speaking, spectral clustering
is the technique of partitioning the rows of a matrix according to their compo-
nents in the top few singular vectors of the matrix (see Section 1.1 for a detailed
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description). The main motivation of this article was to analyze the performance
of spectral clustering. Such an evaluation, however, is inextricably linked to the
question of how to measure the quality of a clustering. The justification provided
by practitioners is typically case-by-case and experimental (“it works well on my
data”). Theoreticians, meanwhile, have been busy studying quality measures that
are seductively simple to define (e krmedian, minimum sum, minimum diameter,

etc.). The measures thus far analyzed by theoreticians are easy to fool, that is, there
are simple examples where the “right” clustering is obvious but optimizing these
measures produces undesirable solutions (see Section 2). Thus, neither approach
has been entirely satisfactory.

In this article we propose a new bicriteria measure of the quality of a clustering,
based on expansion-like properties of the underlying pairwise similarity graph. The
quality of a clustering is given by two parametezsthe minimumconductance
of the clusters and, the ratio of the weight of inter-cluster edges to the total
weight of all edges. The objective is to find an €)-clustering that maximizes
o and minimizes. Note that the conductance provides a measure of the quality
of an individual cluster (and thus of the overall clustering) whilst the weight of
the inter-cluster edges provides a measure of the cost of the clustering. Hence,
imposing a lower boundy, on the quality of each individual cluster we strive to
minimize the costg, of the clustering; or conversely, imposing an upper bound
on the cost of the clustering we strive to maximize its quality. In Section 2, we
motivate the use of this more complex, bicriteria measure by showing that it does
not have the obvious drawbacks of the simpler quality measures.

While the new measure might be qualitatively attractive, it would be of little
use if optimizing it were computationally intractable. In Section 3, we study a
recursive heuristic designed to optimize the new measure. Although finding an
exact solution is NP-hard, the algorithm is shown to have simultaneous poly-
logarithmic approximations guarantees for the two parameters in the bicriteria
measure (Corollary 3.2).

In Section 4, we turn to spectral algorithms for clustering. These algorithms are
popular in part because of their speed (see Section 5) and applicability in a variety
of contexts [Alpert et al. 1999; Dhillon 2001; Shi and Malik 2000; Weiss 1999;
Eigencluster]. However, while performing quite well in practice, they had hitherto
eluded a rigorous worst-case analysis. This could be attributed to the fact that
existing measures of quality have serious drawbacks, and did not capture the quality
of the algorithm; even an exact algorithm for optimizing these measures might
do poorly in many practical settings. We show that a simple recursive variant of
spectral clustering has effective worst-case approximation guarantees with respect
to the bicriteria measure (Corollary 4.2). It is worth noting that both our worst-case
guarantees follow from the same general theorem (see Theorem 3.1 in Section 3).
Another variant of spectral clustering has the following guarantee: if the input data
has arathergood clustering (i@is large and is small), then the spectral algorithm
will find a clustering that is “close” to the optimal clustering (Theorem 4.3).

1.1. S’ECTRAL CLUSTERING ALGORITHMS. Spectral clustering refers to the
general technique of partitioning the rows of a matrix according to their components

L Conductance will be defined precisely in Section 2; it measures how well-knit a graph is.
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in the top few singular vectors of the matrix. The underlying problem, that of clus-
tering the rows of a matrix, is ubiquitous. We mention three special cases that are
all of independent interest:

—The matrix encodes the pairwise similarities of vertices of a graph.

—The rows of the matrix are points in ddimensional Euclidean space. The
columns are the coordinates.

—The rows of the matrix are documents of a corpus. The columns are terms. The

(i, j) entry encodes information about the occurrence ofjtheerm in theith
document.

Given a matrixA, the spectral algorithm for clustering the rows Afis given
below.

’Spectral Algorithm I ‘

Find the top K right singular vectors Vi, V..., Vi .
Let C be the matrix whose jth column is given by Avj.
Place row i in cluster j if Cj; is the largest entry in the ith row of C.

The algorithm has the following interpretatié@uppose the rows & are points
in a high-dimensional space. Then the subspace defined by theityigt singular
vectors ofAis the rankk subspace that best approximafed he spectral algorithm
projects all the points onto this subspace. Each singular vector then defines a cluster;
to obtain a clustering we map each projected point to the (cluster defined by the)
singular vector that is closest to it in angle.

In Section 4, we study a recursive variant of this algorithm.

2. What is a Good Clustering?

How good is the spectral algorithm? Intuitively, a clustering algorithm performs
well if points that are similar are assigned the same cluster and points that
are dissimilar are assigned to different clusters. Of course, this may not be pos-
sible to do for every pair of points, and so we compare the clustering found by the
algorithm to theoptimal one for the given matrix. This, though, leads to another
guestion: what exactly is an optimal clustering? To provide a quantitative answer,
we first need to define a measure of the quality of a clustering. In recent years,
several combinatorial measures of clustering quality have been investigated in de-
tail. These includeninimum diameter, k-center, k-mediamdminimum sunge.qg.,
Charikar et al. [1997, 1999], Dyer and Frieze [1985], Indyk [1999], and Jain and
Vazirani [2001], and others.)

Allthese measures, although mathematically attractive due to their simplicity, are
easy to fool. That is, one can construct examples with the property that the “best”
clustering is obvious and yet an algorithm that optimizes one of these measures
finds a clustering that is substantially different (and therefore unsatisfactory). Such
examples are presented in Figures 1 and 2, where the goal is to partition the points

2Computationally, it is useful to note that théh column ofC is also given by ju;; herex; is the
jth singular value ofA anduj; is the jth left singular vector.
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Fic. 1. Optimizing the diameter produces B while A is clearly more desirable.

FiG. 2. The inferior clustering B is found by optimizing the 2-median measure.

into two clusters. Observe that all the measures given above seek to minimize some
objective function. In the figures, nearby points (which represent highly similar
points) induce low cost edges; points that are farther apart (and represent dissimilar
points) induce high cost edges.

Consider a clustering that minimizes the maximum diameter of the clusters; the
diameter of a cluster being the largest distance, say, between two points in a cluster.
It is NP-hard to find such a clustering, but this is not our main concern. What
is worrisome about the example shown in Figure 1 is that the optimal solution
(B) produces a cluster which contains points that should have been separated.
Clustering with respect to the minimum sum dadenter measures will produce
the same result. The reason such a poor cluster is produced is that although we
have minimized the maximum dissimilarity between points in a cluster, this was
at the expense of creating a cluster with many dissimilar points. The clustering
(A) on the other hand, although it leads to a larger maximum diameter, say, is
desirable since it better satisfies the goal of “similar points together and dissimilar
points apart”. This problem also arises for #tamedian measure (see, e.g., the case
shown in Figure 2); it may produce clusters of poor quality.

We will find it more convenient to model the input as a similarity graph rather
than as a distance graph. This is indeed often the case in practice. Thus the input
is an edge-weighted complete graph whose vertices need to be partitioned. The
weight of an edge;; represents the similarity of the vertices (pointapdj. Thus,
the graph for points in space would have high edge weights for points that are
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Fic. 3. The second subgraph is of higher quality as a cluster even though it has a smaller minimum
cut.

close together and low edge weights for points that are far apart. So the graph is
associated with an x n symmetric matrixA with entriesaij : here we assume that
theaj; are nonnegative.

Let us now return to the question of what a good clustering is. The quality of a
cluster should be determined by how similar the points within a cluster are. Note
that each cluster is represented by a subgraph. In particular, if there is a cut of small
weight that divides the cluster into two pieces of comparable size then the cluster
has lots of pairs of vertices that are dissimilar and hence it is of low quality. This
might suggest that the quality of a subgraph as a cluster is the minimum cut of the
subgraph. However, this is misleading as is illustrated by Figure 3. In this example
edges represent high-similarity pairs and non-edges represent pairs that are highly
dissimilar. The minimum cut of the first subgraph is larger than that of the second
subgraph. This is because the second subgraph has low degree vertices. However,
the second subgraph is a higher quality cluster. This can be attributed to the fact
that in the first subgraph there is a cut whose weight is smalalive to the sizes of
the pieces it create#\ quantity that measures the relative cut size isstkigansion
The expansion of a graph is the minimum ratio over all cuts of the graph of the total
weight of edges of the cut to the number of vertices in the smaller part created by
the cut. Formally, we denote the expansion of a 885) by:

_ D ics jgs ]
min(|S|, |S])

We say that the expansion of a graph is the minimum expansion over all the cuts of
the graph. Our first measure of quality of a cluster is the expansion of the subgraph
corresponding to it. The expansion of a clustering is the minimum expansion of
one of the clusters.

The measure defined above gives equal importance to all the vertices of the
given graph. This, though, may lead to a rather taxing requirement. For example, in
order to accommodate a vertewith very little similarity to all the other vertices
combined (i.e.Zj aj is small), ther will have to be very low. Arguably, itis more
prudent to give greater importance to vertices that have many similar neighbors and
lesser importance to vertices that have few similar neighbors. This can be done by
a direct generalization of the expansion, calleddbeductancgin which subsets
of vertices are weighted to reflect their importance.

The conductance of a cug(S) in G is denoted by:

Yics jgsdi
min(@(9), a(9)’

¥ (9

¢(S =
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FiG. 4. Assigning the outliers leads to poor quality clusters.

Herea(S) = a(S,V) = > ics X jev ajj. The conductance of a graph is the min-
imum conductance over all the cuts of the gragp(G) = minscy ¢(S). In order

to quantify the quality of a clustering, we generalize the definition of conductance
further. Take a cluste€ € V and acut§, C\S) within C, whereS C C. Then we

say that theonductancef Sin C is:

_ Yiesjec\sdj
(5.C) = Hin@S.aC\ 9)

The conductance(C) of a clusteIC will then be the smallest conductance of a cut
within the cluster. The conductance of a clustering is the minimum conductance
of its clusters. This conductance measure seems extremely well suited to achieve
our intuitive goal, that is, clustering similar points and separating dissimilar points.
We then obtain the following optimization problem: given a graph and an inte-
gerk, find ak-clustering with the maximum conductance. Notice that optimizing
the expansion/conductance gives the right clustering in the examples of Figures 1
and 2. To see this assume, for example, that the points induce an unweighted
graph (i.e. zero-one edge weights). Thus, a pair of vertices induces an edge if and
only if the two vertices are close together. Clustering (A) will then be obtained in
each example.

There is still a problem with the above clustering measure. The graph might
consist mostly of clusters of high quality and maybe a few points that create clusters
of very poor quality, so that any clustering necessarily has a poor overall quality
(since we have defined the quality of a clustering to be the minimum over all the
clusters). In fact, to boost the overall quality, the best clustering might create many
clusters of relatively low quality so that the minimum is as large as possible. Such
an example is shown in Figure 4.

One way to handle the problem might be to avoid restricting the number of
clusters. But this could lead to a situation where many points are in singleton (or
extremely small) clusters. Instead, we measure the quality of a clustering using two
criteria, the first is the minimum quality of the clusters (calgdand the second
is the fraction of the total weight of edges that are not covered by the clusters
(callede).

Definition 2.1. We call a partitiofC,, C,, ... , G} of V an (, €)-clustering
if :
(1) The conductance of ea€h is at least.

(2) The total weight of intercluster edges is at mostdraction of the total edge
weight.
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Thus, we obtain a bicriteria measure of the quality of a clustering. Associated with
this bicriteria measure is the following optimization problem (note that the number
of clusters is not restricted).

Problem1. Givene, find an ¢, €)-clustering that minimizes (alternatively,
givene, find an ¢, €)-clustering that maximizes).

It is not hard to see that optimizing this measure of cluster quality, does
well on the earlier “bad” examples. While it is impossible for any measure
to be universally theight measure, an important question is to find the class
of applications for which the proposed measure is suitable. Empirical results
suggest that the bicriteria measure seems natural for a variety of applications.
The focus of the rest of this paper, however, is to consider the measure from
a theoretical standpoint and to examine in detail the performance of spectral
clustering algorithms.

It may be noted that there is a monotonic functibthat represents the optimal
(o, €) pairings. For example, for eaehthere is a minimum value af, equal to
f(«), such that and| €)-clustering exists. In the following sections, we present
two approximation algorithms for the clustering property. One nice characteristic
of these algorithms is that in a single application they can be used to obtain an
approximationf’ for the entire functionf, not just for f evaluated at a single
point. Thus the user need not specify a desired valuemfe a priori. Rather, the
desired conductance/cost trade-off may be determined after consideration of the
approximation functionf’.

3. Approximation Algorithms

Problem 1 is NP-hard. To see this, consider maximizirnghilst settinge to zero.

This problem is equivalent to finding the conductance of a given graph, which is
well known to be NP-hard [Garey and Johnson 1979]. Here, we present a simple
heuristic and provide worst-case approximation guarantees for it.

’ Approximate-Cluster Algorithm ‘

Find a cut that approximates the minimum conductance cut in G.
Recurse on the pieces induced by the cut.

The idea behind our algorithm is simple. Givénfind a cut §, S) of minimum
conductance. Then, recurse on the subgraphs induc8&dhyS. Finding a cut of
minimum conductance is hard, and hence we need to use an approximately mini-
mum cut. There are two well-known approximations for the minimum conductance
cut, one is based on a linear programming relaxation and the other is derived from
the second eigenvector of the graph. Before we discuss these approximations, we
prove a general theorem for general approximation heuristics.

Let.A be an approximation algorithm that produces a cut of conductance at most
K x" if the minimum conductance is whereK is independent of (e.g.,K could
be a function oh) andv is a fixed constant between between 0 and 1. The following
theorem (which is the main theorem of this article) provides a guarantee for the
approximate-cluster algorithm usiogas a subroutine.
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THEOREM 3.1. If G has an(«, €)-clustering, then the approximate-cluster al-
gorithm will find a clustering of quality

a N\ n

PROOF. Letthe cuts produced by the algorithm I8,(T1), (S, T2), ..., where
we adopt the convention th&; is the “smaller” side (i.e.a(S;) < a(T;)). Let
Cl, C,,...C be an &, €)-clustering. We use the termination conditionodf =

. We will assume that we apply the recursive step in the algorithm only if

tGhe tonductance of a given piece as detected by the heuristic for the minimum
conductance cut is less thafi. In addition, purely for the sake of analysis we
consider a slightly modified algorithm. If at any point we have a cluStavith the
property tha(C;) < a(V) then we splitC; into singletons. The conductance of
singletons is defined to be 1. Then, upon termination, each cluster has conductance

at least
a* 1/v B o 1/v
K ~ \6Klog? '

Thus, it remains to bound the weight of the intercluster edges. Observa(that
is twice the total edge weight in the graph, ande= 5 a(V) is the weight of the
intercluster edges in this optimal solution.

Now we divide the cuts into two groups. The first grotfa,consists of cuts with
“high” conductance within clusters. The second group consists of the remaining
cuts. We will use the notation(S;, Tj) = > .5 vet, @uv- In addition, we denote

by w,(§;, T;) the sum of the weights of the intracluster edges of the 8utT;),
that is,w,(S§;, Tj) = Z!:l w(S; N Ci, T; N C;). We then set

|
H=1j:w(S.T)=2") min@(S NG, a(T mci))}.
i=1

We now bound the cost of the high conductance group. FgralH, we have,

«a(S) = WS, T) = w(S. Tj) = 2* > min@(S; N Ci), a(T; N C)).
i
Consequently, we observe that
. 1
> min@(§ N G). a(T; N G)) < 5a(S)
i

From the algorithm’s cutg(S;, T;)}, and the optimal clusteringC; }, we define

a new clustering via a set of cut¢S, T;)} as follows: For eachi € H, we
define a cluster-avoiding cug(, T/) in §; U Tj in the following manner: For each

L 1<i <l ifa(§ NGCi) > a(T; NC;), then place all of § U T;) N C; into S] If
a(§NGi) < a(T;NGj), thenplace all of§ UT;)NC; into T{. An example is given

in Figure 5, where the original cut is shown by the solid Iine and the cluster-avoiding
cut by the dashed I|ne Notice that, sine€S;) — a(S))| < a(S,) we have that
mm(a(S) a(T ) > a(SJ) Now we will use the apprOX|mat|on guarantee for the
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S’

i

3
1
1
1

FiG. 5. The proof of Theorem 3.1.

cut procedure to get an upper boundve(s;, Tj) in terms ofw(S;, T).
w(Sj, Tj) <K W(S; ) TJ/) v
a(§) min{a(S§)), a(Tj)}
K (_2""(31’ Tj/))u.
- a(s)

Hence, we have bounded the overall cost of the high conductance cuts with respect
to the cost of the cluster-avoiding cuts. We now bound the cost of these cluster-
avoiding cuts. LetP(S) denote the set of intercluster edges incident at a vertex
in S, for any subses of V. Also, for a set of edgeB, let w(F) denote the sum

of their weights. Thenw(S, T{) < w(P(S))), since every edge ir§, T/) is an
intercluster edge. So we have,

w(S;, Tj) < K(2w(P(S))) a(S)* . 1)
Next we prove the following claim.

CLAIM 1. For each vertex e V, there are at modog 2 values of j such that u
belongs to § Further, there are at mostlog 2 values of j such that u belongs to

S.

PROOF.  To prove the claim, fix a vertex € V. Let
lu={j:ueS} J={j:ue§\S)
Clearly, ifu e § N & (with k > j), then &, Tx) must be a partition o§; or a
subset ofS;. Now we havea(S) < 2a(S U Ti) < 3a(S)). Soa(S;) reduces by a
factor of 2 or greater between two successive timbslongs taS;. The maximum
value ofa(§) is at mosta(V) and the minimum value is at leaga(V), so the first
statement of the claim follows.

Now supposg, k € J,; ] < k. Suppose alsa € C;. Thenu € T; N C;. Also,
later, T; (or a subset of;) is partitioned into &, Ty) and, sincau € § \ S, we
havea(Ty N Ci) < a(S N Cj). Thusa(Tk N C) < 2a(S U T) < 1a(T; N Cy).
Thusa(T; NC;) halves between two successive times thatJ,. So,[J,| < log 2.
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FiG. 6. Proof of Claim 1.

This proves the second statement in the claim (s'm(eeSj implies thatu € S;
oru € § \ §). These concepts are shown pictorially in Figure 6, where the cuts
(S, Tj) and &, Tk) are represented by solid lines and the c&s T;) and &, Ty)
by dashed lines.

Using this claim, we can bound the overall cost of the group of cuts with high
conductance within clusters with respect to the cost of the optimal clustering as
follows:

D ow(S.T) < ) K (2w(P(S)))" a(s)

jeH all j

v 1-v
K (ZZw(P(Sﬁ») (Za(&))

all i

IA

IA

K <2€ log g a(V))v (2 Iogg a(V)) -
< 2Ke'log 2 a(V). 2

Here, we used blder’s inequality.

Next, we deal with the group of cuts with low conductance within clusters that is,
thosej notinH. First, suppose that all the cuts together induce a partiti@h ioito
P, P, .. P' Every edge between two vertices@ that belongs to different
sets of the partmon must be cut by some c8t, (Tj) and, conversely, every edge
of every cut § N C;, T; N C;) must have its two end points in different sets of the
partition. So, given that; has conductanae, we obtain

1 - i
D W(SNC.TiNG) = 53 w(P.Ci\F)
s=1

all j
> %a Z min@(P;), a(Ci \ Pl)).

For each vertexi € C; there can be at most Idgvalues ofj such thau belongs
to the smaller (according t&x-)) of the two sets5; N C; andT; N C;. So, we have
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that

i min(a(P.), a(Ci \ P!)) > | i N Ci), a(T; N Cy)).
s=1

Thus,

D WS T) = s 2Iog Zme(a(s, NG, a(T; N C)).

all j

Therefore, from the definition dfl, we have

D ow(S,T)) < 2a*Zme(a(s, NC),a;NGC)) < = Zw(s,, T)).

jeH all j i=1 aIIJ

Thus, we are able to bound the intracluster cost of the low conductance group of
cuts in terms of the intracluster cost of the high conductance group. Applying (2)
then gives

D WS, T) 2> w(S). Tj) < 4Ke'log— a(V) (3)
j¢H jeH

In addition, since each intercluster edge belongs to at most org CTit, we have
that

€
D W(S, T = w(S, T)) = 5av). 4)
j¢H
We then sum up (2), (3) and (4). To get the total cost, we note that splitting up
all the; with a(\t) < ~a(V) into singletons costs us at mdsa(V) on the whole.

Substitutinga(V) as twice the total sum of edge weights gives the bound on the
cost of intercluster edge weights. This completes the proof of Theorem(3.1.

The Leighton—Rao algorithm for approximating the conductance finds a cut
of conductance at most 2 logtimes the minimum [Leighton and Rao 1999]. In
our terminology, it is an approximation algorithm wikh = 2logn andv = 1.
Applying Theorem 3.1 leads to the following guarantee.

COROLLARY 3.2. Iftheinputhasaifx, €)-clustering, then, using the Leighton—
Rao heuristic, the approximate—cluster algorithm finds an

o n
— 26¢ lognlog — | -clusterin
(12 lognlog ? g gé) g

We now assess the running time of the algorithm using this heuristic. The fastest
implementation for this heuristic, due to Benczur and Karger [1996], 0 {01)
time (where theD notation suppresses factors of g Since the algorithm makes
less tham cuts, the total running time i©(n3). This might be slow for some real-
world applications. We discuss a potentially more practical algorithm in the next
section.
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4. Performance Guarantees for Spectral Clustering

In this section, we describe and analyse a recursive variant of the spectral algorithm.
This algorithm, outlined below, has been used in the field of computer vision [Shi
and Malik 2000] and also in the field of web search engines [Eigencluster]. Note
that the algorithm is a special case of the approximate-cluster algorithm described in
the previous section; here we use a spectral heuristic to approximate the minimum
conductance cut.

’Spectral Algorithm II’

Normalize A and find its 2nd right eigenvector V.
Find the best ratio cut wrt V.
Recurse on the pieces induced by the cut.

Thus, we find a clustering by repeatedly solving a one-dimensional clustering
problem. Since the latter is easy to solve, the algorithm is efficient. The fact that it
also has worst-case quality guarantees is less obvious.

We now elaborate upon the basic description of this variant of the spectral al-
gorithm. Initially, we normalize our matriA by scaling the rows so that the row
sums are all equal to one. At any later stage in the algorithm we have a partition
{C1,Cy, ..., Cs}. For eachC;, we consider théC;| x |C¢| submatrixB of A re-
stricted toC;. We normalizeB by settingb;; to 1 — Zjechj#i bij .AsaresultB is
also nonnegative with row sums equal to one.

Observe that upon normalization of the matrix, our conductance measure corre-
sponds to the familiar Markov Chain conductance measure, that is,

5(S) = Zies,jgsaij B ZieS,ngSjTibij
 min@(S), a(S)  min(x(S), 7(9)
wherer is the stationary distribution of the Markov Chain.
We then find the second eigenvector®f This is the right eigenvectar cor-

responding to the second largest eigenvalyehat is,Bv = A,v. Then order the
elements (rows) of; decreasingly with respect to their component in the direction

of v. Given this ordering, sajus, Us, ... , U}, find the minimurmratio cutin C;.
This is the cut that minimizeg({u, Uo, ... , uj}, C;) forsomej, 1 < j <r — 1.
We then recurse on the piecgs, ... , uj} andC; \ {uy, ..., uj}.

4.1. WoRSTCASE GUARANTEES.  We will use the following theorem to prove
a worst-case guarantee for the algorithm. This result was essentially proved by
Sinclair and Jerrum [1989] (in their proof of Lemma 3.3, although not mentioned in
the statement of the lemma). For completeness, and due to the fact that Theorem 4.1
is usually not explicitly stated in the Markov Chain literature (or usually includes
some other conditions which are not relevant here), we include a proof of this
result. Observe that, via the use of the second eigenvalue, the theorem bounds the
conductance of the cut found by the heuristic with respect to that of the optimal
cut.

THEOREM 4.1. Suppose B is a Nk N matrix with nonnegative entries with
each row sum equal tband suppose there are positive real numbersr,, ...y
summing tdl such thatr;bjj = 7r;bji for alli, j. If v is the right eigenvector of B
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corresponding to the second largest eigenvalgendiy, i,, . .. , iy iSan ordering
of1,2,...,N sothaty, > v, --- > v, then
ZieS,jgéSm bij

min _ 1-2x
SC(L.2..N) MINQY_j s i\ D45 7))

Zlgugl d4+1<v<N Ty biuiv

2
> min — .
2 <|’15|5N mm(Zlgugl Ty Z|+15V§N niv))

Before proving this theorem, let us use it along with Theorem 3.1 to get a worst-
case guarantee for spectral algorithm II. In our terminology, the above theorem says
that the spectral heuristic for minimum conductance is an approximation algorithm

with K = /2 andv = 1/2.

COROLLARY 4.2. If the input has arfa, €)-clustering, then, using the spectral
heuristic, the approximate-cluster algorithm finds an

o 20/€ lo ") -clusterin
7, 6 j— -
72logf ° P d

PROOF OFTHEOREM4.1. We first evaluate the second eigenvalue. Towards this
end, letD? = diag(r). Then, from the time-reversibility property &, we have
D?B = B' D? HenceQ = DBD'is symmetric. The eigenvalues BfandQ are
the same, with their largest eigenvalue equal to 1. In additidl) 1Q = "D
and thereforer " D1 is the left eigenvector of corresponding to the eigenvalue
1. So we have,

xTDBD1x
Ao = Mmax — Qg
7T D-1x=0 X' X

Thus, substitutingy = D~!x, we obtain

T _ -1 TN2( _
1-J2= min x_D(l — B)D™x = min yorr — By b B)y‘
7TD-1x=0 xTx xTy=0  yTD2?y

The numerator can be rewritten:

y'D’(1 = B)y = =Y _wiyjmibjj + ) mi(1—by)y?
i#] i

2+ yf
= =Y _wyjmibj + Y mibjj = 5 J
i#] i#]

= Y mbj(y — v))>

i<j
Denote this final term b¥(y, y). Then

1— Xy = min £l y)z.
aTy=0 ) i T,
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To prove the first inequality of the theorem, I1& é) be the cut with the minimum
conductance. Define a vectaras follows

I ORIC) ifi eS

Wi =
1 (S e o
=5 % ifi €S
It is then easy to check that; =jw; = 0 and that

#(S) > ;(,W W) o1

Hence we obtain the desired lower bound on the conductance.

We will now prove the second inequality. Suppose that the minimum above is
attained whery is equal tov. ThenDyv is the eigenvector of) corresponding to
the eigenvaluée., and,v is the right eigenvector oB corresponding to.,. Our
ordering is then with respect toin accordance with the statement of the theorem.
Assume that, for simplicity of notation, the indices are reordered (i.e., the rows and
corresponding columns @ and D are reordered) so thag > v, > --- > vy.
Now definer to satisfymy + w2+ - +m_1 < 3 < 7w+ 724 -+ 7, and let

z=vi—vfori=1...,nThenzy>2>.--->2z2=0>2%,1> - > 7,
and
E(v,v) E(z,2) - &(z,2)

Yimvi o Vi Yim# T Y7
(22 mibij(@ = z72) (S, mbij a1+ 12 )?)
(>imzd) (Zi<j mibjj(1zi] + 1z |)2)
Consider the numerator of this final term. By Cauchy-Schwartz

2
(Zm bjj (z —2) )(Zm bjj (1 + 12 ) ) > (Z mibij |z -2 |(1z] + 12 |)>

i<j i<j i<j

<Z 7 bjj Z 1781~ Zkl) 5)

1<)

Here the second inequality follows from the fact that # |, then|z — z;((|z| +
D ED |z2., — Z2|. This follows from observations that

() If z andz; have the samesign (i.e.& {i,i +1,..., ]}), then|z —z;|(|z | +
7)) = 122 - 2.
(i) Otherwise, ifz; andz; have different signs, the@ — z;[(1z | +1z;]) = (1z | +

2 2. 52
1Zj[)* > Z + zj.

Also,
> “mby(zl+ 1z <2) mb(Z+2) <2 m7.
- i

i<j i<j
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As a result, we have,

EV.V) _ (Zi<j mibjj(z — Zj)2> (Zi<j mibij (1zi] + 12 |)2)

Xy mvE (X miz) (Zi<j”ibij(|2i|+lzjl)2)
. 2
_ (Zi<j 7i Bjj Yo 12801 — Z§|>
B 2> mziz)2 '
Set=1{1,2,... ,k},Ck={(i,j):i <k<j}and
G— min Z(i,j)eckmbij

k1<ksN min (Zi:isk iy Yok 7Ti)
Sincez, = 0, we obtain

-1
, 2 2 2 2 ,
Z”i bjj Z Zei—zd = 212 — &l Z 7; bjj
i<] k=i k=1 (i, 1)eCx

r—1 N-—-1
> a( (5 — Z )7 (S)+ Z(zi+l—z£)(1—n(a)))
k=r

N—-1
=@ < (- Z4 1) m(S) + (B - Zr2)>

Consequently, iff Ty = 0, then

[

4.2. IN THE PRESENCE OFA GOOD BALANCED CLUSTERING. In this section,
we consider the situation in which a given input matfdhas a particularly good
clustering. Here the matrix can be partitioned into blocks such that the conductance
of each block as a cluster is high and the total weight of inter-cluster edges is small.
We present a result which shows that, in such a circumstance, the spectral algorithm
will find a clustering that is close to the optimal clustering; that is, only a small
number of rows will be placed in the incorrect cluster.

First, we show how to model this situation. We will use the following terminology.
Denote by|x| the 2-norm (length) of a vectot. The 2-norm of am x m matrix
Ais

max || AX]|.
xeRM |x|=1

We assume thaf can be written a8 + E, whereB is a block diagonal matrix
with row sums equal to 1. The blocks Bf sayB;, B,, ... , By, induce the clusters
of the optimal clustering, and corresponds to the set of edges that run bet-
ween clusters.
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Rather than conductance, it will be easier to state the result in terms of the
minimum elgenvalue gapnf the blocksBy, B, ..., Bx. The elgenvalue gap of a
matrix isg = 1 — 7 and is closely related to the conductan%e € B < 2¢).
Ideally, we would like to show thatiA = B + E whereg is large for each block
in B and the total weight of edges B is small then the spectral algorithm works.
While this might be expected for a typical input, it is possible to construct examples
where applying spectral algorithm | does not work. So we consider the following
slightly modified version of spectral algorithm |. As before, project the points onto
the space spanned by the togingular right vectors (eigenvectors). Letbe the
n x k matrix obtained. For each rogy of C, we define a se§ as follows:

S={]i G zg}.

IGi [ 1Cj

Observe that these sets are clearly not disjoint. Now, to define the final clustering,
pick the larges§, then delete all its elements frath Repeat in this greedy manner
on the remaining sets until all the elements are covered.

Theorem 4.3 shows that if the 2-norm Bf and thek + 1st eigenvalue oB
are small then this spectral algorithm finds a clustering very close to the optimal
one. For analyses in a similar spirit, see Papadimitriou et al. [2000] and Azar et al.
[2001]. The condition below requires a gap betweerktheindk + 1st eigenvalues
of the input matrix. Intuitively, this also corresponds to the gap between the top
two eigenvalues of any block, and thus captures the fact that each block has high
conductance.

THEOREM 4.3. Suppose the input matrix A can be written astBE, where
B satisfies the following conditiongl) it is block-diagonal matrix with k blocks,
(2) the largest block size is @), (3) it has all row sums equal td, and (4)
rc1(B) + |E|l < 8 < 1/2. Then the spectral clustering algorithm applied to A
misclassifies @¥2n) rows.

PrROOF.  SinceB is block-diagonal wittk blocks, its togk eigenvalues are all 1
(the top eigenvalue of each blockis 1). Letthe blockBbEB;,, B, ... , Byandlet
their sizes bay, ny, ... , nk. Theith eigenvector oB has support corresponding
to the rows ofB;, and each entry in its support has valye/h;. Let Y, be the
n x k matrix whose columns are these eigenvectorsBSe By + B,_x where
Bk = Y«Y, . Therefore,

A=B(+B,_«+ E= Bk—i-E/
where, by assumption,
IE'Il < IBnkll + IEll = Ak41(Bn) + [ Ell < 8.

Let Xk be the matrix whose columns are the kagigenvectors oA. By Stewart’s
theorem Stewart [1973, Theorem 4.11, page 745] applied #® andE’,

Xk = Ye(l + PTP)2
is an invariant subspace fé, that is, Xy = )?kU for some orthonormal matri,
and
2|E|l

IPIl = —F—%+
1-2|E
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It follows that
Xk =YU + F,

where

Fll< —.
IFIl < T

The matrix we use for clustering & = AX. Let us compare this withU.

IC—YUll = [I(Bc+ EY(YU + F) = YU ||
= ||IBkF + E'YU + E'F|

< [IFI+1IEI+IENNFI
- 28 s 28

- 1-25 1-25
%

C1-28

This means that is close to a rotated version Wg!
The bound on the 2-norm also implies a bound on the Frobenius norm:

952k
(1—28)2

Let v1, V2, ..., ¥n be the rows ofYyU. Eachy; that belongs to block has
lvil = 1/,/nj (rotation preserves lengths). Note that for any from the same
block of B, y; = y; andfori, j from different blocksy; -y; = 0. Letcy, Co, ... , Cy
be the rows ofZ. We will next show that for most, ¢; is close toy;.

Call an elemenit distortedif |¢; — vi| > |vi|/9. Let the set of distorted rows be
D. Supposen rows are distorted. Then

1 m
G —YilP= =) yilP> ——.
2 81;D 81n

ieD

IC — YU |2 <K[IC - YU |? < (6)

wheren’ is the size of the largest block. However, using (6),

m 3652k
— <81 C— Vil <8lC-YU|Z2 < —n .
= < 2;“ yI* = 8UC —YUIE = 755
Hence,
3652k’
m<-——— = 0(°n
<Ay (8%n)

with our assumptions that = Q(n/k) ands < 1/2.
Next, consider the set that is not distorted. For arjysuch that, j ¢ D,

CG-C =W+a—¥)(y+c —VYj)
=VY-y+@ -y +—y)-y+@G —w)-(C—y).
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Hence,
ICi-Cj—VYi-Yil =G —=¥)-yj+(C—Y)) ¥+@—w) -yl

< G —w) -yl +1ci —yj) - Yil +1(c — ¥) - (c; — yj)l
2 1

< §|yi||yj|+8—llyi||yj|
9

< %|Ci||cj|
1

< Z|Ci||cj|-

Here, we have used the fact that fog D,

1
Vil <lclP+ 1y —cl> <|a*+ 8—1|m2

and hencgy; |> < &8|¢;|2. This implies that for two undistorted roviisj, We have

G -Cj > §1|ci| Icj| if i, j are from the same block d8, andc - ¢c; < Lici| ICj |
otherwise. The theorem follows (the key observation is that two unélstorted rows
from different clusters stay in different clusters).]

5. Conclusion
There are two basic aspects to analyzing a clustering algorithm

—Quiality: how good is the clustering produced?
—Speed: how fast can it be found?

In this article, we have mostly dealt with the former issue while taking care that the
algorithms are polynomial time. The spectral algorithms depend on the time it takes
to find the top (or togk) singular vector(s). While this can be done in polynomial
time, it might still too expensive for applications such as information retrieval. The
work of Frieze et al. [1998] and Drineas et al. [1999] on randomized algorithms
for low-rank approximation addresses this problem. The running time of their first
algorithm depends only on the quality of the desired approximation and not on the
size of the matrix, but it assumes that the entries of the matrix can be sampled in a
specific manner. Their second algorithm needs no assumptions and has a running
time that is linear in the number of nonzero entries. More recently, Cheng et al.
[2003] describes an efficient implementation of spectral algorithm 1l that maintains
sparsity, and also gives experimental evidence that it performs favorably compared
to other well-known clustering algorithms.
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