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Data anaiysis like Data Mining is getting more and more important every day because the organizations 
want to get tbeir competitive advantage. Splines are piecewise polynomial functions that are used for the 
analysis by some Data Mining tools. Except that, they are widely used in CAGD applications for designing. 
The article presents the object model of splines that is independent ofthe concrete application but can serve 
as the basis for any application which ušes splines and reduces the gap among such applications and their 
incompatibility. It was modeled by object-oriented modeling language UML. We also propose how to save 
splines in an ODMG compliant database. The prototype ofa system was developed in Java and is presented 
in the article as well. 

1 Introduction 
Nowdays every organization has to consider data as an im
portant resource if they want to be successful in every day 
more competitive world. This is the main reason for the 
growing use of data analysis tools such as OLAP (On-Line 
Analytical Processing) or Data Mining (Koutsoukis, Mi-
tra, Lucas, 1999). One of the methods that Data Mining 
tools use for discovering connection among large amounts 
of data is the approximation or the regression. In this 
čase the user gets the connection among the variables in 
the form of mathematical functions and the prediction of 
values of input variables in the points where they aren't 
known. The development in the field of mathematics and 
statistics proved that piecevvise polynomial functions called 
splines served the best for the purpose of approximation or 
regression (De Boor, 1978), (Friedman, 1991), (Eubank, 
1999), (Pagan, Ullah, 1999). The example of Data Mining 
tool that ušes splines is called MARS (Salford Systems) -
Multivariate Adaptive Regression Splines. 

Another area where splines are widely used is Computer 
Aided Geometric Design (CAGD) where splines are used 
for designing. Designing with splines began in France and 
USA in 1960s because of the needs in car and aviation in-
dustry (Farin, 1997). 

Splines are briefly introduced in section 2. The reader 
who is not familiar with the terms can read more about the 
splines in the extensive literature that is referred to at the 
References. 

In the field of using splines, the problem lies in the gap 
among different applications that use splines. Since they 

do not use the common object model, their compatibility 
may be difficult. Our proposed solution is the use of the 
object model that is independent of the concrete applica
tion, DBMS and programming language, and can serve as 
the basis for each application that use splines. The object 
model of the splines was developed by the authors with the 
well-known Unified Modeling Language - UML (Booch, 
Rumbaugh, Jacobson, 1999) and is described in section 3. 

The article also describes a solution for storing splines 
in a way that guarantees the maximum possible portabil-
ity among different applications that use splines (section 
4). The solution is based on the common object model. 
ODMG standard (Cattell et al., 2000) is used for the pur
pose of storing the produced objects. The prototype of such 
application was developed in the promising programming 
language Java as well and is described in section 5. 

2 Splines 
Polynomials have been widely used for the interpolation 
and approximation because it is rather simple to calculate 
their coefficients. But by increasing the number of points 
to be interpolated or approximated it is not always possi
ble to find satisfying interpolation or approximation within 
the class of polynomials. Polynomials of a higher degree 
can have oscillations (Schumaker, 1993), which means that 
some other class of functions had to be introduced. Splines 
are such class of functions. They are piecewise polynomial 
functions that are smooth in the joint points. Spline can 
be expressed as sequence of polynomial function, one for 
each polynomial segment, or as a special form of spline like 
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B-spline or Bezier curve (de Boor, 1978), (Farin, 1997), 
(Schumaker, 1993). 

The splines used by Data Mining tools usually belong 
to the first group, since in most cases they are expressed 
as a sequence of polynomials that are smooth in the joint 
points. Figure 1 shows an example of the cubic spline that 
consists of two polynomial segments and is smooth in the 
jointpointa; = 1: 

2x^ - 3x^ + 3a; - 1; 
a; < 1 
X > I 

Figure 1: Cubic spline 

B-splines are used for the special representation of poly-
nomial splines that have additional advantages such as bet-
ter numerical stability (Schumaker, 1993). They can be de-
fined in several ways. Probably the easiest way to define 
them is the recursive formula 

5a(x) = {J: ti <. X < tj+i 
otherwise 

X t j 

ti+k-l — ti 
Bi,k-i{x) + 

+ -. : Bi+i,k-i{x), 
H+k t i+1 

where t — (t i)^'o* is the no decreasing sequence of real 
numbers called the vertices and 

X Zi 

ti+k-1 — t. 
•Bi^k-i{x) 

and 

-5i+i,fc_i(a;) 
ti+k — ti+1 

is consideredas O when ti+k-i —ti = O or ti+k—ti+i = 0. 

B-spline of order k Bi^k{x) is a polynomial of order k 
that bas an important property: 

Bi,kix) > O, whenx e [ti,ti+k], 

Bi^k{x) > O, whsnx e {ti,ti+k), 

Bi,kix) = O, whenx ^ [ti, ti+k]. 

The reason for introducing B-splines is the definition 
of B-spline function and B-spline curve. The first one is 
mostly used for the approximation or interpolation and the 
second for designing. 

B-spline function of order k with the sequence of ver
tices t = (ti)^!^'' is every linear combination of B-splines 
of order A;, that is 

/ ( ^ ) = ^(^iBiA^), 
i=0 

vvhere ai, i = 0 , 1 , . . . , m are real numbers. Several al-
gorithms for interpolation or approximation v/ith B-spline 
functions are known (De Boor, 1978), (Eubank, 1999). 

B-spline curve is expressed parametrically with (Farin, 
1997) 

- B-splines of order A;, 

- the sequence of vertices t = (tj)^!^'' and 

- the control points Vb, V i , . . . , Vm, vvhere each point 
has X and y koordinate: 

Vi = {xi,yi). 

Figure 2 shows the cubic B-spline curve (order 4) with 
control points Vb, 1/i, V2, V3, V4, V5 = Vb and vertices 
ta = - 1 , i i = O, t2 = 1, ^3 = 2, i4 = 3, ts = 4, 
te = 5, tr = 6, tg = 7, tg = 8. The control polygon is the 
broken line that connects the control points. It is drawn in 
the figure too. 

B-spline curve actually consists of two B-spline func
tions, one for each coordinate. By adding another coordi-
nate we get B-spline surfaces that are also used for design
ing. 

It is important to notice that B-splines, B-spline func
tions and B-spline curves are very convenient to be pro-
cessed by computers since very little data have to be stored 
for their reproduction. One of their main advantages is that 
changing one segment only makes influence on the seg
ments that are close to it. 

Bezier curves are most widely applied in CAGD tools 
but they are actually the special form of B-spline curves. 
They were introduced in 1960s by Bezier and De Casteljau 
but they are named after Bezier while De Casteljau's work 
has not been published. They are defined as 

n 

Bn[Vo,Vi,...,Vn;a,b;t] = J2ViB^t), a<t<b, 
i=0 
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Figure 2: B-spline curve and its control polygon 

where 

n\ ft-a)'(b-^)"-
ij ( 6 - a ) " 

a<t<b, 

i = 0,1,... ,n 

are Bernsteins polynomials of degree n and points 
Vo,Vi,... jVn^TC control points. 

Designing with B-spline curves or Bezier curves (Farin, 
1997) is very easy. The control polygon mimics the curve 
since the curve is close to the polygon. If a control point is 
moved the curve segments close to it move too. Every op-
eration such as rotating, moving or changing the size of the 
curve can be done by performing it on the control polygon 
and by redrawing the curve. In čase a desired designing 
could not be done by moving existing control points, ad-
ditional control points can be introduced. This process is 
called subdivision (Farin, 1997). 

There are several other classes of spline functions that 
are described in (Farin, 1997) and (Schumaker, 1993). 
Other interesting properties of splines are described there 
as well. 

3 The object model of the system 
Standard language for object-oriented modeling UML has 
been used for the development of the model, since it is 
possible to map from a model in the UML to an object-
oriented programming language such as Java or C++, or 
even to tables in a relational database or the persistent store 
of an object-oriented database (Booch, Rumbaugh, Jacob-
son, 1999). The developed model which is described bel-
low can serve as the basis for any application that ušes 
splines because it is independent of the programming lan
guage and the application. Only the parts of the system that 
are independent of the concrete application have been mod
eled, because any object model can be easily extended with 
the parts that are specific for the application. The model is 
divided into four packages. If an application needs only 
a specific kind of splines then onIy one or more packages 
have to be employed. It is important to point out that in 
the object model not only data but also the operations on 
splines are modeled. 

We used several diagrams for modeling the system. The 
behavior of the system was modeled with the use čase di

agram and some sequence diagrams. Figure 3 shov/s the 
use čase diagram of the system. As it is evident from 
the figure we have two kinds of users ( R e s e a r c h e r and 
Des igne r ) that are presented as actors. The first one is 
in interaction with the use čase A p p r o x i m a t i o n w i t h 
s p l i n e s a n d I n t e r p o l a t i o n w i t h s p l i n e s , but 
the second one is in interaction with the use čase 
D e s i g n i n g w i t h s p l i n e s . Ali the mentioned use 
cases include the use čase Sav ing s p l i n e and the 
third one includes Changing shape of s p l i n e and 
C r e a t e s p l i n e . 

: Desioner B-spline curve 

move the control point 
->\ D 

insert new vertices 
->! D 

L 

L 

- ^ 

rotate 
- > i 

change size 
^ n 

Figure 4: Sequence diagram for B-spline curve 

We have modeled use čase Changing s h a p e of 
s p l i n e with sequence diagram. It is shown in Figure 4 
for the B-spline curve. Similar diagram can be drawn for 
the Bezier curve. 

The structure of the system was modeled vvith class di
agrams. A type of certain parameters has been chosen but 
the rest are left to the phase of more detailed modeling or 
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Approximation with splinfe^^^i^j^gg^^ 

Researcher «lncludes» 

Inlerpolation wilh splines / V Saving spline 

«lncludes^> 

Changing shape of spline 

Designer Designing with splines^^iJ^g^Kl^^ 

Creating spline 

Figure 3: Use čase diagram of the system 

Figure 5: Main class diagram of the system 

implementation. The messages captured in sequence dia-
grams are very important since they helped us to determine 
the operations of the classes. Figure 5 shows the main class 
diagram of the system that is divided into four packages. 

Package B a s i c captures classes that form the 
basis for ali other classes such as Po lynomia l , 
I n t e r v a l and P o i n t . As evident from Fig
ure 6, which shovvs the main class diagram of the 
package, ali the modeled classes have constructor 
c r e a t e () and destructor d e l e t e ( ) . Classes have also 
other attributes and operations that are self-describing. 
Classes L i n e a r F u i i c t i o n , Q u a d r a t i c F u n c t i o n 
and C u b i c F u n c t i o n are modeled specially because 
they represent the most widely used classes of functions 
for the approximation or interpolation. They inherit ali at
tributes and operations from class Po lynomia l but some 
of them are overridden since they can be implemented dif-
ferently. 

The package called Po lyno in ia l s p l i n e s consists 
of the classes needed to represent piecewise polynomial 
functions or polynomial splines. The central class of the 
package is called P i e c e w i s e P o l y n o m i a l F u n c t i o n 
but we have also modeled some other classes that ali inherit 
attributes and operations from this class. The class diagram 
and details about attributes and operations are evident from 

Figure 7. Ali classes in the package are collections of poly-
nomials where collection can be a list, an array or of some 
other type. The best way of implementing operations is 
to call the methods of the corresponding polynomial seg-
ments. Attribute c o n t i n u i t y A t J o i n t P o i n t s repre-
sents a degree of continuity at every joint point (-1 stands 
for uncontinues function, O for continues, 1 for first deriva-
tive being continues, etc). Other classes in the package 
inherit everything from the main class but some attributes 
are different. Similar as for polynomials some operations 
can be implemented differently. In čase one's objective is 
to implement some special algorithms for approximation or 
interpolation with splines, one can simply introduce a new 
class to the system that inherits attributes and operations 
from modeled classes and have some additional attributes 
and operations. 

Package B - s p l i n e s consists of classes that model B-
splines, B-spline functions and B-spline curves. The rela-
tionships of the classes are shown in Figure 8. The mean-
ing of most attributes and operations is obvious but some 
of them need comments. Many operations of the class 
B-Curve are derived from translating the messages from 
the sequence diagram to corresponding operations. Op-
eration m o v e C o n t r o l P o i n t ( ) , for example, serves to 
moving some control point of the curve to some other lo-
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Point 

*create() 
Odelete() 
*draw() 
*move() 

Polynomial 
^degree: short 
ocoefficients: Collection 

*create() 
Odelete() 
*draw() 
*derivative() 
*integral() 
*zeros() 
*valueAtPoint(x) 

71 

Interval 
<;lower6ound 
.»upperBound 

^create() 
*delete() 

LinearFunction 
a degree: short = 1 

*zeros() 
*derivative() 
*integral() 

OuadraticFunction 
<? degree: short = 2 

*zeros() 
*derivative() 
•^integrali) 

CubicFunction 
0 degree: short = 3 

*zeros() 
*derivative() 
*integral() 

Figure 6: Class diagram of the package Basic 

cation. In that čase, a part of the curve has to be redrawn. 
The classes are connected with the relationship aggrega-
tion. New classes that inherit from the modeled classes can 
be simply added to the package. 

Package B e z i e r c u r v e s is very similar to the pack
age B - s p l i n e s and is described in (Indihar Štemberger, 
2000), where many other details about the model are also 
described. 

It is very important to understand that the described 
model is independent of the purpose of using splines. It 
can serve as the basis of the system where splines are used 
for approximation or interpolation and of the system for de-
signing with splines as well, because it is a common domi-
nator of every such system. 

4 Storing splines 

In modern Information systems we have to deal with com-
plex objects. Classical relational DBMS are not the appro-
priate solution for storing such objects. The development 
in this field has gone further with the concepts of object 
or object-relational databases. The concept of the database 
has been extended to the point that it includes the execu-
tion of the processes as well (Domanjko, Heričko, Rozman, 
1997). Therefore ono does not need to distinguish between 
applications and databases anymore. 

The idea is to store splines in object-oriented database. 
Namely, they have already been used for storing splines 
produced by CAD applications (Cattell, 1994), but not in 
connection with Data Mining applications. 

The fact is that there is no general agreement in the lit
erature (Cattell, 1994), (Kim, 1995), (Khoshafian, 1995) 
about the definition of the object-oriented database. We un
derstand the object-oriented database as the combination of 
object-orientation and database capabilities. It implies that 

the so-called "true" object-oriented databases and object-
relational databases both belong to that category. 

The ODMG standard (Cattell et al., 2000) was used to 
store splines. The standard is independent of the program-
ming language and the DBMS. It can be used for storing 
objects in "true" object-oriented database and with special 
mappings, which map objects into relations, to the rela
tional database as well. 

By the ODMG standard the schema of object-oriented 
database can be vvritten in one of the programming lan-
guages that have the ODMG mapping (C++, Smalltalk and 
Java) or in independent language ODL (Object Definition 
Language). Class diagrams from section 3 can be con-
verted to ODL. Figure 9 shovvs the example of such schema 
for the classes from Figure 7. 

The use of ODMG standard ensures the portability 
among different supported programming languages and 
also among different DBMS. 

5 Prototype 
The prototype of the system has been developed as 
well. We used Java programming language aiid the Poet 
ODBMS. The user interface of the prototype is presented 
in Figure 10. A user can enter the points he wants to ap-
proximate by a cubic spline simply by clicking the mouse. 
The approximation is obtained by algorithm described in 
(Eubank, 1999). The produced cubic spline corresponds 
to the class P i e c e w i s e C u b i c F u n c t i o n in the model. 
Actually it is the ancestor of that class since it has addi-
tional operation called a p p r o x i m a t e {) which serves to 
obtaining the approximation to the given data. The spline 
can be stored in the database and the stored splines can be 
retrieved from the database. 

One has to mention again that ODMG standard can be 
used for "true" object-oriented DBMS like the one we used 
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PiecewisePolynomialFunction 
OnumberOfSegments: short 
^degree: short 
<?segments: Collection(Polynomial) 
<jjointPoins: Collection 
<pcontinuityAtJointPoints: Collection(short) 

*create() 
*clelete() 
*draw() 
*derivative() 
*integral() 
*zeros() 
*valueAtPoint(x) 

Z 
PiecevviseLinearFunction 

<j degree: short = 1 
<? segments: Collection(LinearFunction) 

*zeros() 
^derivative() 
*integral() 

PiecevviseCubicFunction 
<? degree: short = 3 
0 segments: Collection(CubicFunction) 

*zeros() 
*derivative() 
*integral() 

PiecewiseQuadraticFunction 
<>degree: short = 2 
<^segments: ColIection(QuadraticFunction) 

*zeros() 
^derivative() 
*integral() 

Figure 7: Class diagram of the package Polynomial sp l ines 

and also with the special mapping (Java Blend for example) 
for the relational DBMS. 

6 Conclusion 
We believe that the presented model can serve as a com-
mon dominator of a system that ušes splines. Each appli-
cation of that kind can be based on it and extended with 
additional classes. We are shure that the choice of UML 
modeling languege was correct since the variety of the en-
vironments which are suitable for the implementation of 
the UML models is very reach. The use of the standard 
ODMG, that has been developed by the major vendors of 
object-oriented database management systems and is the 
only existing standard in this field (Alagič, 1999), for de-
scribing the model of saving splines guarantees the maxi-
mum possible portability of the system. Produced objects 
can be stored in any DBMS that supports the standard. It is 
important to add that not only attributes but also the meth-
ods of the classes are persistent. The prototype has been 
developed with the purpose of expressing our ideas. Our 
intention was not developing Data Mining tool but in our 
opinion vendors of such tools should consider these ideas. 
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B-spline 
<? order: short 
<>m: short 
overtices: Collection 

^create() 
^delete(x) 
*^draw() 
^valueAtPoint() 

L 
B-Curve 

<? order: short 
<>m: short 
overtices: Collection 
o controlPoints: Collection{Point) 

^create(t) 
<*delete() 
^move() 
^rotate() 
^changeSize() 
^controlPolygon() 
^moveControlPoint() 
^subdevide() 
*^polntOnCurve(t) 

O 

B-Function 
<? order: short 
<>m: short 
<?vertices: Collection 
<>coefficients: Collection 

^create() 
^delete() 
^draw() 
^derivatlve() 
^integral() 
^valueAtPoint() 
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classPiecewisePolynomialFunction 

{ 

}; 

attribute short degree; 
attribute short numberOfSegments; 
attribute Array<Polynomial> segments; 
attribute array<float> jointPoints; 
void create(); 
void delete() raises (nojunction); 
void draw(); 
float valueAtPoint(in float x) raises(not_defined); 
bag<float> zeros(); 
PiecewisePolynomialFunctionderivative(); 
PiecewisePolynomialFunctionintegral(); 

ciass PiecevviseLInearFunction extends 
PiecewisePolynomialFunction 

{ 
attribute Array<LinearFunkctlon> segments; 
bag<float> zeros(); 
array<float> derivative(); 
PlecewiseQuadraticFunctionlntegral(); 

class PiecewiseQuadraticFunction extends 
PiecewisePolynomlalFunction 

{ 
attribute Array<QuadraticFunction> segments; 
bag<fioat> zeros(); 
PiecevviseLInearFunction derivativeO; 
PiecewiseCubicFunctionintegrai(); 

ciass PlecevvIseCublcFunctlon extends 
PiecewisePolynomialFunction 

{ 
attribute Array<CubicFunction> segments; 
bag<float> zeros(); 
PiecewiseQuadraticFunction derivativeO; 
PiecewisePolynomialFunctionlntegral{); 

Figure 9: ODL definitions for some classes 

^ Ai)nroxirnatJon vvith cubic sniine PPFl 

Appro)<^ ate 1 Delete r Save Read 

Figure 10: The user interface of the prototype 


