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Abstract—We deal with an approach of clustering based on II. MULTI-DIMENSIONAL TRUSS

structural mechanics. Rupture of multi-dimensional truss due A truss structure consists of a number of truss nodes and
to a universal repulsive force is adopted as the process of truss members connecting them. We denote the truss nodal
clustering. The structural behavior of multi-dimensional truss is positions vector aX = [X}F,~--,X%]T, wherex,, is a D-

formulated. The feasibility of the proposed approach is examined
and demonstrated by a number of calculation examples.
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dimensional vector corresponding to théh element of the
data set to be clustered. Truss member connections are denoted
asC = {c1, - -,cnm}, Whereey, = {¢mo, cm1} and e, and
cm1 correspond to the two truss nodes connected bynitte
truss member.
. INTRODUCTION

Clustering is one of the important processes for dat

management, especially in the case of pattern identificatioE

aA' Geometrical Relation
We denote the truss member lengths vector Las=
1,--+,1p]T. Each of the member lengths is given as the

and recognition [1]. Several methods of clustering have bee uclidean distance between the corresponding nodes expressed

proposed [2][3]. There are typical approaches such as hie
archical algorithms e.g., the group average method and the® T (1/2)
Ward method and partitioning algorithms e.g., the k-means lm = [(Xc,,,d = Xemo) " (Xens _Xc'mo)] 1)

method and its families. Another approach such as based qror all of the truss member lengths and the truss nodal

PCA (Principal Compoment Analysis) has also been developegositions, (1) can be collected and expressed in the following
and studied [4]. These approaches having being developed $&rm:

far are basically based on some mathematical or geometrical L =L(X) 2)

viewpoints. The authors see that these approaches are some- ) ) o

what artificial, in the sense that the clustering processes arghe total differential of (2) is given as

controlled by one or more mathematical parameters that are oL

intentionally determined. dl = o dX 3)
In the current study, we deal V‘."th an "?‘ppfoa‘?h of CIUS'Which is obtained as the collection of the total differential of

tering based on structural mechanics. Taking account of th ) expressed as

mechanical characteristics of the target data set, a clusterin

of somewhat natural manner is considered to be possible. One dl. — Xem1 ~ Xemo dx.  — Xemi — Xemo dx @)

of the significant problem is that structural systems dealt with " Im, et mo

in structural mechanics are two or three-dimensional entitiesy  stiffness Matrix

but the data set to be clustered can be an entity of higher | the case of linear elastic model with small deformation,

dimensional space. In the case of truss structural systefe strain energy/ of the entire truss under deformation is
however, it is possible to formulate the structural mechanicabypressed as

characteristics such as the stiffness matrix even in the case of
a truss structure of four or higher dimensional space.

In this article, we regard the data elements to be clustered
as the truss nodes. We develop the formulation of stiffness
matrix of truss structure of general dimension. Rupture of thevherek,, andr,, are the stiffness and the elastic change in
truss structure due to universal repulsive force is calculatedength of themth truss memberR = [ry,---,rp]7 is the
the obtained separated parts are recognized as the clustersmember deformation vector ard;, = diagk:,---, k] is

In Section II, a general formulation of the nodal stiffnessth® member stiffness matrix. Since we deal with the case

matrix of multi-dimensional truss is introduced. The devel-Of small deformation, the nodal displacement vectbr=

Im

M
U= Zlk 2 = lpri,r (5)
- _12 mlim — 2 L

oped clustering procedure is explained in Section Ill. Somdui .-, Ux]” and the member deformation vector have the
preliminary example calculation results are demonstrated anf@llowing linear relation referring to (3):

discussed in Section IV and Section V gives the conclusion oL

and future work. R= 87U (6)
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Substituting (6) for (5), we obtain where C; is an adequate constant,, and w; are the mass
T assigned to the two nodes corresponding to the weight values

U= EUT <8L> KLaiLU = EUTKXU (7)  assigned to the data elements, alds the parameter which
2 oxX oX 2 denotes the nature of the repulsive force. On the basis of the
where introduced universal repulsive force between two nodes written

K aL\T oL g as (10), the nodal force vector is obtained as follows:
= (ax) s ®) S .
is the nodal stiffness matrix of the given truss structure. Fx =[], fa= Z;f’”' (i #n) (11)
1=

I1l. CLUSTERING BASED ONRUPTURE OFTRUSS
The clustering is dealt with in terms of rupture of the
truss structure corresponding to the given data elements, whigl
experiences a kind of universal repulsive force.

It should be noted that the repulsive nodal force pattern for the
aseR = 1is corresponding to the so-called tidal force, though
e obtained force is not uni-directional but multi-directional.

C. Clustering Procedure

. We deal with two-group clustering of the given data
In the current study, we deal with two types of memberelementsxl ..., Xy having the weight values, - --, wy
connections among the truss nodes corresponding to the dajgq proces’s is’performed as follows: o '

elements. One is the full-connection type, where all of the .
combination of two nodes are connected by truss members. gip (1) gg{(]ﬂ::g 'E[rhuessnomdearpgﬁgﬁggecatl?gsthe nodal
The other is a simplex-connection type, where truss members P force Fy X

are connected to form appropriate simplices in the given L .

dimensional space. Figureplpsh%ws such Féxamples of m%mber Step 2 Solve the stiffness equation
connections in 2D space. For the simplex-connection, we adopt KxU=Fx (12)
the truss members in the order of length, from the shortest,
among all the possible connections. The full-connection type
is easy to generate; however, it is not natural from the
viewpoint of truss structural system. On the other hand, the
computational time to generate the simplex-type connection

A. Generating Member Connection

taking into account the condition of rigid body
motion and obtain the nodal displaceméht

Step 3 Calculate the member deformatiRrby (6) and
obtain the magnitude of the member strain as

is not insignificant in the case of higher dimensional space; follows:
however, the obtained member connection is natural and more €m = |Tm/lm| (m=1,--- M) (13)
reasonable as a truss structural system. . . .

Mechanical characteristics of a truss structure also depends Note that the obtained value immediately corre-
on the stiffness of the members. We use the following relation sponds to the magnitude of the member stress,
to determine the stiffness of the truss members taking into since we assume uniform structural material.
account the weight values assigned to the data elements: Step 4 Delete the truss member connections in the order

of the magnitude of strain until the truss corre-
= Csiwc W, 9) sponding to the data set is separated into two
g, et parts.

whereC's is an adequate constait,is the distance-evaluation Characteristic of the proposed clustering approach is de-
parameter and. , andw,, are the weight values of the data termined by the type of member connection, the distance
element nodes to be connected by the truss membefhe  evaluation paramete$ and the repulsive force parametgr
equation indicates that in the case of higher ordeSpthe  The constant€’s and Cr do not affect the clustering result.
connection strength of two data elements decreases rapidly in

. - IV. EXAMPLE CALCULATIONS
accordance with their distance.

Since this is a study still at a preliminary stage, we conduct
B. Universal Repulsive Force example calculations in order to examine the feasibility of
As the force to deform and rupture the truss structure, wéhe proposed clustering approach. Influence on the clustering
introduce a universal repulsive force among the truss nodeesults of the types of truss member connection as well as the
corresponding to the data elements. The force between argtroduced two parameters is also discussed.
two nodes is expressed as For each of the data sets to be clustered, #itie data
JR-1 element inD-dimensional spacet, = [T,(1), ", Zn(p))",
ni is generated by the following equation foE=1,---, D as
+&+DR (n:]-a"'vﬁ)
Tn(i) = 2 2 (14)
n(7) Da N
——+Dr (n=—+1,---,N)
2 2
where N is the number of data element® is the assumed
gap parameter between the two cluster centers lagdis a
random number. In the following calculation examples, the
number of elements i& = 50, the gap parameter B; = 0.6
and the random numbePr is assumed to have the normal
Figure 1. Two types of member connection. (2D case example) distribution of standard deviation 0.2.

fni = CR(Xn - Xi) Wnp Wi, dnz = ||Xn - Xi” (10)

(a) Data elements (b) Full-type (c) Simplex-type
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A. Evaluation of Member Connection Type to be reasonable.

First, we examine the difference between the results based The examples shown in Figures 2 and 3 are typical results.
on the two types of member connections. We u@se= 2  Another clustering calculation examples also show similar
and R = 1 a priori as the two parameters in the following tendency. In the following calculation examples, we use the
examples. The distance evaluation paraméter= 2 is se-  simplex-connection type truss members for the clustering.
lected from the clustering point of view, which indicates that
the thickness of truss member connection between two daid. Eyaluation of Two Introduced Parameters
elements becomes thinner in accordance with their distance. \yg examine the influence of two parametefsand R.

The repulsive force parametét = 1 is selected because the another data set is adopted this time, since no significant
value corresponds to a really existing repulsive force, that igjifference with the parameters is observed in the clustering
the tidal force, although this is not unidirectional. results based on the two data sets adopted in the previous

Figure 2 shows typical clustering results based on the tWyamples. The case shown in Figure 4 is adopted as the
types of member connections. Figures (a) and (b) are thgsterence. Figure (a) is the adopted data set for the parameter
examples respectively based on the full-connection and thgyajuation and Figure (b) is the clustering result based on
simplex-connection of truss members. Figures (a-1) and (b-13 _ 9 and R = 1. Clusters of this data set are comparably

are the same data elements to be clustered and Figures (aig)clear: however, the clustering result shown in Figure (b) is
and (b-2) are the clustering results. The data elements of thg,nsidered to be reasonable.

obtained major cluster are depicted as a filled cire)eafrd the
others are depicted as an empty cirele Both obtained results | £ in th R — 1 Fi
shown in Figures (a-2) and (b-2) are similar and considered t{)/gsléisctﬁ,e‘fylgatsgdcg%e :o}B S _ Ilgl;rﬁj éa); (g) e?(r;\?bi(tC)

be acceptable; however, small difference is observed with thgiterent results. It can be observed for all the cases that the
two data elements at the right-hand side of the center.

Figure 3 shows another clustering results based on the

Figure 5 shows the clustering results based on different

data elements shown in Figure (a-1). On the basis of the R .
full-connection type truss, the first clustering result and the . .
succeeding second clustering result respectively shown in Fig- o Se o te
ures (a-2) and (a-3) are considered insufficient. The succeeding e le % ¢ e L3
third clustering result shown in Figure (a-4) does not seem . Soo o . Se o
natural. On the basis the simplex-connection type truss, the first ":-.' o« ° o o .« O °
clustering result shown in Figure (b-1) can also be regarded as| *®,  o* %
insufficient; however, the result having a cluster of single data ML I ML I
element is unacceptable from the clustering point of view. The
succeeding second result shown in Figure (b-2) is considered
(a-1) Data elements (a-2) 1st clustering result
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(a-1) Data elements (a-2) Clustering result (a-3) 2nd clustering result (a-4) 3rd clustering result
(a) Based on full-connection truss (a) Based on full-connection truss
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(b-1) Data elements (b-2) Clustering result (b-1) 1st clustering result (b-2) 2nd clustering result
(b) Based on simplex-connection truss (b) Based on simplex-connection truss
Figure 2. Evaluation of connection-type based on data set A. Figure 3. Evaluation of connection-type based on data set B.
(S=2,R=1) (S=2,R=1)
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(a) Data elements

(b) Clustering result

Figure 4. Reference clustering result based on data set C.
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(b-1) 1st clustering result
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(b-2) 2nd clustering result
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(c-1) 1st clustering result

(c)S=3

(c-2) 3rd clustering result

Figure 5. Evaluation of parametéf based on data set C.
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(c-1) 1st clustering result

(c-2) 2nd clustering result

C©)R=3
Figure 6. Evaluation of parametét based on data set C.
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Figure 7. Four-dimensional example clustering result example
based on expanded data set . 2, R = 1)

even for the third clustering result shown in Figure (a-2). Since
all of the member stiffness values are assumed to be the same
irrespective of their lengths in this case, the thickness of the
assumed truss member becomes larger in accordance with the
distance of the two data elements to be connected. This type of
truss structural system is considered to be unreasonable from

the clustering viewpoint.

Figure 6 shows the clustering results based on different
values ofR in the case of5 = 2. As shown in the figure, the
influence of different values oR is less significant than the
case ofS. The reference clustering result & = 1 shown in
Figure 4(b) is the same as the resultsidpf= 0 and R = 2
respectively shown in (a) and (b) of Figure 6. Only the case
first clustering results shown in Figures (a-1), (b-1) and (c-1Pf £ = 3 shown in Figure 6(c) is slightly different.
are insufficient. The second clustering result shown in Figure Other calculation results that have been conducted so
(b-2) in the case of = 1 and the third clustering result shown far exhibit similar tendencies. As a preliminary result, we
in Figure (c-2) in the case of = 3 are, however, considered to conclude that the parameters determined a prior: 2 and
be reasonable results. The case- 0 is clearly not acceptable R = 1, are considered to be appropriate, though the further
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examination is required especially for the caselof In the current study, the example artificial data sets are
assumed to consist of only two clusters. In the case of a data
set consisting of more clusters, iterative use of the proposed
“approach for the obtained clustering results is considered to be
e%oplicable. More detailed characteristics of the approach have

be studied with various patterns of data set examples. On the
sis of the insights to be obtained, application of the approach
some practical problems has to be taken into consideration.
ese are considered to be part of the future work.

C. Higher Dimensional Examples

Figure 7 shows an example clustering result of four di
mensional data. The adopted data setgnplane is the same
as the previous case shown in Figure 4(a), but it is expand
to z andw axes this time. In Figure 7, the clustering result
plotted onzy-plane shown in (a) is slightly unreasonable b”tto
the result plotted onw-plane shown in (b) demonstrates its 1,
adequateness.
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