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1 UVOD

V prispevku je prezentovana tedria
spojenia (ToC), ktord je zaloZzena na
pristupe formulacie matematického modelu
procesov materidlového toku. Hlavnou
vyhodou pouzitia tedrie spojitosti je to, ze
sa moze pouzit rovnaky subor funkcii
(alebo  procedur)  pre  formulaciu
matematickych ~ modelov v mnohych
inzinierskych a manazérskych procesov
(Bjorke, 1995; Davidrajuh, 2004).

Tedria spojenia (ToC), predtym znama ako
teoria vyrobného systému, v tvare, ktory je
uvedeny v prispevku, je vysledkom 30
roénej prace  Skandindvskej  Skoly
Systémovych Teorii; pre detailné $tidium
tedrie spojenia, sa Citatelia mozu odvolat’
na Bjorka (1995). Myslienkou tedrie
spojenia je synchronizovat geometriu
a algebru: po  prvé,  geometrické
modelovanie je pouzité pre model
fyzikalneho javu, a potom subor algebricky
rovnic je oddeleny od geometrického
modelu, a tak pouzitim poc¢itata mézu byt’
tieto rovnice vyrieSené. Pouzitel'nost ToC

je vtom, Ze rozdielne subsystémy
rozdielnych disciplin mozZu byt
modelované a integrované aplikovanim

rovnakych procedur; uvedené je velmi
dolezit¢ pre oblast ako napriklad
elektronicky obchod, ktory je zlozeny
zroznych disciplin ako napriklad vyroba,
manazment podniku, vyber dodavatelov
a podobne.

2 MODELOVANIE ZALOZENE NA
ToC

2.1 Systémovy model

Systém pozostava z troch zakladnych
komponentov, ako su prvky, spojenia
a zdroje. Prvky nesu vsetky fyzikalne
alebo ekonomické vlastnosti systému.
Prvky st stavebné bloky fyzikalneho
systému. Napriklad, v sieti LRS, rezistory,
kondenzatory  ainduktory su  prvky,
vlastnost’ rezistora je jeho vodivost, kym
vlastnostou prvku stroja moze byt jeho cas
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1 INTRODUCTION

In this paper, we present the theory of
connection (ToC) based approach for
formulation of mathematical model of
material flow processes. The major
advantage in using the theory of
connection is that, the same set of
functions (or procedures) can be used for
formulation of mathematical models of

many engineering and management
processes (Bjorke, 1995; Davidrajuh,
2004).

Theory of connection (ToC), previously
known as manufacturing system theory, in
the form it is presented here, is due to the
work of the Scandinavian School of
Systems Theory for the past 30 years; for
detailed study of ToC, interested readers
are referred to Bjorke (1995). The idea
behind ToC is to bring geometry and
algebra together: first, geometric modeling
is used to model physical phenomena, and
then a set of algebraic equations are drawn
out of the geometric model, so that by
using a computer these equations could be
solved. The usefulness of ToC is that,
different  subsystems  of  different
disciplines can be modeled and integrated
by performing the same procedure; this is
very important for fields like e-commerce
as e-commerce involves diverse disciplines
like manufacturing, business management,
supplier selection, etc.

2 MODELING APPROACH BASED
ON ToC

2.1 System model

A system consists of three fundamental
components, such as elements,
connections, and sources. The elements
carry all the physical or economical
properties of the system. Elements are the
building blocks of the physical system. For
example, in a LRC network, the resistors,
capacitors and inductors are the elements;
the property of a resistor is its admittance,




e

e

R. Davidrajuh — Geometrical Modeling of Material Flow Logistics

T&L —16/09

spracovania, pomer medzi vstupnymi
a vystupnymi prvkami, percentao odpadu
apodobne. Ked’ nie je spojenie medzi
prvkami, subor oddelenych prvkov sa
nazyva ako jednoduchy systém. Spojenia
vyjadruji ako prvky na seba navzajom
vplyvaji a prezentuje to Struktiru systému.
Subor spojenych prvkov sa nazyva ako

spojeny  systém.  Nakoniec, zdroje
vyjadruji  vplyv medzi kompletnym
systtmom  aprostredim. Zdroje st
vplyvom prostredia na systém,

v elektrickom obvode, zdroje mdzu byt
prudové alebo napitové, v planovani
vyroby, dopyt po produktoch, zavadzaci
Cas, prislusné ndklady su niektoré zo
zdrojov.

2.2  Geometricky priestor, vektory
a matice
ToS je zalozeny na pouziti

kontinualneho geometrického 3-priestoru
alebo n-priestoru (Euklidovsky priestor
R"). Vektor (nazyvany ako kontravariantny
vektor) reprezentuje bod v Euklidovskom
priestore, alebo primadrny priestor, zo
zaciatku do bodu; A vektor v 3-priestore je
prezentovany ako:

x=x1£1+ x282+ x383,

kde (e1,62,€3) je zéklad vektora pozdiz

3 osi. Kym bod (nazyvany ako kovariantny
vektor) v prislusnom dvojitom priestore
vektora, definujte dalsi vektor, ktory je
prezentovany ako

a=a181+ 0282+ 0383,

kde (er.£2.63) je zaklad spolo¢ného

vektora pozdiZ troch osi.
Matica vlastnosti dodrzuje  vlastnosti
(alebo charakteristiky) zakladného
systému, kym matica spojitosti prezentuje
spojenia medzi zdkladnymi prvkami.
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whereas a machine element's property
could be its processing time, ratio between
input items and output items, scrap
percentage etc. When there is no
connection between the elements, the set of
isolated elements is called the primitive
system. The connections reflect how the
elements influence each other and it
represents the structure of the system. The
set of connected elements is called the
connected system. Finally, the sources
reflect the influence between the total
system and the environment. Sources are
the environment's influence on the system;
in an electrical circuit, source s could be
current or voltage sources; in production
planning, demand of products, startup-
setup times, costs involved are some of the
sources.

2.2 Geometrical Spaces, vectors, and
matrices
ToC is based on the use of continuous

geometrical 3-space or more typically an
n-space volume (a Euclidean space R"). A
vector (called a contravariant vector)
represents a point in the Euclidean space,
or primary space, from the origin to the
point; A vector in a 3-space is represented
by:

x=x1£1+ x282+ x3£3,

where (£7,€2,¢3) 1s the basis vector along
the three axes. Whereas, a point (called a
covariant vector) in the corresponding dual
space of the vector space, defines another
vector which can be represented by:

a=a'e;+ d’ert+ a’es,

where (&7.62,63) i1s the basis co-vector
along the three axes.
A property matrix keeps properties (or
characteristics) of primitive elements,
whereas a connection matric represents the
connections  between the  primitive
elements.
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3 NASTROJE FUNKCII

Proces matematického modelovania
a simulacie zalozeny na ToC je tradicne
vykonavany nastrojmi funkcii, ktoré su
implementované v APL (A programovaci
jazyk). APL je symbolicky jazyk, ktory bol
vyvinuty IBM vroku 1960. Prispevok
prezentuje nastroje funkcii pre priemyselny
Standard platformy MATLAB. MATLAB
platforma pre implementaciu ToC nastroja
prinasa mnohé vyhody, ako je jednoduché
pouzitie (programovanie), pristup stovky
funkcii z d’als$ich MATLAB nastrojov ako
su fuzzy nastroje, nastroj riadiacich
systémov, nastroje Statistickej analyzy,
nastroje optimaliz4cie a pod. a prostriedky
pre vysoku kvalitu grafickych vystupov.

3.1 Pouzitie nastrojov
Nastroje funkcii pre pristup zalozeny
na ToC je rozdeleny do 4 skupin:
e Vytvorenie prvkov, alebo skupin
prvkov (jednoduchy systém);
e Vytahovacia topologicky Struktira
(spojeny systém);
e Riesenie rovnic;
e Ulozenie/Nahranie/Tlacenie

systtmu  (systtm  obsluznych
programov).
Funkcie su objasnené pomocou

nasledujuceho jednoduchého prikladu.

3 TOOLBOX OF FUNCTIONS

The process of mathematical modeling
and simulation approach based on ToC is
traditionally done by a toolbox of functions
implemented in APL (A programming
Language). APL is a symbolic language
that was developed by IBM in the 1960s.
This paper introduces a toolbox of
functions for the industry-standard
MATLAB platform. MATLAB platform
for implementing ToC toolbox brings
many benefits such as ease of use
(programming), access to hundreds of
functions from other MATLAB toolboxes
like fuzzy toolbox, control systems
toolbox, statistical analysis toolbox,
optimization toolbox, etc., and facilities for
high quality graphical outputs.

3.1 Using the Toolbox
The toolbox of function for ToC based
approach is divided into four groups:
e Creating elements, and grouping of
elements (primitive system);
e Extracting topological structure
(connected system);
e Solving the equations;
e Saving/Loading/Printing System
(utility system)
The functions are explained with the help
of the following simple example.

Obr.1 Siet' LCR
Fig. 1 LCR network
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3.2 Priklad: Jednoducha siet’ LCR

Obr. 1 prezentuje jednoduchu siet
LCR, ktora pozostava ztroch zakladnych
prvkov — rezistora R, kondenzatora — C,
induktora — L.
Konvencie pouzité na obr. 1: V obr. la,
uzly st wurcené palickovym pismom
'A'a'B', prvky su ur¢ené s ¢islami 'l' (L),
2' (C) a'3' (R). Na obrazku 1b su tri vetvy
spajajuce uzly 'A' a'B'; vetva — 1 spdjajuca
prvok 'l', vetva- 2 spajajuce prvok "2'
a vetva — 3 spdjajuca prvok '3'.

Faza 1 — identifikovanie jednoduchého
systému

Ako prvé vytvorime tri prvky
pomocou funkcie prvok. Funkcia prvok ma
Styri vstupy: prvok ¢&islo, nazov prvku,
hodnota vlastnosti areakcia. Len prvy
(prvok ¢islo) a treti (hodnota vlastnosti) st
povinné vstupy. Napriklad, pre rezistor

>R = prvok(3, 20)

Vyznam, rezistor je druhy prvok
a hodnota je 20 ohmov (pre d’alSie prvky,
hodnota vlastnosti je vlastna hodnota
napitia).

Po vytvoreni d’al$ich prvkov, su spojené
vsetky prvky do jednoduchého systému
pouzitim funkcie jednoduchy systém.
>PS1 = primitive_system(L, C, R)

Faza 2: vytvorenie spojeného systému

V tejto faze je zavedené spojenie medzi
troma prvkami cez dve uzly. Je to
vykonané pomocou funkcie connectsystem
a pomocou tabul’ky Branin. Prvy riadok
tabulky Branin sa sklada z uzlov, ktoré su
zakonéené vetvami a druhy riadok tabul’ky
sa sklada zuzlov, ktoré su zaciatkom
vetiev. Napriklad, ak berieme do uvahy tri
vetvy 1, 2, a3 (alebo prvky L, C aR)
zakonCenim su B, A a A. Zaciatkom su A,
B aB.

Spolu  suvedenymi dvoma riadkami
tabulky  asjednoduchymi  systémom,
pomocou funkcie connectsystem sa vratia
matice VP, Y a VN, kde Y je vlastnost’

15

3.2 Example: A simple LCR network

Figure 1 shows a simple LCR network
consisting of three primitive elements - a
resistor R, a capacitor C, and an inductor
L.

Conventions used in figure 1: In figure-1a,
nodes are identified with block letters 'A’
and 'B'; elements with identified with
numerals 'l' (L), 2' (C), and '3' (R). In
figure 1b, there are three branches
connecting the nodes 'A' and 'B": the
branch-1 consisting of the element 'l', the
branch-2 consisting of the element 2', and
the branch-3 consisting of the element '3'.
Phase 1: identifying the primitive
system.

First we create the three elements with
the help of the function element. Function
element takes four inputs: element number,
name of the element, property value, and
comment. Only the first (element number)
and the third (property value) are
compulsory inputs. For example, for the
resistor,

>R = element(3, 20)

Meaning, the resistor is the second
element and the value is 20 ohms (for other
elements, property value is the respective
impedance value).

After creating the other elements, all the
elements are grouped as a primitive system
using the function primitivesystem.

>PS1 = primitive_system(L, C, R)
Phase 2: making the connected system.
The connection between the three elements
through the two nodes has to be established
in this phase. This is done with the help of
the function connectsystem and the Branin
table. The first row of the Branin table
consists of the nodes that are tail-end to the
branches, and the second row consists of
the nodes that are head-end to the
branches. For example, considering the
three branches 1, 2 and 3 (or elements L,
C, and R) the tail-ends are B, A, and A.
The head-ends are A, B, and B.
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matice, ktora zahfmia hodnotu vlastnosti
vSetkych prvkov v jednoduchom systéme,
VP a VN st spojenia (incidencie) matic pre
priame spojenia, kone¢na Cast’ a za¢iato¢na
¢ast’ v tomto poradi.

Funkcia removereference
referenény uzol 2z VP,

a vyslednej inverznej matice.

odstrani
VN  matice

Faza 3: aplikovanie zdrojov, rieSenie
spojeného  systému  a zobrazovanie
vysledkov

Do vetvy-1 je aplikovany len jeden
zdroj, zatial' ¢o vetvy - 2 & 3 nemaju
pouzité zdroje. A tak, v tenzorovej forme,
zdroje su prezentované pomocou [220; 0;
0], kde 220 (voltov) je aplikovany zdroj.

Together with these two rows of the
Branin table, and with the primitive
system, calling the function connectsystem
return the matrices VP, Y, and VN, where
Y is the property matrix that includes the
property value of all the elements in the
primitive system, VP and VN are the
connection (incidence) matrices for direct
connections, the tail part and the head part
respectively. The function
removereference removes the reference
node from the VP, VN matrices and
returns the resultant incidence matrix V.

Phase 3: applying the sources, solving
the connected system and displaying the
results

There is only one source applied to the
branch-1, whereas the branches- 2 & 3 do
not have applied sources. Thus, in tensor
form, the sources are represented by [220;
0; 0], where 220 (volts) is the applied
source.

-VN'

P

>IN

YN

Obr. 2 Rothov diagram (metdda uzlového riesenia)
Fig. 2 The Roth's diagram (Node-solution method)

Rothov diagram (vid’. Obr. 2) je pouzity na
rieSenie  systému. Rothov  diagram
znazornuje prislusné matice a tenzory
aako st zapojené. Obr. 3 znazoriuje
vSetky funkcie pouzité pre rieSenie. Tak
isto z obrazka je zrejmé, ze Struktura dat
pre prvky obsahuje dve povinné polozky,
¢islo prvku a hodnotu vlastnosti; tieto dva
polozky musia davat’ ¢as vytvorenia prvku.
Tiez znazomuje obrazok, ze Struktura dat
pre  stbor  jednoduchych  prvkov
(jednoduchy systém) obsahuje velky pocet
jednoduchych prvkov aako vektory
a tenzory identifikované v Rothovom

The Roth's diagram (shown in figure 2) is
used to solve the system. The Roth's
diagram shows the involved matrices and
tensors, and how they are connected.
Figure 3 shows all the functions used for
solving. Figure 3 shows that the data
structure for an element contains two
obligatory items, element number and the
property value; these two items must be
given at the element creation time. Also
shown in the figure that the data structure
for the set of primitive elements (the
primitive  system) contains multiple
primitive elements, and how the vectors
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diagrame su vynaté zjednoduchého and tensors identified in the Roth's diagram
systému. are extracted from the primitive system.

element (nr, ‘name; i Element number
propey) | Name (optional)

Property value

prirpitive_system Jelementd, element2, ...)

A S I, R P D T a—a—5—_—A—S—m—S——S—Sm—SISISITLTE
; y Branin Table - 1
property matrix (ps, ime_spent)
Branin Table - 2

topoiogy (BT1, BT2,ps)

Roth's
Diagram

Calculations

Obr. 3 Prehlad pouzitych hlavnych funkcii a datovych struktur
Fig. 3 Overview of main functions and data structures used

4 Pripadova stadia 4 Case study

Pripadova $tadia prezentovana v tejto A case study is presented in this section
sekcii je dokazom  koncepcie pre as a proof of concept for modeling and
modelovanie a simulaciu pouzitim ToC. simulation using ToC.
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Pripadova S$tidia poukazuje na to, Ze
pouzitie ToC pre modelovanie a simulaciu
fyzikadlnych systémov umozZni tvorcom
modelov byt’ stale informovani
o zékladnych geometrickych
transforméciach a algebrickych vypoctoch;
inym typom modelovania a simulacie je
pouzitie grafického softvéru GUI, ktory
spracovava modely ako ¢ierne skrinky,
teda ,,schovavaju“ matematické detaily.
Pripadova Stidia je o modelovani a analyze
materidlovych tokov v logistike
a o produktivite ¢iastkovo-vyrobnej
inzinierskej spoloé¢nosti, ktora produkuje
Siroky typ elektrickych motorov.

Pripadova Stidia je wvyrieSena Stockom
a Solbergom  (1985)  pouzitim  siete
hromadnej obsluhy a Wangom (1995)
pouzitim jazyku APL. Napriek
uvedenému, Stidia v prispevku pristupuje
k modelovaniu  prostrednictvom  ToC
ak simuldcii pomocou novych nastrojov
vyvinutych vjazyku MATLAB. Teda,
Citatelia mozu porovnat rieSenia troch
autorov, za ucelom posudenia
jednoduchosti a elegancie rieSenia.
Vyrobny systém pozostava z 12 vyrobnych
faz, ktoré su rozdelené do 2 vyrobnych
linii: jedna linia pre vyrobu rotorov a druha
linia pre vyrobu statorov. Komponenty st
na zaver namontované na motor, vid. Obr.
4.

Na obr. 5 je znazorneny kod programu,
ktory pouziva funkcie ToC. Ako prvé st
definované zakladné prvky (‘el'..'e29");
zdkladné prvky st definované nazvom
(menovkou) amateridlom, ktory je
potrebny pre vytvorenie jednej jednotky
vystupu. Ako druhé su zoskupené zakladné
prvky do zdkladného systému 'ps'. Potom
je vynata matica vlastnosti zo zékladného
systému ako matica 'Y'". Dalej je pomocou
tabuliek Branin, ziskana inverzna matica V
ako funkcia conmnectedsystem. Na zaver,
pripojenim surovin do vstupnych prvkov je
spojeny systém vyrieSeny.

This case study shows that by using ToC
for modeling and simulation of physical
systems, the modeler will be aware of the
fundamental geometric transformations
and algebraic computations all the time;
this is unlike modeling and simulations
using graphical GUI based software which
treats the models as a black box thus hides
or abstracts away all the mathematical
details.

The case study is about modeling and

analysis of material flow logistics and
productivity of a  batch-processing
engineering company which produces a
large variety of electrical motors.
The case study is already solved by Stecke
and Solberg (1985) wusing queuing
networks, and by Wang (1995) using APL
language. However, the case study
presented in this paper uses the modeling
approach by ToC and the new toolbox of
function developed in MATLAB language
for simulations. Thus, interested readers
are encouraged to compare the solutions by
the three works, in order to judge the
simplicity and elegancy behind the
approach presented in this paper.

The production system consists of 12

production stages, divided into 2
production lines: one for producing rotors
and the other for producing stators. The
components are finally assembled into
motor; see figure-4.
Figure-5 shows the program code that uses
ToC functions. First of all, the primitive
elements ' (lel'.'e29") | ate defined; the
primitive elements are defined with a name
(label) and the material needed to make
one unit of output. Second, the primitive
elements are grouped together as a
primitive system ('ps'). The property matrix
is extracted from the primitive system as
"Y' matrix.

Third, with the help of the Branin tables,
the incidence matrix V is obtained by the
function connectedsystem. Finally, by
feeding raw materials to the input
elements, the connected system is solved.
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S Zavere¢né poznamky

Clanok prezentuje Te6riu spojenia
(ToC), ktora je =zaloZzena na pristupe
modelovania  inzinierskych  systémov.
Hlavny vyznam pouzitia ToC je zaloZeny
na pristupe zdoraznovania spojenia medzi
zékladnymi prvkami, z ktorych je zlozeny
¢ systém; inymi slovami, geometria sa
] pouziva pre modelovanie  systému.
Originalita prispevku je v aplikovani
nastrojov  funkcii pre modelovanie
a simuldciu. Nastroje su aplikované na
platforme MATLAB. Z pripadovej 3tudie
uvedenej v prispevku, je zrejmé, Zze s ToC,
ktord je zalozend na spdsobe rozneho

5 Concluding remarks

This paper presents a Theory of
Connection (ToC) based approach for
modeling engineering systems. The main
benefit using ToC based approach is that
the approach emphasizes the connection
between the primitive elements that
compose the system; in another words,
geometry is used for system modeling. The
originality of this paper is the application
of a toolbox of functions for modeling and
simulation. The toolbox is implemented on
MATLAB platform. From the case study
given in the paper, it will become apparent
that with ToC based approach diverse

i systtmového modelovania problémov, system modeling problems can be solved
moZe byt rieSenie efektivne, pouzitim efficiently, using the same set of functions.
rovnakych siborov funkcii.
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% CREATEELBABNTS

e01=element{01, FOLRDREY material nput, 1.176];
e0 3=element{03, MISHOP| matenal iput, 1.290);
e05=elemerd(05, 'FRESS-| - matenal input, 0670);
el 7=elemerd{07, 'FRESS-| : westage, 0340);
el 9=element{08, VIIMDIMG-| vastage, 0.020;
£11=element{11, MSHOR matenal irput,  1.220);
e13=¢lement{13, LSZEMELY ., 0.703];
e15=element(15, PRESS-I wastage, a031);
e17=element{17, 'PRESS-II: matenal input, 0.974);

&1 9=element{19, 'BALENCING: materal input,  0.001);

62 1=element(21, TWSHOP-IW - matenal inpud,  1.053);
¢23=¢lement(23, PRESS-II westage', 00105,
e25=element(25, PMSHOP-Il ‘matenal irput, 1.540);
e2 7=element{27, 'PRESS-IIl: mestage ', (1280];
e29=elemend(29, 'PRESS-II: ratenal input,  0.940);

e02=clerment{02, FOLMNDRY nactage, 0.17%6);
e04=elernent{04, MSHOP nastagd, 0.250),
e06=elemerd(06, 'FRESS : vestage’, 0010);

e08=elermend{08, "VIHLDIMNG-|:material irgud”,  0.843);

ed0=elermend{10, WINOIMNG-| vastage, 0.127);
g12=elemerd{12, MSHOR n&Estage, 0.220);
e14=element{14, 'BSEMELY ., 0,333,
e16=elernend{16, 'PRESS - uestage), 0003),
e18=elernent{18, 'EALLMCIMNG:. tastage’, 0.001)
e20=elemend{20, MSHOP W - neetage’, 0.053);

a22=element(22, PRESSN: fuen MShop-lI°,  0.320);
e24=clemerd{24, PRESS-I: matenal i,  0.690);
e26=element(26, MEHOP-Il (nastaye, 0.540);
e28=elemerd(28, FRESS I uestage!, 0220);

% THE PRIMITIVE SYSTEM (GROUP ELEMENTS)

pe=primitve_system(e01 g 02,é03,eo4,905 JB06 .07 08 209 210,211 812213 014,215,816, ..

e17,818 219,220,821 022,023,024 025,826 027 B 28,629,

YG=ps.Y,

% ESTABLISH THE CONNECTION

Branin_rom_1 =[13,13,20,20,21,21,21,22.22 22,2323 24 24,25, 25,25 26,26 27, ..

27,28,2%,28,20,30,28,29,29];

Branin_row_2 =[01,02,13,03,20, 04,05,21,06,07,22,08,23,25,03,10,26,11,2712,...

28,30,15,29,13,14,16,17 1 8];

% FORM THE CONMECTED SYSTEM

[VP, WM] = connect_system (Branin_row_1, Branin_rom_2, ps);

% SOLVE THE CONNECTED SYSTEM
YNG = -transpose (VM) * YG * WP,

YDIG = eye (30);

YNNG = YNG =+ YDIG;

ZMNBG = inv (YMNG);

INE = zeros (size(ZNEG,1),1); INE(4,1) = 1;
eNBG = ZNBG * INB

Obr. 5 Program
Fig. 5 The Program
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