Submitted to IEEE TNN

Global Optimization of RBEF Networks

Shimon Cohen and Nathan Intrator
School of Computer Science
Tel-Aviv University
www.math.tau.ac.il~nin

Abstract

Several modifications to parameter estimation in a Radial Basis Functions network are introduced. These include
a better initializing clustering algorithm and a full gradient descent on centers and weights after weights were found
via a matrix inversion. Performance comparison with other RBF algorithms is given on several data-sets. It is found
that The proposed method was found superior to Bishop’s EM training algorithm, to Orr’s method [1] for as well as a
conventional implementation.

I. INTRODUCTION

Radial basis functions have been extensively used for interpolation [2], [3], [4], [5], [6], [7] regression and
classification due to their universal approximation properties and simple parameter estimation. The parameter
estimation requires a (pseudo) inversion of a (possibly sparse) matrix. The possible numerical instability of the
inversion (which is aggravated when the number of training patterns is small compared to the dimensionality)
may be partially alleviated by further parameter estimation. While the usefulness of RBF architecture for
interpolation is ensured by Micchelli’s theorem [8], the approximation properties are less clear especially in
high-dimensional and noisy data. In particular, while the approximation and interpolation properties have
been extensively studied, e.g., [9], the problem of optimal radial basis function centers has not been resolved.
Poggio and Girosi suggest a regularization approach to the problem [10], while others have proposed approaches
related to different estimation of the cluster centers [11], [12], [1].

Gaussian kernels RBF network that is trained with the maximum likelihood goal is identical to a mixture of
Gaussians model [13], [14]. When kernel centers are found, the determination of the forward weights between
the kernels and the output can be done analytically via a pseudo inverse of the hidden-units activity matrix
[6]. Flake [15] used the output of the K-Means algorithm and computed the weights of the net using pseudo
inverse as above. By setting the radius values of each cluster as the distance to the nearest cluster center, he
obtained good results on the vowel data set [16].

While this is a linear problem, the optimal determination of cluster centers is a non-linear and difficult
problem. It is very sensitive to the dimensionality of the input space and to the initial starting positions
of the clustering algorithm. Bishop had suggested to optimize the cluster centers via the EM algorithm
after initial values were found via a clustering algorithm [12]. This was intended to reduce the sensitivity of
the algorithm to the clustering problems. The Expectation-Maximization (EM) approach [17] includes the
Expectation part which calculates the likelihood of the model, and the Maximization part which maximizes
the likelihood of the data with respect to the centers and radii. A recent experimental investigation into several
clustering algorithms [18] has shown that the EM approach to clustering [17], [19] outperforms naive center
initialization by using random perturbations or using the output of a hierarchical agglomerative clustering
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[20]. A refinement of the random initialization improved the performance of K-Means clustering [21]; They
used several small subsamples of the Training Set, and applied the K-Means algorithm for each subsample.
The solution is found by further applying the K-Means algorithm to the centers found in the previous phase.
This algorithm may be useful for large training sets only. It is also possible to apply the K-Means algorithm to
each data class separately [22]. The radius of each cluster center is often calculated as the standard deviation
of the data in the “vicinity” of the cluster. When the cluster centers were calculated for each class separately,
clusters could have been combined to a larger supercluster when neighboring clusters belonged only the a single
class. The assumption about the radial symmetry of each cluster can be relaxed by estimating a different
radius for each data axis [23]. Orr uses a regression tree to find the centers and radii of the RBF units. This
is done by creating a large tree and then pruning terminal nodes using a criterion like the General Predication
Error (GPE) or the Bayesian Information Criterion (BIC). The members in the remaining terminal nodes
create clusters, and the diagonal part of the covariance matrix of these members is used as the radii of the
cluster in different axes.

The problems of estimating optimal cluster centers can be alleviated by performing post parameter esti-
mation of the full model after the estimation of the forward weights. An initial step in this direction is to
perform a gradient descent on the cluster centers and the forward weights but with no change in the cluster
radius [24]. They argue that the performance of the network is relatively insensitive to the radius value, an
argument that is in contradiction to the findings of [1], [14].

In this paper, we introduce several modifications to the estimation of RBF model parameters. We show
that clustering algorithms are sensitive to their initial choice of cluster centers, and propose a better cluster
initialization method. We introduce a gradient descent on the full RBF architecture parameters: the centers,
the radii, and forward weights. This is done after those parameters were found via clustering and a pseudo
matrix inversion. Performance comparison on several benchmark data-sets is given. Comparison includes a
conventional RBF implementation! [25], Bishop’s EM implementation [14], and Orr’s regression trees approach
[23].

II. A MODIFIED CLUSTERING ALGORITHM

A Radial Basis Functions approximation network (RBF) is composed of a set of kernel functions ¢ located
at cluster centers m; in input space with a width . We use Gaussian kernels, as in the other approaches that
we compare our results with.

—(z—m)?
¢(x,m,r) =exp” 27 . (1)
The output of the network, (y1,...,yx) is given by:
M

j=1

where M is the number of the RBFs.

When the RBFs are not radially symmetric, the architecture is far more flexible but the number of estimated
parameters grows from M +MN to M +2M N [1] and to O(N?) in the case of estimation of a full Covariance.
When the input dimensionality IV is large, this complexity is much larger. While it is expected that the added
flexibility may be useful, one has to weigh the added flexibility with the reduced robustness (due to increased
variance of the model).

The K-Means algorithm seeks to partition the data set into k disjoint subsets S; containing N; patterns

mplemented in the MATLAB™ toolbox.



such that the following criterion is minimized:

K nj

) =33 (s - mi)?, (3)
i=1j=1

g = 2L (1)

The classical approach [26]. starts with a random selection from the data of initial cluster centers. In the batch
version [27] each pattern is then re-assigned to a new cluster which has the nearest center. This procedure is
repeated until no further change in the grouping of patterns occurs. Most approaches do not attempt to do
better than random initialization of cluster centers [28], [29]. When some of the initial k& vectors are chosen
from the same cluster, the K-Means algorithm may get stuck in a local minimum which ignores some of the
clusters. This is demonstrated in Figure 1, where two cluster centers were initially chosen from the same
cluster and eventually, one cluster is not found. We therefore, suggest to start the clustering algorithm from
initial centers which are more likely to be in different clusters.

Demonstration of bad local minima in clustering algorithms
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Fig. 1. Data points are the red circles and black crosses; blue rectangles are the initial cluster centers; green stars are
the final clusters found. When initial cluster centers are at the same cluster, the K-Means algorithm (left) and the
EM clustering algorithm (right) can get stuck in a bad local minima.

A. Choosing the initial £ vectors

A procedure to choose the initial centers is given here:
1. Choose the first cluster center at random.
2. While the number of clusters is less than k: For-each vector in the the remaining set, computed the nearest
cluster center. Choose a vector with the largest distance to the nearest cluster center as the next initial cluster
center.
The above procedure increases the probability that the first k£ cluster centers are not from a smaller number of
clusters. This procedure may be iterated few times (with different random initial cluster) to ensure a robust
solution. The computational complexity added by the above algorithm is O(nk), where n is the number of
data points and k is the number of clusters to be searched in the data. We observe that this added complexity
is compensated by an accelerated convergence of the new algorithms.



III. FULL ARCHITECTURE PARAMETER ESTIMATION
A. Initial computation of the forward weights

After cluster centers were found by a regular k-means or by the above modified k-means algorithm, the
forward weights can be analytically found [6]:

T=waol, (5)
77 = owT, (6)
W1 = Plnv(®)77, (7)

where the design matrix (®),, = ¢;(X") and Pinv(®) is the pseudo inverse of ®. In practice, the solutions of
the linear matrix inversion problem is ill-conditioned due to small variances in some projections of the data.
It is solved using a singular value decomposition (SVD).

B. Gradient Descent optimizing centers radii and weights

To summarize, clustering algorithms may find suboptimal solutions due to the following reasons:
1. Bad initial conditions.
2. Wrong number of searched clusters.
3. The search does not take the class labels into account, thus, possibly concentrating on a search for data
clusters that have nothing to do with the classification problem.
We therefore, purpose to further estimate the architecture parameters by performing a gradient descent search
after the initial parameter estimation. The search should include the cluster centers, the clusters’ radii and
the forward weights. This concurrent search on all the parameters is non-trivial, as it appears that the force
that is driving the cluster radii to zero is stronger than the other optimization forces. Wang and Zhu [24]
addressed this problem by assuming a fixed size of the radii and thus, performing the optimization on the
remaining parameters, namely the cluster centers and the forward weights.

We address the above problem by applying a constrained optimization, which penalizes small radii. The
optimization objective is:

N M M
E=53 > (-t +a) —,
n=1 k=1 k=1 "k
where 7 is the radius of cluster k. Note that we assume a radially symmetric cluster, this assumption can
be relaxed, by performing a local Mahalobis transformation around each cluster. « is a small regularizing
parameter, which should be estimated by cross validation on the training data.

Not surprisingly, we have obtained a faster convergence of the optimization algorithm by replacing the
gradient descent by a conjugate gradient algorithm. We have used the Polak-Ribeire [30] algorithm which was
find to work slightly better than other optimization algorithms that have been suggested in [30], [14]. The
gradient optimization formulae are given in the Appendix.

N =

C. Pruning of unnecessary units

The gradient descent algorithm which has been described above produces units which become relatively
ineffective. These units, can be easily pruned by evaluating their contribution to the overall error. This is
done simply by removing the connections between each hidden unit from the output units, and measuring the
change in the objective function. Units which do not increase the error, or increase the error by a value that is
smaller than some predetermined regularization constant (which has to be determined via cross-validation on
the training data) can be removed. The application of the pruning process, reduced, on average, the number
of hidden units by about 1/3 without any significant reduction in performance.



‘ MacKay ‘ 1D Sine ‘ 2D Sine ‘ Friedman ‘
Rbf-Orr 0.44 +0.14 | 0.44 +0.14 | 0.91 £0.19 | 0.12+0.03
Rbf-Matlab | 0.69+0.41 | 0.57£0.27 | 0.74£0.4 0.2 £0.03
Rbf-Bishop | 6.82+0.82 | 0.33 £0.16 | 0.53 £0.19 | 0.17 £0.02
GDRBFN | 0.440.16 0.33 +£0.12 | 0.51 +0.19 | 0.16 £0.02
TABLE I

MEAN SQUARED ERROR RESULTS ON TEST DATA FROM FOUR REGRESSION DATA SETS. AVERAGED RESULTS OVER
100 RUNS ARE SHOWN INCLUDING THE STANDARD DEVIATION.

IV. RESULTS

This section describes regression and classification results of several variants of RBF and the proposed
Gradient Descent RBFN method on several data sets. The results, which are only given for the test data, are
an average over 100 runs and include the standard deviation. We start with a comparison on four simulated
regression data sets that were used by Orr [1] to asses the performance of RBF. The results are summarized
in Table I.

The first data set is a 1D sine wave [1].

y = sin(12z),

with z € [0, 1]. A Gaussian noise was added to the outputs with a standard deviation of o = 0.1. 10 sets of
50 train and 50 test patterns randomly sampled from the data with the additive noise were used.
The second data-set is a 2D sine wave,

y = 0.sin(z1/4) sin(z2/2),

with 200 training patterns sampled at random from an input range x; € [0, 10] and z9 € [—5, 5]. The clean
data was corrupted by additive Gaussian noise with ¢ = 0.1. The test set contains 400 noiseless samples
arranged as a 20 by 20 grid pattern, covering the same input ranges. Orr measured the error as the total
squared error over the 400 samples. We use the same measure.

The third data set [31], [23] is based on a one dimensional Hermite polynomial

y=14+(x+ 2$2)6_I2.

100 input values are sampled randomly between —4 < = < 4, and Gaussian noise of standard deviation o = .1
was added to the output.

The fourth data-set is a simulated alternating current circuit with four input dimensions (resistance R,
frequency w, inductance L and capacitance C' and one output impedance Z = /R2 + (wL — 1/wC)2. Each
training set contained 200 points sampled at random from a certain region [23, for further details]. Again,
additive noise was added to the outputs. The experimental design is the same as the one used by Friedman
in the evaluation of MARS [32]. Friedman’s results include a division by the variance of the test set targets.
We follow Friedman and report the NMSE on the test set. Orr’s regression trees method [23] outperforms the
other methods on this data set.

A. Classification

The first classification data set is of sonar returns where an attempt is made to distinguish between a mine
and a rock. It was used by Gorman and Sejnowski [33] in their study of the feasibility of neural networks to
sonar signal discrimination. The data has 60 continuous inputs and one binary output for the two classes.



‘ Algorithm ‘ Sonar ‘ Vowel ‘ Seismicl ‘ Seismic2 ‘ breast-cancer
RBF-Orr 7510 | - 63+0 7940 95.86+0.003
RBF-Matlab | 854+1 | 51.6+2.9 | 7344 8143 96.024+0.006
RBF-Bishop | 8243 | 48.44+2.4 | 6044 775 96.734+0.003
GDRBFN 9141 | 65.1+1.2 | 84+0 85+0 96.75 +£0.003

TABLE II
PERCENT CLASSIFICATION RESULTS USING THE RBF DIFFERENT ARCHITECTURES ON FOUR DATA SETS. AVERAGE
RESULTS OVER 100 RUNS INCLUDING THEIR STANDARD DEVIATIONS ARE PRESENTED.

It is divided into 104 training patterns and 104 test patterns. The task is to train a network to discriminate
between sonar signals that are reflected from a metal cylinder and those that are reflected from a similar
shaped rock. Gorman and Sejnowski report on results with feed-forward architectures [34] using 12 hidden
units. They achieved 90% correct classification on the aspect independent test data. This result outperforms
the results obtained by the different RBF methods, and is only surpassed by our proposed RBF training
algorithm.

The Deterding vowel recognition data [16], [15] is a widely studied benchmark. This problem may be more
indicative of the type of problems that a real neural network could be faced with. The data consists of auditory
features of steady state vowels spoken by British English speakers. There are 528 training patterns and 462
test patterns. Each pattern consists of 10 features and it belongs to one of 11 classes that correspond to the
spoken vowel. The speakers are of both genders. The best score so far was reported by Flake using his SMLP
units. SMLP is a hybrid neural network which uses nonlinear as well as linear input features resulting from
the expansion of the Euclidean distance around a cluster center:

ty —2ztc + cle,

(r—c)l(z—c)=x
where c is the center of a radial function and x is an input pattern vector. Flake has shown that this kind of
network can approximate projection units as well as radial units. The sqaure inputs approximate the radial
functions, while the projection it the regular inputs. His average best score was 60.6% [15] and was achieved
with 44 hidden units. Our algorithm achieved 65.1% correct classification with only 27 hidden units. As far
as we know, it is the best result that was achieved on this data set. Orr’s method is not included as it was
not available for a multi-class problem.

Seismicl and seismic2 are two different representations of seismic signals. The data sets include waveforms
from two types of explosions and the task is to distinguish between the two types. This data was used for
evaluation of various approaches including artificial neural networks in a “Learning” course given at Tel-Aviv
University?. The dimensionality of seismicl is 352 representing 32 time frames of 11 frequency bands, and the
dimensionality of seismic2 is 242 representing 22 time frames of 11 frequency bands. Principal Component
Analysis (PCA) was used to reduce the data representation into 12 dimensions. Both data-sets have 65 training
patterns and 19 test patterns which were chosen to be the most difficult for the desired discrimination. Table II
summarizes the percent correct classification results on both data sets for the different RBF classifiers. The
test set was carefully chosen to include the most difficult discrimination tasks. On the seismic data, due to
the use of a single test set, the STD is often zero as only a single classification of the data was obtained in all
10 runs.

2For details see http://www.math.tau.ac.il~nin/learn98,9



V. SUMMARY

We have demonstrated a possibly strong deficiency of the familiar k-means algorithm and its variants
including the EM variant. We have suggested a simple way to amend this problem. The analysis performed
in Appendix B demonstrates that the problem of bad initial cluster centers becomes worse when the number
of training patterns increases. It is thus more important to correct for this problem in those cases when one
expects the size of the data set to be sufficient for robust parameter estimation.

To further improve on the results of a clustering algorithm, we have suggested to perform a constrained
optimization on all the parameters or a Radial Basis Function architecture. The optimization has to be
constrained so as to avoid a trivial strongly overfitting solution, where the cluster centers converge to zero.
We have demonstrated the improved performance of the resulting algorithm on 8 data sets and compared
our approach with the current state of the art in RBF training algorithms. Our results demonstrate that
the proposed training algorithm often outperforms the competing algorithms and never underperforms; A
remarkable result is achieved on the vowel data set.

APPENDIX
I. FULL GRADIENT FORMULAE

We provide the equations for the full error gradient of the RBF networks, including the gradient of the
radii, the forward weights and the cluster centers. Let E™ be the error due to the n training pattern, the total
error is given by

N
E=Y E" (8)
n=1

1M
B =53 (s a™) — 1) )
2 k=1
We define:
0r = (ye(w; ") — 17). (10)
The derivatives of the error with respect to the weights are given by:
n N
o, = 205 o

The derivatives of the error with respect to cluster center i is:

o  C
am' = Z(ékwm@@/aml), (12)

k=1

where C' is the number of the network outputs. The derivatives of the error function with respect to radius ¢
is:

oE"
5 = Z(ékwkz&m/@m) (13)
[
The derivatives of the RBF function with respect to center i:
a(ﬁz n " — my
am: — )0 (14)

(2

The derivatives of the RBF function with respect to the radius i:

' " —m |12
06i _ 4@z —mill _ 4 (15)

or; T T




where d is the dimension of the input pattern vector.

II. UPPER BOUND ON THE PROBABILITY OF K-MEANS TO GET STUCK IN BAD MINIMA

The following derivation also holds for the clustering done by the EM algorithm [14]. Here we derive the
probability of some vectors to be chosen from the same cluster. Assuming that there are exactly k distinct
clusters, let A be the event that the k initial vectors are chosen from £ distinct clusters. Assuming that each
cluster has roughly the same number of members® dentoted by n/k (rounded to the smallest integer), there
are (n/k)* different ways to choose the k initial vectors. There are (}) different ways to choose k vectors out
of the total n number of vectors. Thus,

n
pA) = (k) <k>
nF(n — k)k!
- kkn! (16)
We proceed by using the Stirling approximation of n! for large n:
n! ~ 2[lnn"e™". (17)

The Stirling approximation gives:

(4) ~ V2 =) (0 — k)" ke~ (R /oTTkk e (18)
! - \/ﬁnne—n :

After some arrangement we arrive at:

N nk\/2I1(n — k)V2Ik(n — k)"k*
pld) = V2Inn"(n — k)k '

Since n > k > 0 we make use (n — k)" %) < (n — k)" and arrive at

_ n¥\/200(n — k)V21Ikk"
pl) <= VIOV (20)

= P(A) = 0. (21)
Thus, the probability to start with bad local initial cluster centers approaches 1 when the number of data
points becomes large. Starting with bad initial cluster centers does not always guarantee that the final solution
will not include all clusters, therefore the above analysis gives an upper bound for the probability of arriving
to bad cluster solutions. The EM algorithm can not alleviate this problem, as was demonstrated in Figure 1.
For that example, the upper bound is 7/9.
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