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he large amount of data

available for analysis

and management raises

the need for defining,

determining, and ex-
tracting meaningful information
from the data. Hence in scientific,
engineering, and economics stud-
ies, the practice of clustering data
arises naturally when sets of data
have to be divided into subgroups
with the aim of possibly deducting
common features for data belong-
ing to the same subgroup. For in-
stance, the innovation scoreboard [1]
(see Figure 1) allows for the classification
of the countries into four main clusters correspond-
ing to the level of innovation defining the “leaders,” the
“followers,” the “trailing,” and the “catching up” countries.
Many other disciplines may require or take advantage of a
clustering of data, from market research [2] to gene expres-
sion analysis [3], from biology to image processing [4]-[7].
Therefore, several clustering techniques have been devel-
oped (for details see “Review of Clustering Algorithms”).

The easiest way to represent the data to be clustered is

by associating each datum with a point in a given space;
therefore, clustering can be performed on the basis of the
displacement of these points. In fact, clustering algorithms
are explicitly or implicitly connected to some definition of
proximity measure. Although the Euclidean norm is often
used, in particular circumstances an alternative norm may
yield better solutions [8].
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Herein a distance-based clustering method is described.
While performing the clustering, the algorithm identifies
the regions of interest surrounding the points belonging
to the same cluster. This idea is developed by making use
of the concepts of level function, level set, and level lines;
each cluster is obtained by grouping together points
belonging to the same connected region of the level set.
Moreover, the level function is interpreted as the Hamilto-
nian function of a Hamiltonian dynamical system. The
interesting fact associated with the definition of a level
line as the trajectory of a Hamiltonian system is that with
the integration of the Hamiltonian system, some particu-
lar geometrical features associated with the connected
region internal to the level line can be determined. These
features, called moments, contain information that is used
to develop a clustering procedure for data sets changing
on time.
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Innovation scoreboard of EU countries. EU countries are represented on a Cartesian plane according to their summary inno-
vation index (vertical axis) and their annual growth rate (horizontal axis). Four main clusters can be identified.

The article is organized as follows. After describing the
two-dimensional Hamiltonian-based clustering algorithm,
the discrete-time dynamic clustering is developed, together
with the case of the time-dependent Hamiltonian function.
Subsequently, the n-dimensional version of the method is
presented. Finally, examples and applications of the meth-
ods are given, and open problems and future developments
are described.

HAMILTONIAN-BASED ALGORITHM
This section describes a clustering algorithm based on the
notions of level function, level set, and level lines.

Definition 1
A level function is a continuous function H:K — R, with
compact support K C R*. A (super) level set is a set £ C K
such that, for all £ € £, H(£) is larger than a given value.
More precisely, the level set corresponding to the level H,,
is the set {& € K: H(&) = H/}. In general, a level set may be
the disjoint union of more than one connected set, hence
the following definitions are useful. A connected set R C £
is a maximal connected component (MCC) of the level set L if
for each connected set Ro# R such that RC Ry, there
exists £ € R\R such that &y & L. The boundary of each
maximal connected component of the level set is a level line.
Consider Figure 2, and let the level set £ be denoted by
the shaded areas. Then the set R, delimited by the dotted

line, is not an MCC. In fact the set Ro, denoted by the
dashed line, is such that Ry # R and RC Ro but all the
points in R\R belong to L. On the other hand, the sets R:
and R, are MCCs of L. In particular, £ = Ri1U Ro.

The graph of the function H is a surface in R? that may
exhibit local maxima or local minima. Given a value H,,
included between the highest and the lowest quotes of
the graph, all the points of the graph can be connected
having the same quote H,. The set of these points results
in a number of lines in R?; the projection of each of these

Level sets and maximal connected components. A level
set £ (shaded area) in general consists of more than one maximal
connected component. In this figure it consists of two maximal
connected components (MCCs) (R1 and R2). R, delimited by the
dotted line, is not an MCC of £; in fact R& Ro C Ry.
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Review of Clustering Algorithms

clustering algorithms are divided into the following principal
categories.

e Hierarchical algorithms (single and complete link algo-
rithms, CURE [S1], BIRCH [S2], partial least squares [S3],
and CHAMELEON [S4]). A measure of similarity and dis-
similarity between objects must be defined together with
a linkage criterion. Hierarchical clustering algorithms or-
ganize data into a hierarchical structure according to the
proximity matrix, which contains all the pairwise dissimi-
larities or similarities between the points in the data set.
The results are usually depicted by a binary tree or den-
drogram. Finally the clusters are obtained by considering
the dendrogram at some fixed level.

— Agglomerative algorithms. Each data point belongs to
a separate cluster, and a series of merge operations is
executed until all objects belong to the same group.

— Divisive algorithms. The entire data set belongs to a
cluster, and a procedure successively divides it until
all clusters are singleton clusters.

e Partitional algorithms (k-means, k-medoid clustering [S5]—
[S8], k-means with Fisher discriminant analysis [S9], CLAR-
ANS [S10]). A single partition of the data is obtained. Parti-
tional methods are suitable for large data sets. The partitional
techniques usually produce clusters by optimizing a criterion
function. The number of clusters must be fixed a priori.

e Artificial neural networks (Kohonen nets [S11], ellipsoid-
ART with Mahalanobis distance [S12], [S13]). Two ap-
proaches may be distinguished, supervised or unsu-
pervised neural networks. In the former a deterministic
mechanism is designed to adjust (training phase) the con-
nection weights for the neurons. The latter consist of a
single layer of neurons known as a Kohonen layer and are
usually self-organizing networks.

e Density-based algorithms (ADACLUS [S14], DBSCAN
[S15], DENCLUE [S16]). Density-based algorithms iden-
tify clusters as dense regions of objects in the data space
separated by regions of low density. The method allows to
determine clusters or arbitrary shapes. A density thresh-
old parameter must be fixed a priori.

e Graph theory-based algorithms (AMOEBA [S17]). Nodes
of a weighted graph describe objects in the feature space
while edges quantify the similarity between separate ob-
jects. The clustering is performed by determining maxi-
mally complete subgraphs (cliques).

* Kernel-based algorithms (support vector machine [S18],
[S19]). The data points are nonlinearly mapped into a

lines onto R?is a level line corresponding to the level H,.
If a level line is closed and all the internal points belong
to the level set, then the set of the internal points is a max-
imal connected component of the level set. Moreover, if
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higher dimensional feature space where the data points
can be linearly separated.
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the reference H; is suitably chosen, the maximal con-
nected components are disjoint and are the projections of
pieces of the surface around a local maxima. Now, sup-
pose that the set # of the data to be clustered is a subset



of R?. The notion of level function may be exploited for
clustering purposes. The result is achieved constructing a
level function such that the images of data points that
share common features lie around the same local maxima.
In this case it is possible to find a suitable reference level
such that each maximal connected component corre-
sponds to a cluster.

Suppose that £ has N elements. A way to construct the
function H is to associate a function H;: R*> -~ R with each
datum point & € P, i = 1,...,N. This function represents
the information associated with the position of &:. The
functions H;, i = 1,...,n are then combined to define the
overall level function H. The final aim of a clustering
method is to merge the information associated with the
single data into the information associated with the cluster.
As a consequence, the functions H; need to have their
maximum value in &;, where the information is maximal,
and a decreasing value when increasing the distance from
&i. Some examples are the cone function, the hat function,
and the Gaussian function; see a one-dimensional version
in Figure 3.

Since the overall function H () is expected to maintain
the entire information provided by each value H; (&), then
a possible choice is to define H as the p-norm of the vector
of all the H;s, i.e.,

N
HE = (Hi(&), H2(&), ..., Hv@E) |, =1/ > HI&, (1)
i=1

with p =1,...,00, where, for instance, Hi(&€) = e IE-&ilk,
Specifically, in the following H is defined as the sum,
namely the 1-norm, of the H;s, while the single Hamilto-
nian function is defined as a Gaussian function, that is,

H(f) — i H,(f) — i e—HE—frH%_ @)
i=1 i=1

The Gaussian function is chosen because it is positive and
smooth and can be interpreted as a probability density
having its maximum in &;, which is an effective way of
representing the information associated with the data
points.

The level function can be interpreted as a clustering
function by choosing a reference value H, and considering
a cluster as the set of data points lying within the same
MCCs of the level set corresponding to H,. In Figure 4, for
instance, the level function and the value H, are such
that the level set corresponding to H, is made of three
MCCs, namely, Ri, Rz, and Rs, each of which identifies a
cluster, namely, C1 =1{&1}, C2={&:, &4, &5 &7, €9}, and
Cs =A{&;s, &6, Es, &0}

To explicitly find the level line S; associated to R;, the
clustering function H is regarded as a Hamiltonian func-
tion and the corresponding Hamiltonian system is defined.
The simplest form of a planar Hamiltonian system is
described by the equations

Si Si 5

(@) (b) ()
Definition of level functions. The figure shows some
examples of possible choices for the function H;, which is the basis

for the construction of the overall Hamiltonian function H: (a) a
cone function, (b) a hat function, and (c) a Gaussian function.

¢ = 9H

X = ay ’ x(O) = Xo,
. oH
y=="5 y(0) = yo,

where (x, y)T is the state. The time derivative of H is

c_9H . AH. _

H= o T ayy 0, (©)
which means that H(x(t), y(t)) is constant for all t=0.
Therefore the trajectory (x(t), y(t)) lies on a level line of H.
The property H = 0 holds also for the system

- ﬁ =X
& = ayf(x, v, x(0) =%, @

. __3H _ -
y= 8xf(x, v, yO) =y, ®)

where f(x,y) is any continuous positive function. Hence,
denote with x and y the coordinates of &, thatis, (x, y) = €,
and assume that the initial condition (%, y) is such that
(%, ) € Sj, namely, H(x, #) = H,. Then the trajectory of
system (4)—(5) lies on S; for all t. As a matter of fact, the

Example of the data set. A possible configuration for
P ={&1,..., Eo}. The level reference H, is such that the level set
is made of three MCCs, namely, Ry, R2, and Rs. The MCCs
identify the clusters Ci1={&1}, Co={&2&4,&5,E7,E0y, and
Ca={&s, &6, Es, Ero}.
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knowledge of an initial condition é such that H (t;“’) =H,is
not necessary. In fact, a modified version of system (4)—(5)
may be considered. To state the main result associated with
the modified system, a preliminary definition and a lemma
are needed.

Definition 2

The diameter of a set C is diam(C) £ sup{d(x,y): x€C,
y € C}, where d(x, y) is the Euclidean distance between x
and v.

Lemma 1

Let y: [0, T] - R? be a continuous curve with continuous
first-order derivatives, let L(y) be its length and let
(x(t), y(t)) denote the parametric description of y, namely,
the image in R? of t €[0, T]. Moreover, suppose that y is
contained in a compact set A, whose diameter is
diam(A) = M, the equation x(t) = 0 has at most z. solu-
tions in [0, T) and the equation j(t) = 0 has at most z, solu-
tions in [0, T). Then L(y) < M(zx + zy + 2) (for the proof see
“Proof of Lemma 1”).

As mentioned previously, the property of the Hamilto-
nian systems, namely, that H(t) is constant, can be exploited
for a Hamiltonian clustering even though the initial condi-
tion é is such that H (f) # H;, as stated by the following
result.

Theorem 1
Let H be defined by (2). For each initial condition (x(0),
y(0)), the dynamical system

Proof of Lemma 1
The length of the curve v is given by

L(y) = foT,/;(2 +yPdt< f07(|x(t) |+ y(t) )dt.

If ¥y € A, then the length spanned in the x direction in a
time interval in which x does not change sign is bounded
by M. Thus, if X changes sign at most z, times, then

fOT|X(t)|dt§ M(zx+1).

An analogous result holds for y and the claim follows
immediately. |
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£ = fo (G - SrH-H) ©)

i ==fe G+ G, H-HI"), )

with the positive-definite function f(x, y) defined as

-1
ﬁ 2+(ﬁ>2> 7 lfH(x/y)séHV/
fl,y) = o % 12
! OH \ | [ 9H \*\~ . _
ALY, (—W > > . ifH(v,y) =H,

provided the trajectory satisfies (9H/dx) +(9H/dy) # 0
for all ¢, is such that the state of the system is driven to a
level line S; corresponding to the level set H(x, y) = H, in
finite time and the level line S; is spanned in finite time
(for the proof of the theorem see “Proof of Theorem 17).

The time required for the state of the system to converge
to S; and the time needed to span the level line can be ren-
dered arbitrarily small by multiplying f by a positive con-
stant k > 1.

A naive methodology to compute all the level lines con-
sists of integrating the Hamiltonian system (6)—(7) N times,
the ith time picking as initial condition a point close to the
datum point &; € . Each &;, in fact, belongs to some con-
nected subset R; of the level set and, therefore, is internal to
the level line S;. However, this exhaustive approach is not
very efficient as it requires to compute the same level line
S, as many times as there are data points in R;. A more
efficient algorithm makes use of the concept of winding
number [9] of a point &; = (x;, y:) with respect to the closed
curve S;, defined as

w0 S)eL —y—yddx + & —x)dy
IS (x—x)"+ (Y —ys)
The above ideas lead to the following clustering algorithm,
which terminates after a finite number of iterations.
» Stepl:Leti=1and j=1.
» Step 2: Integrate system (6)-(7) with &£(0) = &;. For all
k=i+1,..., N, compute w(&;, S)).
» Step 3: For all k=i+1,...,N, if w(£,S) =1 then
P~ PUES.
» Step 4: If P # 0, then go to Step 2 with i — i+ 1 and
j < j+ 1. Otherwise STOP.
Note that Step 2 allows to compute the boundary S; of
the connected set to which & belongs. Note also that



Proof of Theorem 1

The first claim holds thanks to the fact that the term
—(H — H)"® has a sign that steers the trajectory towards a

line corresponding to H;. Moreover, the steering term vanishes

when H = H,. In particular, the time derivative of the Hamilto-

nian function yields the dynamical system

=—(H-H)", (S1)

the solution of which is

. . _ 2 3
H(t):‘Hr+SIgn(H<0) Hr)\/<|H(0) Hi = 24,
H:,

foro <t < %| H(O0) — H, %2,

fort > %|H(0)7Hr\2’3,

hence H(t) = H. for t>3/2|H(0)— H,’® and the system
(6)—(7) reduces to (4)—(5). The computation of the linear

Step 3 makes use of the notion of the winding number to
delete, form the set of data, the points that have already
been classified as internal to a level line.

DISCRETE-TIME MODEL OF

THE CLUSTER DYNAMICS

The algorithm described in the previous section can be
exploited to model the dynamics of the clusters in two
different ways, according to the time scale considered.
The discrete-time approach, explained in this section,
and the continuous-time approach, to which the next sec-
tion is dedicated, lead to paradigms that are different not
only in the time scale but also in the way the static algo-
rithm is used.

In this section the discrete-time motion of a cluster is
reconstructed by iterative applications of the static algo-
rithm. In particular, various time instants may be associ-
ated with data sets that differ for the number and the
position of the data points. More precisely, consider a
sequence of time instants 7 = {Ti}ren, and let P(Tr) and
P(Tr+1) denote the sets of data points at the time instants
Tk and Tk+1, respectively. Since the position of the data
points at time Tk+1 is, in general, different from their
position at time Ty, the number of MCCs of the level
set may also be different. Let Ri(Tw), ..., Rnwy(Tx) denote
the MCCs of the level set at time T. Suppose that G €
{Ri(TK), ..., Rnay(TH)} is an MCCs and consider the
problem of associating G with an MCC Fe{Ri
(Tr-1) ..., Ry (Tk-1)} in such a way that G is the time-
evolution of & .

velocity of the point &(t) along the trajectory of system (4)—
(5) yields

s = /%7 = (LS 1o+ (L2 =1,

hencethelevelline is spanned with constant unitary velocity.
IfHisasin (2), ifthe datapoints belongto some compactset K
and if K is a subset of the set {& € R?: d(£,0) < R}, for some
ReR,R >0, then S; is a subset of {£ € R?:d(£,0) <R’}
with R" = R+ /In(N/H,) . In fact, consider a point { such,
thatd(£,0) > R’; since d(£,0) <R, for all i=1,...,N, then
pi(©) > /In(N/H,). Hence Hi(§) <e ™M) =H, /N and
H) = Z:Vq Hi(§) < N (H//N) = H;. Therefore { & S;. Thus
the first hypothesis in Lemma 1 holds. Moreover, due to the
choice of the Hamiltonian function, the second hypothesis
in Lemma 1 also holds and it can be concluded that the
length of S; is finite. Hence, since §; is spanned with a
constant velocity, the level line is spanned in finite time. B

Obviously, to begin with the concept of time evolution
needs to be specified. A possible solution exploits the
notion of geometric moments of a two-dimensional region
(see “Geometric Moments”).

Computation of the Moments

The moments of any order of Fg; can be computed by inte-
grating (6)—(7). In fact, by using Green’s theorem a double
integral over a region is equal to a line integral over its
boundary.

Theorem 2 (Green’s)

Let S be a positively oriented, piecewise smooth, simple
closed curve in R?, and let R be the region bounded by S.
If L and M are functions of x and y defined on an open
region containing R, and with continuous partial deriva-
tives in R, then

f&(%—%)dxdy = /S(de+Mdy).

By applying Theorem 2 and selecting, for instance,
(0M/9x) = xPy? and L = 0 one obtains

ff% xyldxdy = fS,r p }_ 7 P ytdy, 8)

where the term on the right-hand side is an integral along a
(closed) trajectory S; corresponding to one of the level
lines of the clustering function H. From (8) the time
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Geometric Moments

DEFINITION 4

For a function F(x, y): R~ R the moment of order p +q,
with p and g integers and such that p+qg =0, is de-

fined as

Mpq(F) = /:z /:z xPy9F(x, y) dxdy. (S1)

Considering the MCC R; associated with the cluster C;, the
index function of R; is

1 (x,y)eR,

Fri(x, y) = {o otherwise.

(S2)
From(S1) and (S2), it is possible to relate the moments of order
zero and one of Fg; to the position and the size of Fg,. In fact
the moment of order 0 of Fg, is the area of R;:

Mmoo(Fg,) = ffﬂldxdy,

whereas the position of the center of mass of R; can be ob-
tained from the moments of order 0 and 1. Denoting by xx, and
y, its coordinates, it follows that

variation of the value of the moments on the time scale of
the Hamiltonian system (4)—(5) can be obtained. In particu-
lar, the differential equations

1o = Xy, )

Jito = %xzy, fiton = xyy, (10)

120 = %xw, i = %xzyy, fite = xy°y, 1)
with 1,,(0) = 0, are such that n1,,(f) = m,,(Fg)), where f is
the period of the orbit of system (4)—(5) along S;.

It is worth noting that the differential equations (9)—-(11)
do not describe the dynamics of the moments on the time
scale of the motion of the points &, but only the variation of
their values on the time-scale of the Hamiltonian system
(4)-(5), the trajectory of which is the level line S;.

The Sequence of Clusters

Within the theoretical framework described above, it is now
possible to solve the problem posed at the beginning of the
section. In fact, moments and central moments provide a
quantitative description of the dimension, the position, the
orientation, and the shape of the regions containing the clus-
ters. More precisely, the computation of the moments of
order zero and order one and the computation of the central
moments of order two originates a map M from the set of all
possible shapes in R’ to a point M(R) = (moo, mo, ma,
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_ Mio(Fr)
Moo (Fgr)’

_ moi(Fg)

X% " moo(Fgr)°

Rj

A further step is the quantitative description of the shape of
the cluster, which can be done with the help of the moments of
higher order of R; computed with respect to its center of mass,
which are called the central moments.

DEFINITION 5
For a function F(x,y):R?— R, the central moment of order
p +q, with p + g > 2, is defined as

Hea(F) = [ [ Xey3FGarym dxay,

where xr = x—xg, and yr =y — yg,.

The central moments of order two are associated with geo-
metric quantities such as the principal axes of the image el-
lipse of R; (for further details, see [S20]).
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Moo, L1, Hoo) € R®. This map may be used to construct a
sequence of clusters each of which is the evolution of the pre-
vious. Suppose Tr-1—Tk is small with respect to the time
variation of the data points. Then a cluster C; and the region
R; surrounding it experience small changes between T,-1
and T . As a consequence, the images of the two regions,
through M, are not too far one from the other. Now, con-
sider a region J € {R1(Tx), ..., Rnw@y (TH)} and an ellipsoid in
R® having the center of mass in M(F) and the semiaxis of
which are the coordinates of a vector d = (dy, ..., ds) € RS,
namely, the set

6 A AYA
Ea(F)= {(zl,...,zé) eR: Y % < 1},
i=1 i

where mg; denotes the ith component of M(J). The defi-
nition of the ellipsoid Eq4 allows to formalize the notion of
time-evolution of a cluster.

Definition 3
A maximal connected component G & {Ri(Tk+1),...,
RN (Tkr)} is the one-step Ea evolution of F € {Ri(Tw), ...,
Ry (Tk)}, whichis denoted by G ~ e F, if M(G)EEa(F).
With the help of Definition 3 the generic K-step evolu-
tion from Go € {R1(To), ..., Rnwy(To)} can be defined as the
sequence  {Gitren,..xy such that, for i=1,...K,
Gie{Ri(T),... Rv.(T)} and Gi~ £ Gi-1.



CONTINUOUS-TIME MODEL

OF THE CLUSTER DYNAMICS

The results presented in the previous section refer to a dis-
crete-time scenario where the sequence of MCCs and of
clusters contained in them may be built by repeated appli-
cation of the static algorithm described above. In this sec-
tion a continuous-time scenario is considered leading to a
different description of the dynamics of the clusters and to
an extension of the static algorithm.

Suppose that the data points move in time, which hap-
pens, for instance, when the points represent the position
on the ground of moving objects. In this situation, not only
the clusters change in time and assume different shapes
but they may also merge or split, hence their number also
varies. Moreover, data points may appear or disappear,
meaning that the data set may have different cardinality in
different time instants. Thus N is indeed a discrete-valued
function N(T) of the time variable 7. However, to simplify
the reasoning, a constant value of N is initially assumed.

Due to the motion of points, each Hamiltonian function
H; associated to &; depends on time and so does the Ham-
iltonian function H

N
H(E, 7) = 2 Hi&, ). 12)
i=1

From (12) it is evident that while in the static version of the
algorithm the level function H is defined on R? and the
manifolds corresponding to a constant value of H are curves
in R?, in the dynamic version developed herein the time T
is added as a variable for the Hamiltonian function. As a
result the manifolds corresponding to a constant value of H,
described by the equation H (&€,7) = H,, are surfaces in R>.
To illustrate the surfaces, consider two points that are
close to each other at the initial time-instant and are moving
in opposite directions. Up to some instant the intersection
between the level surface and a plane corresponding to a
constant value of T is a closed curve surrounding the two
points [Figure 5(a)l. When the distance between the two
points increases, the intersection becomes the union of two
distinct closed lines, each of which encloses one of the
points. The resulting three-dimensional surface is a cobor-
dism [10] between the initial closed curve surrounding the
two points and the final pair of closed lines [Figure 5(b)].
The introduction of time as a new variable generates a
port-Hamiltonian system without inputs, namely,

% oH) (8H
t
0 Ji Jib\| o ox
d
ar|=| e 0 =) SH=T S (13)
do| e Ollan | | am
dt T T

It can be seen that, due to the skew-symmetry of J, H=0
for all t = 0, that is, the trajectory of system (13) lies on a
surface corresponding to a constant value of H. In the

(@)

WSS
SRR \
\Q\\\\\

(b)

Cobordism representing two moving objects. The sur-
face H(x,y,T) = H, corresponds to a pair of points moving in
opposite directions. In (a), the projection on the (x, y) plane of the
level surface for different values of 7; in (b), the surface in the
space (x,y,T).

remainder of the section H, denotes the surface corre-
sponding to the value H,, that is, H,={(x,y, T) e R3:
H(x,y,T) = H/}. As in the static version, since H=0, if
x(0), ¥(0), and 7(0) are such that H(x(0), y(0), T(0)) € H,,
then H(x(t), y(t), T(t)) = H, forall t > 0.

The time scale of (13), identified by the variable ¢, is
different from the time scale of the motion of data
points. The time-variable 7 corresponding to the latter
is interpreted as a third variable of the Hamiltonian
function, thus originating a vector field in R®. On the
other hand, the time-variable ¢ is the time scale of the
trajectory of the state of the system which lies on H..
The two time scales coincide if and only if J13 and ]2 are
such that 7 =1.

The parameters [; can be arbitrarily chosen and deter-
mine the directions, on H;, of the trajectories of the system.
Therefore, various cases can be considered.

Real-Time Trajectory

If J13 and J»3 are such that 7 = 1, then the two time scales ¢
and T coincide, which implies that the state of system (13)
runs along H, in real time, namely, with no delay with
respect to the dynamics of the measurements. This situa-
tion can be achieved, for instance, by setting
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Real-time evolution. The trajectory (white line) of a time-
varying port-Hamiltonian system twists around the level surface
H, in real time.

oH _OH

Jiz = ox , Jn= % ,
(G5 (5 (5T
ox ay ox ay
provided that the trajectory is such that (9H/ Xy +
(dH/3y)* # 0 for all + = 0. In this case, the remaining param-
eter J12 can be used to determine how rapidly the trajectory
wraps around H;. Figure 6 refers to the same setting con-
sidered in Figure 5(a). The surface H, “grows” in time
along the vertical axis, while the trajectory of (13) wraps
around ;.

Obviously, when the level surface splits into two
branches, the trajectory of the port-Hamiltonian system
can follow only one of them. Therefore, to have a complete
approximation of H, another port-Hamiltonian system
that follows the other branch needs to be considered.

The Static Case
If J13 and ]2 are such that 7 = 0, then T(¢t) = 7(0) for all
t= 0 and the trajectory of system (13) lies on a plane cor-
responding to a constant value of time, as in the static case.
Set, for instance,
_oH —_oH

] 13 — ay Vi ] 23 .
As in the previous case, the remaining parameter 12 can be
used to determine how rapidly the trajectory “wraps
around” the surface corresponding to H,.

Time-Dependent Cardinality of the Data Set

Suppose now that the number of points in the data set is a
function of time, N(7). This may happen, for instance,
when the data points represent objects moving in the two-
dimensional plane and not all objects are detected at all
time instants. Specifically, an object may appear at a par-
ticular time-instant T., while it is not detected for T < T,.
On the other hand, a point may disappear at the time-
instant T4, while it is detected for T < T .. This assumption
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has two main consequences on the structure of the Hamil-
tonian function. To begin with the total number of objects
is indeed a function of time N (7). This occurrence has to
be taken into careful account since, due to the definition of
H given by (12), it results in a discontinuity of its time deriv-
ative. In addition, in the case of a disappearing point, a
method to propagate in the future the information pro-
vided up to the time T.must be designed.

Suppose that a moving object, identified by the point
fi, (7), is tracked up to the time-instant 74, and suddenly
disappears. If the velocity of the object is known to be
bounded from above by a value V., then at time T > T4
the actual position of the object can be any point in a ball
centered in &;(7x) and of radius V. (T — Ta4:). To take this
occurrence into account, consider the Heaviside function
n:R—{0,1}, defined by n(t) =0 if t <0 and 7n(t) =1 if
t>0, and add to the summation (12) the function
Li (&, T) = Hr (&, T)e"" " ™) n(T — Tas), that behaves as a
storing function. Note that L (&, Ta) = Hi (€, Tai), hence
the continuity of the total clustering function H is guaran-
teed at the disappearing time instants.

Furthermore, it is reasonable to assume that the infor-
mation corresponding to a disappeared point does not
need to be carried on forever. The natural way to deal with
this requirement is to forget the point & after a finite time
interval Tr. To this purpose, the storing function can be
modified as Li(& 7) = Hr (€, T)e"" " ") 1y (T), where
HMi(T) = (T —Tair) — (T — Tair — Tr).

To cope with the fact that the number of points changes
in time, and so does the maximum value of the level func-
tion, a normalizing factor has to be defined. This factor can
be the inverse of the number of points considered. Denoting
by M(7) the number of points that disappear but are stored,
then the final expression of the clustering function is

1 N(7) M(7)
HE ) = W(Z Hi(¢, )+ ,; Li(&, T))-

i=1

From the previous considerations it can be deduced that
the total Hamiltonian function is discontinuous in the time
instants that coincide with the appearance and with the
discarding of a data point. In fact, if a new point is detected
attime T,, then N(7;) = N(t;) + 1. Analogously, if a point
is discarded after being stored for Tk time units, at time
Tq+ Tk, then M(Ts+ TE) = M(Tas+ Tk) — 1. Nevertheless
the discontinuity generated by the appearance of the ith
point can be overcome. Consider the function

0 for T <0,
473 forT e (O, %)

f(m = (14)

4Tt -1°%+1 fOI"L'E(%,l)
1 fort>1.

where £(T) is continuous and with continuous first-order
derivatives for all T € R. Therefore, denoting by 7. the time
instant in which the ith point appears, the function



Hi(&,7) = e "©f(T — T, is a continuous function with
continuous first-order derivatives in all its variables. The
introduction of the factor f; has the effect of transforming the
appearance of the ith point into a fading appearance. More-
over, the time to completely appear, which in (14) is one time-
unit, can be rendered arbitrarily small by a proper scaling.

As a consequence of the introduction of the function (14)
the level line defined by H; (€, 7) = H,y coincides with &; at
the initial time-instant and for the following time-instants is
a circle the radius of which grows continuously. This grow-
ing process is coherent with the fact that each measurement
can be interpreted as exact at the appearing time-instant
while its position in the following instants may be affected
by some tracking error, thus originating a growing region of
interest surrounding the point. However, function (14)
cannot be used to discard the measurement in a faded way.
In fact, a reasoning identical to the appearance situation
implies that at the very last time instant the level line degen-
erates into a point, which is not coherent with a loss of infor-
mation about the position of the point.

Initial Conditions Not on the Level Set

Analogously to the static case described above, when the
initial condition does not belong to the level surface H,,
modified dynamics need to be considered to steer the state
of the Hamiltonian system to . In particular, the solution
of the system described by

k=—JoH(x,y, v~ H) 2, (15)
iy =—Jo(H(x, y, T) - H»”S%, (16)
T =—Jo(Hx, Y, T) - H,)”3%, (17)

with Jo = ((8H/ax)* + (aH/3y)* + (JH/IT)*)"' converges in
finite time to the value H, provided that the trajectory
does not go through singular points of H.

On the basis of these considerations, the following two-
step dynamics can be designed to reconstruct the surface
H,={(x,y, T):H(x,y,T) = H:}.

1) If H(x, y, T) # H; (that is, the state is not on the level
surface, for instance in time instants corresponding
to appearing and disappearing points), the trajectory
of the port-Hamiltonian system is determined by
(15)-(17).

2) If H(x,y,T) = H;, the trajectory is determined by
(13).

HIGHER DIMENSIONAL CLUSTERING

The extension of the two-dimensional algorithm to the
clustering of data belonging to R" can be designed in sev-
eral ways. A possible approach is to consider the coordi-
nates of the data points pair by pair and to apply to each
pair the static two-dimensional algorithm. More pre-
cisely, suppose that ¥ C R" and suppose, without loss of
generality, that 7 is even. In fact, if n is odd, a new coordi-
nate may be added without affecting the reasoning. If two
points &€ P and &: € P belong to different clusters,
then they must differ at least in one of the n coordinates,
say the jth. As a consequence, the application of the planar
algorithm to the projection of the data points onto the
plane (£, &), for | #j, classifies &1 € P and &; € P in dif-
ferent clusters. Note that, since the original Hamiltonian
surface defined in R” is projected in the plane (£} &),
namely, in R?, the reference value with respect to which
the level set are computed also changes, becoming
smaller. Summarizing these considerations, an algorithm
for the n-dimensional clustering method can be described
as follows.

» Step 1: Construct data sets

Q1 = {((11, E12), (E21,E20),...3,
Q: {(&13 E10), (€23, E2),...3,

Quz = {(Evwa, Evup), (Eana, Eaun), ...},  (18)

where £;; denotes the jth coordinate of the ith data

point. These sets consist of the projections of the

n-dimensional data points, and, in particular, they
are made of two-dimensional data points.

Step 2: Apply the static two-dimensional algorithm

iteratively. The application to Qi yields the clus-

ters Ci1, Cia, ..., Cix, the application to Q. yields
the clusters Cz1, C22, ..., C2,x2, and so on, up to the
application to Q.;2, which yields the clusters

Cns21,Cus22,...,Cu/z k. In this way each data point

&; belongs to the cluster Ci; as far as the first pair

of coordinates is concerned, with ji € {1,...,Ki}, to

the cluster C,.as far as the second pair of coordi-
nates is concerned, with j» € {1,...,Kz}, and so on.

» Step 3: Let Nk = K1Kz -+ Kyz. For each k € {0, ..., Nk}
consider the set of indexes It = {ji,..., ju2}, such
that j] e{l,...Kq}, jz e{l,...Ky}, ... jn/z e{l,.. Ku}.
This set of indexes is associated with the cluster

P

v

n/2

Ci=)Cij.
i=1

AUGUST 2012 <« IEEE CONTROL SYSTEMS MAGAZINE 83



Flock of birds. A black and white picture of two flocks of
birds can be used to test a clustering algorithm. In fact, a reason-
able clustering method should be able to distinguish the two flocks.

In general, different choices of the set of indexes may
originate the same cluster, that is, 7 and I, with
k2 # ki may be such that Ci = Ci,. However, the total
number of n-dimensional clusters yielded by this pro-
cess is at most K=k; - k).

APPLICATIONS

In this section several applications are presented to show
the effectiveness of the clustering methods described in
this article.

Detecting Groups of Objects from Images

Consider the static two-dimensional algorithm and sup-
pose that the set of data points to be clustered represent
the black pixels in a black-and-white picture. This set-
ting is the case, for instance, of an image representing
moving objects that have to be grouped to deduct some
common behavior of the members within the same

*
* &%
B, g1 e

* N\ #TJ\(**?‘”;

@

Identification of flocks of birds with sampled data. By sam-
pling the black and white image of Figure 7, a set of points in R? is
obtained. The lines represent the result of the clustering algorithm.
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group. Consider, for instance, two flocks of birds, as in
Figure 7, obtained from an original colored image, where
each bird is mapped into a set of black pixels, possibly a
singleton. The image has 700Xx961 pixels, 27,016 of
which are black and each of which potentially corre-
sponds to a bird.

To simplify the computation, the image can be sampled
before applying the algorithm. For instance, with a decima-
tion rate of ten, a new image is obtained that has 70 X 97
pixels, 272 of which are black. Figure 8 shows the result of
the clustering algorithm on the sampled image. Four clus-
ters are identified. Two of them correspond to the original
flocks while two contain only one point, namely, one bird.
The two singletons may correspond to birds that are moving
out from the flock or, on the contrary, joining the flock, or
may be due to the fact that the sampling cut out some pixels
between them and the nearest flock. In particular, in each
cluster the piece of trajectory from the initial point &; to the
level line corresponding to H; can be identified.

Finally, in Figure 9 the level line provided by the algo-
rithm is compared with the original picture.

Tuning the Value H, Corresponding to the Level Set
As the example considered in the previous section points
out, a level line can be associated either with a group of
objects, as in the case of the clusters associated to the main
flocks, or with a single one, as in the case of the two birds
clustered as singletons in Figure 8. While in that example
this effect is due mainly to a sampling process, it can be
obtained by properly selecting the reference value H;. In
Figure 10, for instance, different level lines obtained for
the same set of data points, namely black pixels corre-
sponding to geese, but with different values of H, are
reported.

On the left, the result obtained with a low value of the
reference level yields the identification of a “V” shape, typ-
ical of migratory birds. On the right, a high value allows to

Validation of the resulting clustering with the original
image. The result of the algorithm overlapped with the original
image of Figure 7.



(b)

Effects of the choice of the reference value on the clus-
tering. A low value of (a) the reference level H; allows to deduct
common behavior of a flock of geese flying in formation while a (b)
high value allows to select the single birds.

select each single bird, an operation that can be used to
automatically count the number of birds in the image.

Modeling the Motion of a Hurricane

As explained above, by applying iteratively the static algo-
rithm to a sequence of images, the dynamics of the clusters
can be identified. Consider, for instance, the sequence of
infrared images taken from a geostationary satellite over a
region of the Earth. Each image is a black-and-white image
the white pixels of which are the data points corresponding
to the presence of water. The position of the center of mass
Cx of a region RC R* can be obtained by computing the
moment of order zero of R together with its two moments
of order one. Now, suppose that the motion of Cx in a dis-
crete-time scale is described by an autoregressive linear
difference equation of order n with time-invariant coeffi-
cients, namely, by v(t) + biv(t—1) +--- + b,V (t —n) = 0.
Standard techniques from system identification [11] can be
used to estimate both the order of the difference equation n
and the vector of parameters b = (by,.. ST giving the
best fit for the sequence {V (k)}ren. To test the performance

Infrared image of a hurricane. An infrared image taken
from the satellite and representing the presence of water (white
clouds). The closed lines represent the regions, namely, the result
of the clustering method on the sampled measurements. The
cloud to be tracked is the first region on the right, indicated by an
arrow. The background image is taken from [20].

of the method, a real scenario is considered. The sequence
of time instants is {T«}ren, namely, Tx = kT, being the
sampling time T half an hour, in comparison with which
the computational time is negligible. Each image is a gray-
scale image and has 720 X 480 pixels. To ease the computa-
tional load, a spatial sampling of each image is performed,
reducing the size to 72 X 48 pixels. Finally, the level of
white associated to each pixel is compared with a threshold
and the measurements set p is composed of all the pixels
having a white level larger than the threshold. Figure 11
shows the first image of a stream where the level lines cor-
responding to each cluster are detected.

The clustering technique is applied to a sequence of 288
images, corresponding to six days, using the first 48,
namely one day, to estimate the model. The obtained values
are used to predict the motion of the cloud in the subse-
quent 240 images, corresponding to five days, with four
different values of the prediction horizon and precisely
one step, six steps, 12 steps, and 24 steps, corresponding to
half an hour, three hours, six hours, and 12 hours, respec-
tively. Since results show that in all four cases the best
approximation is a difference equation of order two, such a
model is used to estimate both the dynamics of xz and
those of yz, thus estimating the trajectory of the center of
mass. Results corresponding to a prediction horizon of
length 12 are reported in Figure 12 where the true trajec-
tory is also plotted.

On Figure 13 the same trajectory is plotted over the
image corresponding to the last position of the trajectory.

Continuous-Time-Varying Data Sets

In many applications the data points change in time. In the
following examples, data represent information on a subject
collected in a particular instant, and it might be interesting
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to compare how this information evolve in a continuous-
time scale. In Figure 14(a), a set of two points is considered.
Initially the two points are classified in the same cluster.
However, the two points are moving and after five time
units, at time T = 5, they are too far apart and each of them
is associated with a different cluster. The trajectory of the
Hamiltonian system follows one of the “branch” of the sur-
face H,; after five more time units, at 7 = 10, the datum
corresponding to this branch disappears and the storing
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Prediction of the motion of the hurricane. The trajectory
of the center of mass estimated over a 12-step horizon (dashed
bold line) together with the true trajectory (solid line).

o
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Evolution of the hurricane. The estimated trajectory of
the center of mass and the boundary of the cloud obtained with
the clustering algorithm are plotted over the last image of the test
sequence. The background image is taken from [20].
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function term is used. In this case the storing interval lasts
three time units; after this three time units, at 7 = 13, the
disappeared datum is forgot and the trajectory of the Ham-
iltonian system is driven to the remaining branch.

The second scenario, depicted in Figure 14(b), is that of
two groups of data points that are classified in the same
cluster for the first four time units. Note the trajectory of
the Hamiltonian system running around them both. Then,
at 7 = 4 the two groups, which move in opposite direc-
tions, are too far apart and are associated with different
clusters; the trajectory of the Hamiltonian system runs
around one of the two branches. After eight time units
from the initial instant, at 7 = 8, one of the two groups
inverts its direction while the other stays still. After eight
more time units, at T = 16, the two groups are again asso-
ciated with the same cluster and all the data points are
internal to the trajectory of the Hamiltonian system.

These two examples show that the clustering method
valid in the static scenario can be extended to the time-
varying case, thus defining a dynamic clustering. To this

— : y

Time-varying Hamiltonian functions. (a) shows two
points, initially belonging to the same cluster, that split apart; after
a while one of the two points disappear. (b) shows two groups of
data points that split apart and, after a while, merge again.



aim, time needs to be regarded as an additional variable of
the Hamiltonian function. The level surfaces obtained are
to be reconstructed in a sort of “wrap around” description
by the trajectory of a Hamiltonian system.

Static Optical Character Recognition

The notion of moments can be exploited to solve several clas-
sification problems. One of the most challenging is the clas-
sification of the letters of the alphabet, which is known as
optical character recognition (OCR) [12]-[15]. For this prob-
lem, it is reasonable to assume that the size and the position
of a letter on the plane need not be relevant to its classifica-
tion, hence a classification process is expected to be insensi-
tive to these quantities. As a consequence, the moments of
order one, providing information on the position of the letter
are not needed. On the other hand, the moments of order
zero, providing information on the size, can be used to nor-
malize the moments of higher order. Consider, in fact, a mag-
nified version of a letter, being K > 1 the magnification
factor. Integral (8) on the magnified region KR; is equal to
the integral on R; by scaling x and y of a factor 1/K; in fact

S wrviasdy = [[ (£ (£l £l %]

1
KP+1+2) /]7;] xPy'dxdy. (19

In the following, v,; denotes a central moment of order
p + g normalized as in (19), being the normalization factor
K the square root of the area of the letter

Vi 2 Hpq )
(v moo(R) )pﬂﬁz

thatis, all normalized letters have area one. In some applica-
tions, an additional invariance property is required, namely,
the invariance with respect to rotations, and the moments
are redefined according to this requirement. On the con-
trary, in the particular case of OCR this kind of invariance
can be misleading when attempting to recognize characters
that are similar but differently oriented, such as “N” and
“Z,) “6” and “9,” or “M” and “W.” Therefore herein orienta-
tion is considered as an important feature.

In the moments-based OCR, first considered by Hu [16],
the features to be extracted are associated to the moments
and the minimal distance method is followed. The consid-
ered similarity measure is the Euclidean distance between
collections of moments. For each symbol 0, a training set To
is defined, which is a set of different representations of 0.
Specifically each representation corresponds to a different

font. In Figure 15, for instance, a training set constituted by
three different representations for the symbol “C” is shown.
Each representation, namely, each shape, is mapped into a
point in the space of the normalized central moments. If, for
the sake of a simpler computation, only moments of order
two and three are considered, then a map M from Toto R’
can be constructed M(0)) £ (V20(09), V11(04), Vo (0),
V30(01), V21(0), V12(01), Ves(0:)) T where the subscript i
denotes the representation corresponding to the ith font.
Finally, a reasonable way to merge the information provided
by all the elements of the training set is that of finding the
center of mass of their images (in R”). More precisely, if
F ={1,..., Ny} is the set of fonts of the training set and o
is the shape corresponding to the representation of the
symbol o in the kth font, not necessarily belonging to the
training set, then M (o) is likely to be close to the center of
mass of the images of the representations of ¢ in the fonts
of the training set; hence

M(ow ~ B(0) = -1 3 M(o. 20)
N f ieF

Consider the set of the symbols corresponding to the let-
ters of the English alphabet and the Arabic ciphers, namely,
the set S={A,B,...,Z,0,1..,9} and let o}, 0%, ..0"°
denote their representation in the ith font. Within this frame-
work, the classification problem is to find p given the repre-
sentation px of a symbol p €S associated to the kth font.

As mentioned above, k may, or may not, belong to F.
According to the minimum-distance method, the
answer to the classification problem is the symbol
o/ providing the B(0’) nearest to M(pi), that is,
p = argmin; || M(pi) — B(o))].

To have an idea of how the method works, consider the
three sets of symbols represented in Figure 16, each of
which corresponds to one of the fonts represented in
Figure 15. The 36 centers of mass of all the images
B(oY),..., B(0%) can be used for classification. The result of
a preliminary test on the training sets of Figure 16 is that all
the characters are correctly recognized.

(@) (b) (©)

A possible training set for the letter “C.” The considered
fonts are (a) Tahoma, (b) Times New Roman, and (c) Arial.
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To further test the performance of the method, a fourth
font, not used to find the centers of mass of each symbol,
may be considered, as in Figure 17. In this case all the char-
acters but one are correctly recognized, the only error being
that “1” is recognized as “2,” yielding a correct recognition
rate of 97.22%, comparable with the rate of other moment-
based recognition methods [17].

A third step of the test may consist of the recognition of
some modified letters. In particular, four typical situations
that could affect the performance in a practical case are
considered and precisely letters that are partially erased,
rotated, blurred or stretched (see Figure 18). In all the cases
the method performs a correct recognition.

Finally, the method is tested on a handwritten word, the
word in Figure 19. In this case only the second “A” is erro-
neously recognized as an “S”; note that only three sets of
fonts are used for the training and that the handwritten
font, obviously, does not belong to the training set.

Flower Classification
Consider the Anderson iris flower data set [18], that is, a set
of points of R* representing the sepal lengths and widths

ABCDEFGHIJKLMNOPQR
STUVWXYZ0123456789
(a)
ABCDEFGHIJKLMNOPQR
STUVWXYZ0123456789
(b)
ABCDEFGHIJKLMNOPQR
STUVWXYZ0123456789
(c)

The training sets for the letters and the numerals. Three
sets of letters and numerals, corresponding to the font (a) Tahoma,
(b) Times New Roman, and (c) Arial, are used to train the classifica-
tion method by computing the moments of each character.

ABCDEFGHIJKLMNOPQR
STUVWXYZ0123456789

The Calibri font used to test the classification method.
The moments of each letter and each numeral are computed; the
classification is performed by comparing them with the average
moments of the letters and numerals of Figure 16.
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and the petal lengths and widths of 150 samples of three
different species of iris, the virginica, the setosa, and the ver-
sicolor species. Each species is represented by 50 samples.
This data set is used in [19] as a benchmark set for

C C

(a)

cCc

(®)

Examples of modified letter “C” used to test the perfor-
mance of the classifying method. In (a) the letter is partially
erased, in (b) and (f) it is rotated, in (c) it is blurred, and in (e) and
(d) it is stretched. Different fonts are used.

MILTO!

A handwritten word. The classification method can be
used also to recognize a handwritten word, as in this case where
the hand written representation of the word Hamiltonian is used.

Iris Setosa Iris Versicolor Iris Virginica

(5.1;3.5;1.4;0.2)
(4.9;3.0;1.4;0.2)

(4.7;3.2;1.3;0.2)

(7.0;3.2;4.7;1.4)
(6.4;3.2;4.5;1.5)

(6.9;3.1;4.9;1.5)

(6.3;3.3;6.0;2.5)
(5.8;2.7;5.1;1.9)

(7.1;3.0;5.9;2.1)

The Anderson’s Iris flower data set. This set is used as
a benchmark set to test classification and clustering algorithms.



discriminant analysis. The set of measurements is partly
reported in Figure 20, where to avoid cluttering only three
points per species are reported.
According to the algorithm explained above, the sets
Q1 =1{(5.1;3.5);(7.0;3.2),(6.3;3.3),(4.9; 3.0), (6.4;3.2),
(5.8,2.7),(4.7;3.2),(6.9;3.1),(7.1;3.0), ...}

and

Q2 = {(1.4;0.2), (4.7;1.4), (6.0; 2.5), (1.4; 0.2), (4.5; 1.5),
(5.1;1.9),(1.3; 0.2), (4.9;1.5),(5.9;2.1), ...}

can be constructed. The algorithm groups all the points in
Qi in a single cluster Ci,1 = {£1, &, ...} [see Figure 21(a)],
while the set @ is partitioned into the two clusters

Co1=1{(14;0.2),(1.4,0.2),(1.3;0.2),...}
=161, 84, &7,
Co2=1{(4.7;1.4),(6.0;2.5),(4.5;1.5),(5.1;1.9),
(4.9;1.5),(5.9; 2.1),...}
= 1828585, 86,85, &, )

[see Figure 21(b)]. Therefore, the possible choices for the
indexes are i1 = 1 and 72 € {1,2}, yielding the clusters

Ci=CiaNCoyi={&, &4 &5,.. 3,
Co=C11NCoa=A{Es, &3, &5, &6, &5, E0... 3.

Sepal Width

4 45 5 55 6 65 7 75 8 85
Sepal Length
(a)

Hence, the projection of the data points onto the two-
dimensional space corresponding to the sepal length and
width does not provide any information on the species,
since the result of the clustering process is the whole set
of measurement points. On the other hand, when petal
length and width are considered, the same algorithm
classifies the points into two clusters.

In conclusion, with respect to this particular prob-
lem, the level set method recognizes the members of the
setosa quality, namely the cluster on the bottom-left of
Figure 21(b), whereas it cannot distinguish between the
virginica and the versicolor quality, implying, as claimed
in [19], that “a certain diagnosis of these two species
could not be based solely on these four measurements.”

Subcellular Protein Localization

One of the most challenging problems in bioinformatics is
the localization of the position of a protein with respect to
the cellular membrane and by exploiting information about
the structure of the protein. It is known that cells are consti-
tuted by compartments and that each of the compartments
performs specific functions. Since proteins in each compart-
ment are specialized to fulfill a particular function, it is pos-
sible to deduct the behavior of a specific protein knowing
its position within the cell. Consider a cell of Escherichia Coli
and the problem of distinguishing among proteins local-
ized within the cytoplasm, proteins localized in the inner
membrane and proteins localized in the outer membrane.

3 T T T T T T T
25}
2 o
=
S 15f
=
©
s I
o
*
05 i **eé:*
0 o
-0.5

0 1 2 3 4 5 6 7 8
Petal Length
(b)

Classification of the iris flowers. A set of points belonging to R* can be partitioned into (a) a single cluster or into (b) two

clusters according to the coordinates considered.
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More specifically, the problem is twofold; first, part of a
data set is clustered, 80 points out of 145, according to the
static algorithm. Then the obtained clusters are used to clas-
sify the remaining 65 elements of the data set. The nature of
the data set is such that each protein p; is described by a
vector of seven components. In the application of the
n-dimensional clustering algorithm, one of these compo-
nents is discarded since it is a binary digit having the same
value for all the elements in the data set. Among the six
remaining attributes, the first three represent the score of
the protein to different recognition analysis, while the last
three attributes are the score discriminant analysis of the
amino-acid content and the score of two different versions
of the ALOM program. The six coordinates originate three
two-dimensional problems, associated with the sets

Q1 = {(p11, p12), (P21, p22), ...},
Q2 = {(p1,3, p14), (P23, P24, ...},
Qs = {(p15 pre), (P25, p26),...3.

The application of the clustering algorithm to Q1 yields
three clusters C1,1, Ci1,2, and Ci [Figure 22(a)]; its applica-
tion to Q: yields one cluster, C»1, and two singletons, C22
and C»3, [Figure 22(b)]; its application to Qs yields one
cluster, Cs1, and one singleton, Cs.» [Figure 22(c)].

It can be noted that Cs2 # C22 and Cs2 # C»,3, hence the
intersection between each singleton and the other (proper)
clusters is either empty or coincides with the singleton
itself. Hence six clusters are obtained

Ci=C1,iNC21NC31, C2=C12NC21NCs1,
C3=C13NC21NC31, Ci=C22, C5=C23, Cs=Csa.

In conclusion, when neglecting the singletons, which can
be considered as measurement errors, three clusters are
obtained corresponding to the cytoplasm (Ci), the inner
membrane (C:), and the outer membrane (Cs), respec-
tively. The three corresponding regions Ri, R>, and Rs are
then used to classify the remaining proteins in the data set
in the more natural way, that is, by classifying a protein
p =i, p5...ps) as residing in the cytoplasm if
(p1, p2), € C1, as residing in the inner membrane if
(p1, p2), € C2 and as residing in the outer membrane if
(pi, p2), € Cs. With this method, a classification rate of 88%
is obtained.

CONCLUSIONS

The notion of level function can be used to cluster data
points internal to a level line. Level lines can be deter-
mined as trajectories of a Hamiltonian system. More pre-
cisely, the level function is interpreted as a Hamiltonian
function, and the corresponding Hamiltonian system is
integrated.

The basic static algorithm can be exploited to define
dynamical clustering, both in the discrete- and continuous-
time cases. Due to the different nature of the two time
scales, different solutions to the problem of dynamic clus-
tering are defined.

The extension of the method to the clustering of
n-dimensional data points is straightforward. In fact it
basically consists of an iterative application of the two-
dimensional version of the algorithm and to the intersec-
tion of the results of each iteration. The applications
described in the final section of the article show the effec-
tiveness of the method.

COCee

C23

Localization of the protein inside the cell. The results of the three two-dimensional clustering processes corresponding to the

sub-cellular protein localization problem.

90 IEEE CONTROL SYSTEMS MAGAZINE » AUGUST 2012



ACKNOWLEDGMENTS

This work has been partially supported by the Austrian
Center of Competence in Mechatronics (ACCM), the Engi-
neering and Physical Sciences Research Council (EPSRC),
and the Systems Engineering for Autonomous Systems
(SEAS). The authors would like to thank Neil Cade from
SELEX Sensors and Airborne Systems Limited for many
useful discussions that contributed to this work.

AUTHOR INFORMATION

Daniele Casagrande (daniele.casagrande@uniud.it) recei-
ved the “Laurea” in electronic engineering in 1999 and the
Ph.D. in information engineering in 2006, both from the
University of Trieste, Italy. In 2006 he was a research associ-
ate at the Institute of Cybernetics of the Tallinn University
of Technology, Estonia. Between 2006 and 2007 he was a
research associate in the Department of Electrical, Elec-
tronic and Computer Engineering of the University of Tri-
este. In 2008 he was a research associate in the Department
of Electrical and Electronic Engineering of Imperial Col-
lege London, United Kingdom. Since 2008 he has been with
the Department of Electrical, Managerial, and Mechanical
Engineering of the University of Udine where he is cur-
rently a lecturer in automatic control. In 2009 he was an
academic visitor at Imperial College London. His research
interests are focused on stability of switched system, pas-
sive systems, Hamiltonian systems, LPV stability, and non-
linear control.

Mario Sassano received the B.S. degree in automation
system engineering and the M.S. degree in systems and
control engineering from the University of Rome ”Sapi-
enza,” Italy, in 2006 and 2008, respectively. He is currently
a Ph.D. student with the Electrical and Electronic Engi-
neering Department, Imperial College, London, United
Kingdom. His research interests are focused on nonlinear
observer design, optimal control, and image processing.

Alessandro Astolfi graduated in electrical engineering
from the University of Rome in 1991. In 1992 he joined ETH-
Zurich where he obtained an M.Sc. in information theory
in 1995 and the Ph.D. degree with a medal of honor in 1995
with a thesis on discontinuous stabilization of nonholo-
nomic systems. In 1996 he was awarded a Ph.D. from the
University of Rome “La Sapienza” for his work on nonlin-
ear robust control. Since 1996 he has been with the Electri-
cal and Electronic Engineering Department of Imperial
College, London, United Kingdom, where he is currently a
professor in nonlinear control theory. From 1998 to 2003 he
was also an associate professor with the Department of
Electronics and Information of the Politecnico of Milano.
Since 2005 he has been a professor in the Dipartimento di
Informatica, Sistemi e Produzione, University of Rome Tor
Vergata. He has been a visiting lecturer in nonlinear con-
trol at several universities. His research interests are
focused on mathematical control theory and control appli-
cations, with a special emphasis on the problems of discon-

tinuous stabilization, robust stabilization, robust control,
and adaptive control. He is the author of more than 100
journal papers, 20 book chapters, and over 200 papers in
refereed conference proceedings. He is a coauthor of the
monograph Nonlinear and Adaptive Control with Applications
(Springer Verlag). He has been an associate editor of IEEE
Transactions on Automatic Control. He has served in the IPC
of various international conferences and he is currently the
chair of the Conference Editorial Board of the IEEE Control
Systems Society.

REFERENCES

[1] European innovation scoreboard 2006, comparative analysis of innova-
tion performance. [Online]. Available: http://www.proinno-europe.eu/
doc/EIS2006 final.pdf

[2] G. Punj and D. Stewart, “Cluster analysis in marketing research: Review
and suggestions for application,” J. Market. Res., vol. 20, no. 2, pp. 134-148,
1983.

[3] P. D’haeseleer, “How does gene expression clustering work?,” Nat. Bio-
technol., vol. 23, no. 12, pp. 1499-1501, 2005.

[4] . Han and M. Kamber, Data Mining: Concepts and Techniques. San Mateo,
CA: Morgan Kaufmann, 2001.

[5] R. O. Duda, P. E. Hart, and D. G. Stork, Pattern Classification. New York:
Wiley, 2001.

[6] R. O. Duda and P. E. Hart, Pattern Classification and Scene Analysis. New
York: Wiley, 1973.

[7]S. Theodoridis and K. Koutroumbas, Pattern Recognition. New York: Aca-
demic Press, 1999.

[8] K. L. Wu and M. S. Yang, “Alternative c-means clustering algorithm,”
Pattern Recognit., vol. 35, no. 10, pp. 2267-2278, 2002.

[9] I. Stewart and D. Tall, Complex Analysis. Cambridge, U.K.: Cambridge
Univ. Press, 1983.

[10] Y. Rudyak, On Thom Spectra, Orientability, and Cobordism. Berlin, Ger-
many: Springer-Verlag, 1997.

[11] L. Ljung, System Idenztification. Theory for the User. Englewood Cliffs, NJ:
Prentice-Hall, 1999.

[12] H. I. Avi-Itzhak, T. A. Diep, and H. Garland, “High accuracy optical
character recognition using neural networks with centroid dithering,”
IEEE Trans. Pattern Anal. Machine Intell., vol. 17, no. 2, pp. 218224, 1995.

[13] L. Wang and T. Pavlidis, “Direct gray-scale extraction of features for
character recognition,” IEEE Trans. Pattern Anal. Machine Intell., vol. 15, no.
10, pp. 1053-1067, 1993.

[14] C-Y. Liou and H.-C. Yang, “Handprinted character recognition based
on spatial topology distance measurement,” IEEE Trans. Pattern Anal. Ma-
chine Intell., vol. 18, no. 9, pp. 941-945, 1996.

[15] N. Kato, M. Suzuki, S. Omachi, H. Aso, and Y. Nemoto, “A handwritten
character recognition system using directional element feature and asym-
metric mahalanobis distance,” IEEE Trans. Pattern Anal. Machine Intell., vol.
21, no. 3, pp. 258-262, 199.

[16] M.-K. Hu, “Visual pattern recognition by moment invariance,” IRE
Trans. Inform. Theory, vol. 8, no. 2, pp. 179-187, 1962.

[17] G. L. Cash and M. Hatamian, “Optical character recognition by the
method of moments,” Comput. Vis., Graph. Image Process., vol. 39, no. 3, pp.
291-310, 1987.

[18] E. Anderson, “The irises of the Gaspe Peninsula,” Bull. Amer. Iris Soc.,
vol. 59, pp. 2-5, 1935.

[19] R. Fisher, “The use of multiple measurements in taxonomic problems,”
Anna. Eugen., vol. 7, no. 2, pp. 179-188, 1936.

[20] Available: http://www.goes-arch.noaa.gov

o

AUGUST 2012 <« IEEE CONTROL SYSTEMS MAGAZINE 91



