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Abstract. The paper discusses the models and methods of information technol-
ogy for the synthesis of optimal configurations of spatial objects. Models are
based on the concept of geometric information and the formation of the con-
figuration space of geometric objects. Information technologies carry out the
transformation of geometric information in the process of synthesis of optimal
configurations, the formation of an appropriate database structure, its consolida-
tion and the organization of automatic exchange of information between the
original software components and specialized software. An information-
analytical model for the synthesis of optimal configurations has been built. The
problem of forming a data structure and creating a data storage is considered.
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1 Introduction

Currently, most publications are devoted to problems of mathematical modeling of
systems with objects of a given spatial form and the development of special nonlinear
optimization methods. The issues of information support, analysis of the data struc-
ture and methods of transformation of geometric information in the optimization
process are not fully covered.

The purpose of this paper is to present the concept of creating information technol-
ogy for the synthesis of spatial configurations of objects of a given shape and arbitrary
metric characteristics. The use of such information technology allows to solve the
following tasks:

. organize automatic exchange of information between the original software
components and specialized software systems used to obtain local solutions and dis-
play the results of the solution in a convenient and multifunctional form,;

. parallelize the search for local minima at the global search stage, which sig-
nificantly reduces the time spent on solving the problem;

. visualize both final and intermediate solution results



. carry out an interactive search for solutions, which allows you to get better
results in a shorter time.

The present paper continues the research [1] related to the use of information tech-
nologies for the synthesis of spatial configurations of various classes of geometric
objects.

2 Object - Oriented Model and Configuration Space of
Geometric Objects

The papers [2,3] introduced the configuration space of geometric objects (GO), which
is based on the formalization of the concept of geometric information. Geometric

information g = ({s} , {m} , { p}) about the object S includes a spatial form {s} as

an equivalence class of point sets in space R 3( R’ ); metric parameters
{m}=(my,...m; ) of the form, specifying the dimensions of the object; placement

parameters { p} =(py,.... p; ), that determine the position of an object in space. On a

plurality of geometric information, the linear space of canonical informations and the
general information space are constructed. In accordance with the general concept of
constructing such spaces, we define their structure in the following way.

To specify the components {s} and {m} of the geometric information g of the

object § we use the equation of its boundary f(& m)=0, where &=(x,y), if

SCRZ, and {=(x,y,z), if S <R Let the variables m=(my,...,m; ) have an

admissible domain of values D ¢ Rk , and the function f(&,m ) is such that for any
fixed m e D

S(€.m)=0,if Ee fr S(m);
f(E,m)>0,if Eeint S(m) ;
f(Em)<0,if Eee(clS(m)),

where ¢, fr, int, ¢l are operators of topological complement, frontier, interior and

closure respectively.

We put the equation of the boundary of an object in a space of corresponding
dimension in the basis of the creation of its object-oriented model (see Fig. 1).

In the papers [4,5], classes of so-called basic 2D and 3D objects were identified.
Circles, ellipses, rectangles, convex polygons, as well as their closed additions to the
whole space are offered as basic 2D-objects. The main three-dimensional objects are
spheres, rectangular parallelepipeds, straight circular cylinders, circular cones, convex

polyhedra and closures of additions of these objects in space R3.



Geometric objects
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Basic object 1: | Basic objec} R
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Fig. 1. Formation of geometric objects.

We propose to generalize the indicated results and form classical basic objects us-

ing the equations f°(x,y,m)=0 and ¢°(x,y,z,m)=0 of their boundaries in the

corresponding spaces R’ ( R’ ) (see Fig. 1). To construct an equation of the complex
object boundaries, can be used the theory of R-functions [6].
Let us choose a system of coordinates in space R’ ( R’ ), which we will call sta-

tionary, and we will associate with an object S their own (moving) coordinate sys-
tem, the beginning of which is called a pole. The mutual position of the specified
coordinate systems characterizes the placement parameters p =(p;,..., pg)=(v.0),

where v - the coordinate vector of the pole of the object in a fixed coordinate system,
and @ - the vector of the angle parameters that determine the mutual position of the

axes of the eigen and fixed coordinate systems. For S c R’ we have
p=®p-.pp)=(v,0). 1In the general case [=6, Vv=(v;v,v3)
0=(0,0,,03).For ScR? we put p=(v,0)=(v;,v,,0).

A position of the GO with respect to a stationary coordinate system may be given
by the equation of its general position

F(&m,p)=f[A(E-u), p]=0, )

where A - the orthogonal operator, expressed through angular parameters v .

The equation (1) is form the basis of the configuration space of the GO. A
configuration space specifies a set of values of geometric variables called generalized
coordinates, and defines the location in the space of the system of objects and their



parts both relative to one another and with respect to a given fixed reference system.
We will formulate for a GO S its configuration space E(S ), choosing as generalized

variables g =(m, p).
Let us consider a set of objects Q= {SI, Sn} . Denote Z('S;) the configuration

space of an object S; with generalized variables g = (mi P ), ielJ,, where we

use the notation J, ={1,...,n}. Each point gi € E(S; ) corresponds to a parameter-

ized object Si(gi)CR3(R2). We will form the configuration space of a set of

geometric basic objects E=(Q)=ZE(S;)x...xE(S, ) with generalized variables

g=(g'...¢g").
Definition. The mapping &:Q — Z(Q) of a set Q= {Sj, e Sy } in the configura-
tion space Z(Q)=ZE(S;)x...xE(S, ), that satisfies a given set of constraints A,

specifies the spatial configuration of objects.
Thus, the spatial configuration defines a set of parameterized GOs

Si( gi ), ieJ,, which together totality form a complex object of a particular struc-
ture. Let us form a complex GO

SB:B(SI""’SH)’

where the operator B defines the structure §;, i € J, of the object system. A com-

plicated object Sp in the configuration space Z(Q) corresponds to a parameterized
GO

Sp(g 8" 7B(Si(g" ). Su(8")). @)

and the point g = g] ,...,8" )eE(Q) specifies the spatial configuration of the ob-

jects  S;,iedJ, of the given structure. For fixed generalized variables

g =g ied, the point Q:(gj,...,gn)eE(Q) defines an image of a complex

object Sy(&',...8")=B(S;(&" ). 5,(8")).

On the basis of the above typology, taking into account equation (1) an object-
oriented model of the GO is proposed, the fragment of which is shown in Fig.2. This
polymorphic model contains an abstract class GeometryObjectBase that describes a
set of virtual methods that implement operations common to all objects. Such opera-
tions may include receiving information from a file, saving a file, visualizing on the
screen, and so on. The descendants of the GeometryObjectBase class have two im-
plementations in accordance with the dimension of the GO space. Each of these
classes contains fields and virtual methods that provide affine transformations of mo-
tion in the corresponding space.



GeometricObjectBase

+ReadFromFile()
+SaveToFile()
+Draw()

| J _____________________ 1
i v
2D0bject 3DObject
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-p: List<double> -p: List<double>
-equation: Object2DTypes -equation: Object3DTypes
T
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|
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ComplexObject ComplexObject
-ComObjets: List<2D_Object> -ComObjets: List«3D_Object>

Fig. 2. Hierarchical object-oriented model of geometric object.

For example, for a 3D object, such fields will have three coordinates of the transla-
tion vector and three turning angles. The descendants, implementing complex objects
form the next level. Each of them contains information about the metric parameters of
this type of object and implements the necessary methods. The complex object will
contain information about the set of objects of the corresponding space and the im-
plementation of the methods that will be applied to each element of this set.

In general, the spatial configuration of a GO must satisfy a system of constraints
that allow us to distinguish the corresponding class of spatial configurations. Such
restrictions are due to the fact that the objects that make up the spatial configuration
are different. Methods of formalizing such relationships depend on the choice of gen-
eralized variables of the configuration space, on the relative position restrictions of
the GO and their physic mechanical properties (see Fig. 3).

Usually an additional object S, is used, called a container. In this case, all objects

S;,ieJ, must belong to the container S,. We introduce on the set of objects the
binary relation of inclusion {o}. We will assume that S'oS", if int §'< S".

Let the object S, in the configuration space Z(S,) have generalized variables
go. We form the configuration space Z(S,)xZ(Q). Then the set of generalized
variables (go,gj,...,g”)eE(SO)XE(Q) specifies the packing configuration, if
Si(87)oSy(8"). Si(g' )*S (g’ ) forany i,jeJ, i< j.Note that in this case,
the pole and its own coordinate system of the object S, coincides with the beginning
and the axes of the fixed coordinate system, and the placement parameters of the con-

tainer are pO =(0,...,0).



Synthesis of configuration
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Fig. 3. Synthesis of spatial configurations.

Generalized configuration variables go, gl ,...,g"of the configuration space
E(Sy)xE(Q) may be subject to additional constraints that create special classes of

packing configurations, including layout configuration, in the case of restrictions on
the minimum and the maximum admissible distances between objects. In the case of
objects representing solids S;,i€J,,, of given masses ¢;,i € J,, a balanced system

of such bodies defines a configuration of the balanced packing configuration. If the
poles of the objects §;,ieJ, coincide with the centers of their masses, balanced

packing takes place under condition

n n n

inqi =0, Zyiqi =0, Zziqi =0.

i=1 i=1 i=1

In accordance with (2) consider a complex object
1 n & i
Sp(g',. 8" =) Si(g")
i=1

in configuration space E(Q). Then the set of generalized variables
(go,g],...,g”) eE(Sy))xE(Q) specifies the covering configuration, if

Sy(g”)oSp(g,....g"). Objects S,, S;.ied, are called the coverage domain

and covering objects, respectively.

We note some papers devoted to the study of spatial configurations of packing [4, 5,
7-11], layout [12—-16], balanced packing [17,18] and covering [19-21]. In the case
when both metrical and placement parameters of GO take discrete values, we have a



class of combinatorial configurations. Since, in this case, combinatorial objects are
characterized by the vector of their generalized variables, when they are mapped into
Euclidean space, so-called Euclidean combinatorial configurations are formed, the
properties of which are described in [22-24].

To formalize constraints in packing and layout problems with fixed sizes and
shapes of objects, Yu.G. Stoyan developed the theory of ®-functions. The study of
spatial configurations and the corresponding configuration spaces allows generaliza-
tion of the ®-function concept to the case of variable metric parameters GO. The
analysis of existing methods for constructing the ®-function for basic 2D and 3D
objects allowed us to naturally transfer known results to the class of packing and
layout problems with variable metric parameters of objects. For an analytical descrip-
tion of the coverage conditions, a special class of ® -functions was proposed in [25].

3 Informational and Analytical Models Synthesis of Optimal
Configurations

Taking into account the object-oriented model of GO and methods of their relation-
ships modeling, an information-analytical model of the process of spatial configura-
tions synthesis is presented (see Fig. 4).
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Fig. 4. Information-analytical model of optimal spatial configurations synthesis process.



Depending on the quality criteria and the choice of specific constraints that form
the set of admissible spatial configurations, the task of finding optimal configurations
can be attributed to the corresponding class of mathematical programming prob-
lems.The corresponding process of synthesis of optimal configurations is presented in
Fig. 5.

On the one hand, methods of solving such problems can be implemented independ-
ently of the subject area. From the mathematical point of view, it is enough to formal-
ize the target function, functional constraints, Jacobi and Hesse matrices to find local
extremum. In this case, the development of modern information technology for the
synthesis of optimal configurations of complex systems requires the construction of
their information-analytical models in the automatic mode. On the other hand, the
considered problems belong to the class of NP-complete, with a high dimension are
multyextremes. Thus, the synthesis of optimal configurations is a creative intellectual
process that makes it possible for the decision maker to be involved.

Generoliz]ng variables | Formation of the Configuration Space
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Fig. 5. Synthesis of optimal configurations.



The practice of using existing software packages to solve optimization tasks re-
quires the construction of information-analytical models in a certain format with the
help of external methods developed by the user. The available software leaves stage
of the model construction the non-automated, which makes it urgent to search for new
computer technologies for modeling problems in various technical fields and to de-
velop information technologies for the transformation and visualization of geometric
information in the process of synthesizing optimal configurations of complex systems.

3D visualizing of the solution process on each iteration is an important and rather
difficult task, so it makes sense to use special software packages for this. For each
iteration, excluding display intermediate solutions, the user according to the given
parameters can influence the optimization process itself by changing the generalized
variables of the model. Such changes may make the spatial configuratiothe
inadmissible. However, in accordance with the proposed technology, a locally optimal
configuration is automatically synthesized that satisfies all the requirements. Data
exchange in the implementation of this technology using a special consolidated data
warehouse is shown in Fig. 6.

| | | ‘ | ’
Data Structure . Data Structure | | Data Structure |
of Figures of Constraints : of Objective Function
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Fig. 6. Structure of the consolidated data storage.

The process of synthesis of spatial configurations is accompanied by multiple
transformations of data of GO. In the analysis of the obtained results, detection, proc-
essing and transformation of suitable for use of the formed GO, formalized constraints
and object function are performed. When using traditional tools, redundant data vol-
umes arise and it need significant resources to perform their transformation.



4 Conclusions

The spatial configurations synthesis problem is so complex that it cannot be solved
automatically and requires integration of different information technologies, including
those involving the decision maker. This combination of different technologies is
impossible without the use of information technologies related to the storage and
transformation of data in different formats. To successful use of information tech-
nologies the paper formalizes the concept of geometric information and obtained its
structure.

The configuration space of geometrical object was built generated by the parame-
ters of geometric information. Depending on the type of geometric objects, the type of
constraints and the function of the target, various spatial configurations were identi-
fied and analyzed. Their features were taken into account when implementing the
method of solving a problem based on the use of information technologies. A general
solution scheme was proposed and a consolidated database was developed, which
allows combining various existing software packages and original elements in the
process of solution. It is shown information technology using for exchanging of in-
formation between the original software components and specialized software sys-
tems, visualization both final and intermediate solution results, carrying out an inter-
active search for solutions.
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