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Abstract

We present a local learning approach for clustering. The basic idea is that a good
clustering result should have the property that the cluster label of each data point
can be well predicted based on its neighboring data and their cluster labels, us-
ing current supervised learning methods. An optimization problem is formulated
such that its solution has the above property. Relaxation and eigen-decomposition
are applied to solve this optimization problem. We also briefly investigate the pa-
rameter selection issue and provide a simple parameter selection method for the
proposed algorithm. Experimental results are provided to validate the effective-
ness of the proposed approach.

1 Introduction

In the multi-class clustering problem, we are givedata pointsxy, ...,x,, and a positive integer
c. The goal is to partition the given data (1 < ¢ < n) into ¢ clusters, such that different clusters
are in some sense “distinct” from each other. Herec X C R¢ is the input datal’ is the input
space.

Clustering has been widely applied for data analysis tasks. It identifies groups of data, such that data
in the same group are similar to each other, while data in different groups are dissimilar. Many clus-
tering algorithms have been proposed, including the traditional k-means algorithm and the currently
very popular spectral clustering approach [3, 10].

Recently the spectral clustering approach has attracted increasing attention due to its promising
performance and easy implementation. In spectral clustering, the eigenvectors of a matrix are used
to reveal the cluster structure in the data. In this paper, we propose a clustering method that also has
this characteristic. But it is based on the local learning idea. Namely, the cluster label of each data
point should be well estimated based on its neighboring data and their cluster labels, using current
supervised learning methods. An optimization problem is formulated whose solution can satisfy this
property. Relaxation and eigen-decomposition are applied to solve this problem. As will be seen
later, the proposed algorithm is also easy to implement while it shows better performance than the
spectral clustering approach in the experiments.

The local learning idea has already been successfully applied in supervised learning problems [1].
This motivates us to incorporate it into clustering, an important unsupervised learning problem.

Adapting valuable supervised learning ideas for unsupervised learning problems can be fruitful. For
example, in [9] the idea of large margin, which has proved effective in supervised learning, is applied

to the clustering problem and good results are obtained.

The remaining of this paper is organized as follows. In section 2, we specify some notation that will
be used in later sections. The details of our local learning based clustering algorithm are presented
in section 3. Experimental results are then provided in section 4, where we also briefly investigate
the parameter selection issue for the proposed algorithm. Finally we conclude the paper in the last
section.



2 Notations

In the following, “neighboring points” or “neighbors” of; simply refers the nearest neighbors of
x; according to some distance metric.

n the total number of data.

c the number of clusters to be obtained.

C the set of points contained in tiéh cluster,l <[ < c.

N; the set of neighboring points af,, 1 < i < n, notincludingx; itself.
n; |N;|, i.e. the number of neighboring points f.

Diag(M) the diagonal matrix with the same size and the same diagonal elemévits as
whereM is an arbitrary square matrix.

3 Clustering via Local Learning

3.1 Local Learning in Supervised Learning

In supervised learning algorithms, a model is trained with all the labeled training data and is then
used to predict the labels of unseen test data. These algorithms can be called global learning algo-
rithms as the whole training dataset is used for training. In contrast, in local learning algorithms
[1], for a given test data point, a model is built only with its neighboring training data, and then the
label of the given test point is predicted by this locally learned model. It has been reported that local
learning algorithms often outperform global ones [1] as the local models are trained only with the
points that are related to the particular test data. And in [8], it is proposed that locality is a crucial
parameter which can be used for capacity control, in addition to other capacity measures such as the
VC dimension.

3.2 Representation of Clustering Results

The procedure of our clustering approach largely follows that of the clustering algorithms proposed
in [2, 10]. We also use ®artition Matrix (PM) P = [p;;] € {0,1}™*¢ to represent a clustering
scheme. Namely,;; = 1 if x; (1 < i < n)is assigned to clustel (1 <[ < ¢), otherwisep;; = 0.

So in each row oP, there is one and only one element that equals 1, all the others equal 0.

As in [2, 10], instead of computing the PM directly to cluster the given data, we com&aealad
Partition Matrix (SPM)F defined by'F = P(PTP)‘%. (The reason for this will be given later.)

As P TP is diagonal, thé-th (1 < I < ¢) column ofF is just thel-th column of P multiplied by
1/4/1Ci|. Clearly we have
F'F=(P P) P PP P) =1 @
wherel is the unit matrix. Given a SPNF, we can easily restore the corresponding PMvith a
mappingP(-) defined as
P = P(F) = Diag(FF ') *F @)

In the following, we will also expresB as:F = [f!,... f°] € R"*¢, wheref' = [fl,... fl]T €
R", 1 <[ <, is thel-th column ofF.

3.3 Basicldea

The good performance of local learning methods indicateghiedfibel of a data point can be well
estimated based on its neighboBased on this, in order to find a good SH\(or equivalently a
good clustering result), we propose to solve the following optimization problem:

) (& n c 9

pmin > Y (o) =3[ o ®)
=1 i=1 =1

subjectto  F is a scaled partition matrix (4)



whereo! (-) denoteghe output function of &ernel Machine(KM), trained with some supervised
kernel learning algorithms [5], using the training déta;, f})}xj N wheref} is used as the label
of x; for training this KM. In (3),0! = [0} (x1),...,0%(x,)]T € R™. Details on how to compute
ol (x;) will be given later. For the function!(-), the superscript indicates that it is for thé-th
cluster, and the subscriptmeans the KM is trained with the neighborssqf Hence apart fronx;,
the training datg (x;, f})}x,en; also influence the value of (x;). Note thatf} (x; € \;) are also
variables of the problem (3)—(4).

To explain the idea behind problem (3)—(4), let us consider the following problem:

Problem 1. For a data pointx; and a clustelC;, given the values %l atx; € NV;, what should be
the proper value of! atx;?

This problem can be solved by supervised learning. In particular, we can build a KM with the
training data{(x;, f/)}x,ex;. As mentioned before, let;(-) denote the output function of this
locally learned KM, then the good performance of local learning methods mentioned above implies
thato! (x;) is probably a good guess ¢f, or the properf! should be similar as!(x;).

Therefore, a good SPW should have the following propertyor anyx; (1 < i < n) and any
clusterC; (1 <1 < ¢), the value otfil can be well estimated based on the neighbors;ofThat is,
f} should be similar to the output of the KM that is trained locally with the ddte;, fjl-)}xj EN; -

This suggests that in order to find a good SPMwve can solve the optimization problem (3)—(4).

We can also explain our approach intuitively as follows. A good clustering method will put the
data into well separated clusters. This implies that it is easy to predict the cluster membership of a
point based on its neighbors. If, on the other hand, a cluster is split in the middle, then there will be
points at the boundary for which it is hard to predict which cluster they belong to. So minimizing
the objective function (3) favors the clustering schemes that do not split the same group of data into
different clusters.

Moreover, it is very difficult to construct local clustering algorithms in the same way as for su-
pervised learning. In [1], a local learning algorithm is obtained by running a standard supervised
algorithm on a local training set. This does not transfer to clustering. Rather than simply applying
a given clustering algorithm locally and facing the difficulty to combine the local solution into a
global one, problem (3)—(4) seeks a global solution with the property that locally for each point,
its cluster assignment looks like the solution that we would obtain by local learning if we knew the
cluster assignment of its neighbors.

3.4 Computingo!(x;)

Having explained the basic idea, now we have to make the problem (3)—(4) more specific to build
a concrete clustering algorithm. So we consider, bases, and {(x;, f})}x_jeNi, how to com-

puteol(x;) with kernel learning algorithms. It is well known that applying many kernel learning
algorithms on{(x;, ) }x, e, will resultin a KM, according to which(x;) can be calculated as:

ol(xi) = > BLK(xix;) (5)

X E./\fi

whereK : X x X — R is a positive definite kernel function [5], ar;ftjj are the expansion coef-

ficients. In general, any kernel learning algorithms can be applied to compute the coefﬁﬁé}ents
Here we choose the ones that make the problem (3)—(4) easy to solve. To this end, we adopt the
Kernel Ridge RegressiqiKRR) algorithm [6], with which we can obtain an analytic expression of
ol(x;) based on{(x;, f})}xjeNi. Thus for eaclx;, we need to solve the following KRR training

problem:
2

min A(8) K8} + K. — 1! (6)
BLeR™i
whereg@! e R™ is the vector of the expansion coefficients, j3.= | ﬁj]T forx; e Nij, A > 0is

the regularization parametdf, € R™ denotes the vect({rfjl.]T for x; € Vi, andK; € R"*" is
the kernel matrix ovexk; € NV;, namelyK; = [K(x,,X,)], for x,,x, € N;.



Solving problem (6) leads t8; = (K; + AI)~'f!. Substituting it into (5), we have
0j(x;) =k (Ki + AI)'f] @)
wherek; € R™ denotes the vectdi (x;,x;)]" for x; € N;. Equation (7) can be written as a
linear equation:
0j(x;) = o f] (®)
wherea; € R™ is computed as
al =ki (Ki+ D)™ 9
It can be seen that; is independent ofil and the cluster indek and it is different for differenk;.
Note thatf! is a sub-vector of!, so equation (8) can be written in a compact form as:

ol = Af! (10)

whereo! andf! are the same as in (3), while the matéx = [a;;] € R"*" is constructed as
follows: Vx; andx;, 1 < 4,5 < n, if x; € N, thena;; equals the corresponding elementoaf
in (9), otherwisez;; equalsd. Similar asa;, the matrixA is also independent d¢f and the cluster
index!.

Substituting (10) into (3) results in a more specific optimization problem:

Jmin Y€ = AFF = YT (€) T TE = trace(FTTF) (11)
e nxec

=1 =1
subjectto  Fis a scaled partition matrix (12)

where
T=I1-A)T(I-A) (13)

Thus, based on the KRR algorithm, we have transformed the objective function (3) into the quadratic
function (11).

3.5 Relaxation

Following the method in [2, 10], we relaR into the continuous domain and combine the property
(1) into the problem (11)—(12), so as to turn it into a tractable continuous optimization problem:

min trace(F ' TF) (14)
FeRnxe
subjectto F'F=1I (15)

Let F* € R"*¢ denote the matrix whose columns consist @igenvectors corresponding to the
smallest eigenvalues of the symmetric maffix Then it is known that the global optimum of the
above problem is not unique, but a subspace spanned by the colurvisttufough orthonormal
matrices [10]:

{FFR:RecR>*°, R'R=1I} (16)
Now we can see that working on the SHVallows us to make use of the property (1) to construct a
tractable continuous optimization problem (14)—(15), while working directly on théPRides not
have this advantage.

3.6 Discretization: Obtaining the Final Clustering Result

According to [10], to get the final clustering result, we need to find a true Rhich is close to
the subspace (16). To this end, we apply the mapping (&oto obtain a matrix®* = P(F*).

It can be easily proved that for any orthogonal maRixc R<*¢, we haveP(F*R) = P*R.. This
equation implies that if there exists an orthogonal maRisuch thatF*R is close to a true SPM
F, thenP*R should also be near to the corresponding discreteBPMo find such an orthogonal
matrix R and the discrete PNP, we can solve the following optimization problem [10]:

min |P — P*RJ 17)
PcRnxc RERexe
subjectto P €{0,1}"*¢, Pl.=1, (18)

R'R=1I (19)



wherel,. and1,, denotethe c dimensional and the dimensional vectors of all's respectively.

Details on how to find a local minimum of the above problem can be found in [10]. In [3], a method
using k-means algorithm is proposed to find a discretePPhased or*. In this paper, we adopt
the approach in [10] to get the final clustering result.

3.7 Comparison with Spectral Clustering

Our Local Learning based Clustering Algorith(aLCA) also uses the eigenvalues of a matrix (T
in (13)) to reveal the cluster structure in the data, therefore it can be regarded as belonging to the
category of spectral clustering approaches.

The matrix whose eigenvectors are used for clustering plays the key role in spectral clustering. In
LLCA, this matrix is computed based on the local learning idea: a clustering result is obtained based
on whether the label of each point can be well estimated base on its neighbors with a well established
supervised learning algorithm. This is different from the graph partitioning based spectral clustering
method. As will be seen later, LLCA and spectral clustering have quite different performance in the
experiments.

LLCA needs one additional step: computing the maffixn the objective function (14). The re-
maining steps, i.e. computing the eigenvector¥'&nd discretization (cf. section 3.6) are the same
as in the spectral clustering approach. According to equation (13), to coflipute need to com-
pute the matrixA in (10), which in turn requires calculating; in (9) for eachx;. We can see that
this is very easy to implement ankl can be computed with time complexi€(>";_, n?).

In practice, just like in the spectral clustering method, the number of neighb@sisually setto a
fixed small valuék for all x; in LLCA. In this case,A can be computed efficiently with complexity
O(nk?), which scales linearly with the number of dataSo in this case the main calculation is to
obtain the eigenvectors @f. Furthermore, according to (13), the eigenvector¥ @fre identical to

the right singular vectors df— A, which can be calculated efficiently because AowA is sparse,
each row of which contains jugt + 1 nonzero elements. Hence in this case, we do not need to
computeT explicitly.

We conclude that LLCA is easy to implement, and in practice, the main computational load is to
compute the eigenvectors @f, therefore the LLCA and the spectral clustering approach have the
same order of time complexity in most practical cases.

4 Experimental Results

In this section, we empirically compare LLCA with the spectral clustering approach of [10] as well
as with k-means clustering. For the last discretization step of LLCA (cf. section 3.6), we use
the same code contained in the implementation of the spectral clustering algorithm, available at
http://www.cis.upenn.edu/~jshi/software/.

4.1 Datasets
The following datasets are used in the experiments.

e USPS-3568: The examples of handwritten digits 3, 5, 6 and 8 from the USPS dataset.
e USPS-49: The examples of handwritten digits 4 and 9 from the USPS dataset.

e UMist: This dataset consists of face images of 20 different persons.

e UMist5: The data from the UMist dataset, belonging to class 4, 8, 12, 16 and 20.

1Sometimesve are also interested in a special case= n — 1 for all x;, i.e. all the data are neighboring
to each other. In this case, it can be proved fiat Q' Q, whereQ = (Diag(B))'BwithB = I —
K(K + A\I)™', whereK is the kernel matrix over all the data points. So in this ¢Bsean be computed with
time complexityO(n*). This is the same as computing the eigenvectors of the non-sparse Makince the
order of the overall time complexity is not increased by the step of compiijregnd the above statements still
hold.



e Newsda: The text documents from the 20-newsgroup dataset, covering the topies«in
which contains autos, motorcycles, baseball and hockey.

e News4b: The text documents from the 20-newsgroup dataset, covering the togpit.s,in
which contains crypt, electronics, med and space.

Further details of these datasets are provided in Table 1.

Table 1: Descriptions of the datasets used in the experiments. For each dataset, the number of data
n, the data dimensionality and the number of classesire provided.

Dataset| USPS-3568 USPS-49| UMist | UMist5 | News4a| News4b
n 3082 1673 575 140 3840 3874
d 256 256 10304 | 10304 4989 5652
c 4 2 20 5 4 4

In News4a and New4b, each document is represented by a feature vector, the elements of which are
relatedto the frequency of occurrence of different words. For these two datasets, we extract a subset
of each of them in the experiments by ignoring the words that occur in 10 or fewer documents and
then removing the documents that have 10 or fewer words. This is why the data dimensionality are
different in these two datasets, although both of them are from the 20-newsgroup dataset.

4.2 Performance Measure

In the experiments, we set the number of clusters equal to the number of cldssedl the clus-
tering algorithms. To evaluate their performance, we compare the clusters generated by these algo-
rithms with the true classes by computing the following two performance measures.

4.2.1 Normalized Mutual Information

TheNormalized Mutual Informatio(NMI) [7] is widely used for determining the quality of clusters.
For two random variabl& andY, the NMlI is defined as [7]:

(X, Y)
H(X)H(Y)
wherel(X,Y) is the mutual information betweeX andY, while H(X) and H(Y) are the en-

tropies ofX andY respectively. One can see théf\/ 1 (X, X) = 1, which is the maximal possible
value of NMI. Given a clustering result, the NMI in (20) is estimated as [7]:

c c UROND
D=1 2n=1 "u.nlog (m)

(ZZC:I nllog%) (22:1 ﬁhl‘)g%)

wheren; denoteghe number of data contained in the cluslegfl < | < ¢), ny, is the number of data
belonging to thé:-th class (1< h < ¢), andn, ;, denotes the number of data that are in the intersec-
tion between the clustél; and theh-th class. The value calculated in (21) is used as a performance
measure for the given clustering result. The larger this value, the better the performance.

NMI(X,Y) = (20)

NMI = (21)

4.2.2 Clustering Error

Another performance measure is tistering Error. To compute it for a clustering result, we need
to build a permutation mapping functionap(-) that maps each cluster index to a true class label.
The classification error based emp(-) can then be computed as:

i1 9(yi, map(ci))

n
wherey; andc; arethe true class label and the obtained cluster index;akspectivelyf(z, y) is
the delta function that equals Lif= y and equals 0 otherwise. The clustering error is defined as the
minimal classification error among all possible permutation mappings. This optimal matching can
be found with the Hungarian algorithm [4], which is devised for obtaining the maximal weighted
matching of a bipartite graph.

err =1—



4.3 Parameter Selection

In the spectral clustering algorithm, first a graphrnofodes is constructed, each node of which
corresponds to a data point, then the clustering problem is converted into a graph partition problem.
In the experiments, for the spectral clustering algorithm, a weightadarest neighbor graph is
employed, wheré is a parameter searched over the gkids {5, 10, 20, 40, 80}. On this graph,

the edge weight between two connected data points is computed with a kernel function, for which
the following two kernel functions are tried respectively in the experiments.

The cosine kernel:

XTX'
K iy Xj) = L 22
10 %5) = o] (22)
and the Gaussian kernel: )
Ko (x;,%x;5) = e><p(7 i — x][) (23)

Theparametety in (23) is searched iny € {02/16, 03 /8, 02 /4, 02/2, 03, 203, 403, 802, 1603},
whereoy is the mean norm of the given datg 1 < i < n.

For LLCA, the cosine function (22) and the Gaussian function (23) are also adopted respectively
as the kernel function in (5). The number of neighbeydor all x; is set to a single valug. The
parameterg and~y are searched over the same grids as mentioned above. In LLCA, there is another
parameten (cf. (6)), which is selected from the grid: € {0.1, 1, 1.5}.

Automatic parameter selection for unsupervised learning is still a difficult problem. We propose a

simple parameter selection method for LLCA as follows. For a clustering result obtained with a set

of parameters, which in our case consistg:@nd A when the cosine kernel (22) is used,kgry

and A\ when the Gaussian kernel (23) is used, we compute its correspondinddSid then use

the objective value (11) as the evaluation criteria. Namely, the clustering result corresponding to the
smallest objective value is finally selected for LLCA.

For simplicity, on each dataset, we will just report the best result of spectral clustering. For LLCA,
both the best result (LLCA1) and the one obtained with the above parameter selection method
(LLCA2) will be provided. No parameter selection is needed for the k-means algorithm, since
the number of clusters is given.

4.4 Numerical Results

Numerical results are summarized in Table 2. The results on News4a and News4b datasets show
that different kernels may lead to dramatically different performance for both spectral clustering
and LLCA. For spectral clustering, the results on USPS-3568 are also significantly different for
different kernels. It can also be observed that different performance measures may result in different
performance ranks of the clustering algorithms being investigated. This is reflected by the results
on USPS-3568 when the cosine kernel is used and the results on News4b when the Gaussian kernel
is used. Despite all these phenomena, we can still see from Table 2 that both LLCAL and LLCA2
outperform the spectral clustering and the k-means algorithm in most cases.

We can also see that LLCAZ fails to find good parameters on News4a and News4b when the Gaus-
sian kernel is used, while in the remaining cases, LLCA2 is either slightly worse than or identical
to LLCAL. And analogous to LLCA1, LLCAZ2 also improves the results of the spectral clustering
and the k-means algorithm on most datasets. This illustrates that our parameter selection method for
LLCA can work well in many cases, and clearly it still needs improvement.

Finally, it can be seen that the k-means algorithm is worse than spectral clustering, except on USPS-
3568 with respect to the clustering error criteria when the cosine kernel is used for spectral cluster-
ing. This corroborates the advantage of the popular spectral clustering approach over the traditional
k-means algorithm.

5 Conclusion

We have proposed a local learning approach for clustering, where an optimization problem is formu-
lated leading to a solution with the property that the label of each data point can be well estimated



Table 2: Clustering results. Both the normalized mutual information and the clustering error are
provided. Two kernel functions (22) and (23) are tried for both spectral clustering and LLCA. On
each dataset, the best result of the spectral clustering algorithm is reported (Spec-Clst). For LLCA,
both the best result (LLCA1) and the one obtained with the parameter selection method described
before (LLCAZ2) are provided. In each group, the best results are shown in boldface, the second best
is in italics. Note that the results of k-means algorithm are independent of the kernel function.

| [ USPS-3568] USPS-49] UMist | UMist5 | News4a| News4b]

Spec-Clst| 0.6575 0.3608 | 0.7483| 0.8810 | 0.6468 | 0.5765
NMI, LLCA1 0.8720 0.6241 | 0.8003 1 0.7587 | 0.7125
cosine LLCA2 0.8720 0.6241 | 0.7889 1 0.7587 | 0.7125
k-means 0.5202 0.2352 | 0.6479] 0.7193 | 0.0800 | 0.0380

Spec-Clst| 0.8245 0.4319 | 0.8099| 0.8773 | 0.4039 | 0.1861

NMI, LLCAl 0.8493 0.5980 | 0.8377 1 0.2642 | 0.1776
Gaussian| LLCA2 0.8467 0.5493 | 0.8377 1 0.0296 | 0.0322
k-means 0.5202 0.2352 | 0.6479| 0.7193 | 0.0800 | 0.0380

Spec-Clst]  32.93 1656 | 46.26 | 9.29 | 28.26 | 21.73
Error (%), [ LLCAL 357 8.01 | 36.00 0 7.99 9.65
cosine | LLCA2 357 801 | 38.43 0 7.99 9.65
k-means | 22.16 2230 | 56.35 | 36.43 | 70.62 | 74.08
Spec-Cist] _ 5.68 1351 | 41.74] 10.00 | 42.34 | 64.71
Error (%), [ LLCAT 461 843 | 3301 0 4724 | 53.25
Gaussian| LLCA2 4.70 9.80 | 37.22 0 7438 | 72.97
k-means | 22.16 2230 | 56.35 | 36.43 | 70.62 | 74.08

based on its neighbors. We have also provided a parameter selection method for the proposed clus-
tering algorithm. Experiments show encouraging results. Future work may include improving the
proposed parameter selection method and extending this work to other applications such as image
segmentation.
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