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The article presents a new systematic approach to evaluate kinematic structures of the robot for welding in the application of certain conceptual solutions in
different welded forms of product design. Generated conceptual solutions of the welded structure are independent of the eight kinematic structure models of the
robots. Conceptual solutions of welded structures are defined according to the possibility of their practical performance as shown in models of product design in
welded form. Five groups of welded structures have been analysed with three characteristic examples in each group of products designed at the conceptual level
(such an approach makes 15 varieties of solutions) in the form of welded structures. In the paper we shall described a new model of evaluation by the application
of the Potential method (one of the decision making tools) as appropriate choice for the concept of kinematic structures of robots for welding in welding
technology of steel structures. Selection is carried out based on the list of requirements with twelve independent parameters. These parameters must define the
welding robot in fifteen models of welded structures. List of requirements is determined by types of design products (fifteen variant solutions) in welded form.
The originality of the proposed evaluation procedure lies mainly in special application of the potential method for evaluating weight factors of kinematic
structures of welding robots based on conceptual welded forms of product design. A model for linking a criteria and alternatives of kinematic structures for robot
welding is also shown and described. Introduced is the model to determine the criteria to evaluate kinematic structures according to the criteria for welding the
fifteen models of welded structures. These two sets of parameters (parameters of the set of kinematic structures and the set of welded forms of product design)
make possible the estimation acceptability for application. In the article is calculated the weighted value of solutions of kinematic structures of welding robot
that fully satisfies the theoretical settings and/or practical variants solution of a robot with the highest technical performance. Moreover, in order to implement a
thorough evaluation process such as decision making based on defined list of requirements in examples in this paper, we suggest and show the procedure that
can serve as a procedure for evaluation of other systems for the same purpose using the Potential method.
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Vrednovanje kinematickih struktura robota za zavarivanje na temelju koncepcijskih modela primjenom metode potencijala

lzvorni znanstveni ¢lanak

Clanak predstavlja novi sustavni pristup ocjenjivanju kinemati¢kih struktura robota za zavarivanje u primjeni odredenih koncepcijskih rjesenja razli¢itih oblika
zavarene konstrukcije proizvoda. Generirana koncepcijska rjeSenja zavarene konstrukcije ne ovise o osam modela kinematickih struktura robota.
Koncepcijska rjesenja zavarene konstrukcije definirana su prema moguc¢nosti njihove prakti¢ne izvedbe kao S$to je prikazano u modelima proizvoda u
zavarenom obliku. Analizirano je pet skupina zavarenih konstrukecija s tri karakteristi¢na primjera u svakoj grupi oblikovanog proizvoda na razini koncepcije
(takav pristup daje 15 varijanti rjeSenja) u obliku zavarenih konstrukcija. U radu je opisan novi model vrednovanja primjenom metode potencijala (jedan od
alata za donosenja odluka), prikladan za izbor koncepcije kinematicke strukture robota za zavarivanje u tehnologiji zavarivanja celi¢nih konstrukcija. Izbor se
provodi na temelju liste zahtjeva s dvanaest neovisnih parametara. Ovi parametri moraju definirati robot za zavarivanje za petnaest modela zavarene
konstrukcije. Originalnost predlozenog postupka ocjenjivanja nalazi se uglavnom u posebnoj aplikaciji metode potencijala za procjenu tezinskih faktora
kinematickih struktura robota za zavarivanje na temelju koncepcije zavarenih oblika proizvoda. Takoder, prikazan je i opisan model povezivanja kriterija i
alternativa kinematickih struktura robota za zavarivanje. Predstavljen je model za utvrdivanje kriterija za ocjenu kinematickih struktura prema kriterijima za
zavarivanje petnaest modela zavarenih konstrukcija. Ta dva seta parametara (parametri skupa kinematickih struktura i skup zavarenih oblika proizvoda) ¢ine
mogucnost ¢vrste ocjene prihvatljivosti za primjenu. U ¢lanku je odredena ponderirana vrijednost rjeSenja kinematickih struktura robota za zavarivanje koji u
potpunosti zadovoljava teorijske postavke i/ili inaGice prakti¢nog rjesenja robota s najvisom tehni¢kom dobrotom. Stovise, kako bi se obavila temeljita
provedba procesa kakvo je odluc¢ivanje na temelju definirane liste zahtjeva u primjerima ovog rada, predlaze se i pokazuje postupak koji moze posluziti kao
postupak za ocjenu drugih sustava za istu svrhu, koristenjem metode potencijala.

Kljuénerijeci: Oblikovanje proizvoda, robot, zavarivanje, vrednovanje, Metoda potencijala

1 choice of technology for an unacceptable model for robot
Introduction welding. All of the above and more than this create major
Uvod problems in the process of production and economic losses.

Selection of robot type, which is suitable for arc
welding, depends on a number of requirements that need to
meet such a robot in the application. This paper does not
analyze all the different parameters that are important and
have influence on the choice alternative of robots for
welding, and more details about this can be found in the
literature [1, 2, 3, 4, 5], which does not reduce their
importance. It is quite clear that the majority of the
requirements on the selection of robots for welding arise
from the form of products design. The second part of
application requirements arises from the production
technology and management of the production process. The
complexity of problems because of technical and economic
criteria requires a serious approach. Possible irregularities
in the application of robots for welding: choice of the wrong
type of robot welding; wrong design of the product as
unsuitable for welding robot; inaccessible spot welding or a

Therefore, the aim of this paper will be to demonstrate the
procedure of choosing a robot for welding technologies,
which can improve production by applying new
technologies and reduce production costs and the
humanization of labour in the production end ecological
development. The starting point for the selection of types of
robots for welding is a list of selected requests that should
satisfy the selected type of robot [5].

The selection problem is especially relevant bearing in
mind the likely lack of experience of prospective users in
robots for welding application. Various methods of robot
selection for different purposes are known. Some authors
have studied the robots for welding as separate complex
systems. Authors Liang and Wang [6] proposed a fuzzy
TOPSIS method for robot selection. Author Goh CH [7]
proposed a revised procedure for defined weighted sum
decision model. That model took into account both
objective and subjective attributes of the robots under
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consideration. The model incorporated values assigned by a
group of experts on different attributes in selecting the
robots. Parkan and Wu [8] presented a procedure called
operational competitiveness rating (OCRA) and a multiple
attribute decision making method (TOPSIS).

To the best knowledge of authors the Potential method
in the choice of the robots for welding has not been
observed. In the paper we shall describe the new model
evaluation by the application of the Potential method. The
Potential method is one of the decision making tools. But
the method is as appropriate for the choice of the concept
kinematic structures of robots for welding in welding
technology. Contribution of this work has originality of the
proposed evaluation procedure through a specially
applications based on the potential method for evaluating
weight factors of welding robots kinematic structures,
based on conceptual welded forms of product design. This
method, shown in the paper, giving the final solution in the
choice of kinematic robots for welding structure based on
the defined list of requirements, which is an approach that
has so far notused in this goal.

The paper is organized as follows. In Section 2, eight
most-often used kinematic structures of robotic
manipulators are presented and requirements which should
be fulfilled considering five different conceptual models of
welding structures are listed. In Section 3, a brief
description of the Potential method is given and in Section 4
its application to the evaluation of different kinematic
structures is described based on the aforementioned
requirements. The paper ends with conclusions and some
ideas for future work.

2

The list of requirements of kinematic structures of
welding robots

Lista zahtjeva kinematickih struktura robota za zavarivanje

As astarting point for the selection of robot type a list of
requirements is made. It should satisfy the selected
kinematic structures of robot respecting the selected
concept solution type of welded construction. These
solutions are given taking into account the possibilities of
practical realization. Model evaluation presents the most
appropriate argument choice of kinematic structure for
welding robot, depending on the group of five selected
conceptual welded products design. A requirement to meet
the kinematic structure suited to the application of
automated welding technology depends on construction
performance of products. Five groups of different
conceptual solutions of welded structures are shown in Tab.
1.

Areal structure of the product in welded performance:
Prevails butt weld, welding lines are straight, long and
uninterrupted. Products have relatively large or medium-
sized dimension and weight, and navigation tool for
welding is unchanged during the process of welding. Places
of welding are accessible by a positive influence of gravity
on welding which does not require frequent reorientation of
the product.

Rotational structure of the product in the welded
performance: Prevails butt weld, welding lines are rotary or
straight, long and continuous with the ability to simplify the
process of welding (rotary devices and other ancillary
equipment). Products have a relatively large or medium-
sized dimension and weight. Navigation tool for welding
process during welding is irreversible, and places for

Table 1 Groups of conceptual structure models of the product in welded construction [3, 5, 9]
Tablica 1. Grupe modela koncepcijskih struktura proizvoda u zavarenoj konstrukcijskoj izvedbi 3, 5, 9]

Conceptual structure of the product models

K1 | Areal

Grid K4 | Boxed K5 |

Spatial

K2 | Rotational | K3 |
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welding are accessible. Favourable position of weld due to
the influence of gravity does not require the position change
of products for welding and reorientation.

Lattice structure of the product in the welded performance:
Prevails corner weld, welding lines are straight, short and
discontinuous. Many of the same welds recur by the length
and orientation. Products have a relatively large or medium-
sized dimension and weight. Navigation tool for welding
process during welding is unchanged, and access to the
location of welding can be complicated. Adverse position of
the weld due to the influence of gravity on welding requires
frequent reorientation of the product.

Boxed structure of the product in the welded
performance: Prevails corner weld, welding lines are
straight and linear, a relatively large number of the short and
broken welds. Products have a relatively large or medium-
sized dimension and weight. Navigation tool for welding
process during welding is unchanged, and access to the
location of welding is typically complicated. Adverse
position of the weld due to the influence of gravity on the
welding requires frequent reorientation of the product.

Spatial structure of the product in the welded
performance: Prevails corner weld, welding lines are
straight and curved a relatively large number of the short
and broken welds. Products have a relatively large or
medium-sized dimension and weight. Navigation tool for
welding process during welding is floating, and access to
the location of welding is typically primitive. Adverse
position of the weld due to the influence of gravity on the
welding requires frequent reorientation of the product. In
addition to these features of products that results from
construction and they have other requests, some of which
can be systematically shown in Tab. 2.

To reach any point in three-dimensional manipulation
space three degrees of freedom of motion of the open
kinematic chain robot are necessary (but not always
sufficient). For orientation in attain point three degrees of
freedom of motion are necessary. Therefore, most modern
industrial robot has six degrees of freedom of movement, of

which the last three rotations around the axes that intersect
at most one point. As each degree of freedom of motion can
be translation (T) or rotary (R), the kinematic chain can be
built on eight different ways, which corresponds to the
number of variations with repetition of the third row with
two elements (which is 8). Each rotary and translation
degree of freedom of motion can be selected in three ways,
and each variation can be written in as many ways as there
are variations with repetition of three elements of the third
row (whichis 27).

Therefore, it can be for an open kinematic chain with
three degrees of freedom of motion to get a total of 216
different combinations of kinematic structure (8 x 27 =
216). Among these 216 kinematic structures dimensional
space manipulation is not possible. In general, despite its
three-dimensionality it can be achieved only by the motion
of the line or plane, or just make one-dimensional or two-
dimensional space. Such structures are not spatial, and they
occur when in the structure occur: two similar translations,
three similar rotations, two non-similar translations and
rotation around the third axis, and the two similar rotations
and translation along one of the remaining two axes.

Using these starting points, from 216 theoretically
possible kinematic structures, 87 are not spatially buildable.
It means that the requested space by setting coordinates can
be achieved with 129 buildable kinematic structures of
manipulators/robots. If you adopt the recommendations that
result from the dynamic analysis, that the first article of the
robot needs to be compulsory vertical, then the number of
theoretically possible structures is reduced to 72. Applying
the criteria for the number of probable spatial buildable
structures that number is reduced to 43, whereof 40 are
symmetrical and rotated for /2 about the axis z.

Practically, there are 23 different buildable spatial
structures, of which the eight analyzed are schematically
shown in Tab. 3. Rating of each type of robot performance is
givenin Tab. 3.

Due to capability of applications for welded structure as
inTab. 1 it can be determined.

Table 2 List of requests for different kinematic structure for welding robot
Tablica 2. Lista zahtjeva za razlicite kinematicke strukture robot za zavarivanje

Requirements due to the kinematic structure of the robot Size. units Descri.pti(?n of
Number | able to use in the welding technology for typed products tole;'ances, application
according to Tablel. Request | Wish
1 Robot is designed for arc welding v
2 Type of kinematic structure should be universal (suitable for
all five groups of conceptual product structure in welded v
construction)
3 The size of the product fits into a certain shape
e Max. length < 5000 mm Fv
e Max. width <2000 mm Fv
e Max. height < 1000 mm Fv
4 Simple performance O,Ev
5 Very mobile structure Fv
6 A good working range Fv
7 Satisfactory speed and acceleration of welding v< 1,5 m/s Fv
8 Satisfactory accuracy <0,25 mm Fv
9 Load (mass) <10 kg Fv
10 Is easily programmed 0, v
11 Easy to maintain O,Ev
12 Price is justified considering the size of a series production 2,5%10%pieces/year Ev
Notes: F - functionality, T - Technologically, E - Economically, O - Maintenance,
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Table 3 Schematic overview of the kinematic structures of welding robots that will be analyzed in terms of suitability for welding
Tablica 3. Shematski prikaz kinematickih struktura robota za zavarivanje koji ¢e biti analizirani u pogledu prikladnosti za zavarivanje

R1 | TTT R2 | TTR R3 | TRR R4 | RRR
Z Z Z
R
Y y | y
<, R
S R
]l ™ || \J}\.i,\r ]I N
X X X
RS | RRT R6 | RRT R7 | RTR
Z Z

3
Brief description of the Potential method
Kratki opis Metode potencijala

By author L. Caklovié¢ [10, 11, 12, 13] let us suppose
that a decision maker makes pair wise comparisons on the
set of alternatives V. A pair o=(u, v)e V'xV is declared to be
an arc of a directed graph if v is more preferred than u. An
un-compared pair is not adjacent in the graph. The set of all
arcs is denoted by 4. A function F:4—R which assigns to
each arc aed a its weight of preference is called a
preference flow. Evidently, preference flow is always non-
negative and can be represented as an m x 1 matrix. Directed
graph (V, A) is called a preference graph. The preference
graph is complete if each pair of alternatives is compared i.e.
if for each pair {i, j} of vertices (i, j))eA or (j, i)eA. For a
given flow F on the preference graph (7, A) and o€ 4 we use
a convention F(—a):=—F(a). Let us denote by n and m the
cardinality of V" and A4 respectively. Incidence matrix of the

preference graph is denoted by B and it is m X n matrix
defined by [10, 11,12, 13]:

—1— if the arc o leaves the node i
B, ;=4 1—if thearca enters the nodei @)

0 — otherwise

Let F be a given preference flow, and B incidence
matrix of the graph. Moreover, let us assume that the graph
is weakly connected (connected in the sequel). System [13]:

BBX =B'F, ng,. -0. )

Has a unique solution called normal integral of 7. One
can think of the first equation in (1) as the normal equation
associated to BX = F. The potential difference BX of normal
integral is the best approximation of F' by column space of
incidence matrix. In a network flow context, a function
X:V—>NR is called potential and that is the reason why the

method gets its name: Potential Method. One can think of X
as a utility function and this is true in consistent situation
when BX = F. If the graph is not connected, the normal
integral is unique on each connected component of the
graph. To obtain a ranking, after having X, the following
formula canbeused[13]:

—,a>0 3)

Where exponential function of X is defined component
wise, i.e. (a")=a", and ||-||, is /, norm. Parameter a can be
arbitrary, currently we use value a =2.

If more than one criterion is present then, each criterion
C, generates its own graph (7, 4,) and its own flow F. Let us
denote the weight of the i-th criterion by w,. We are going to
describe a procedure of making a consensus graph (V, 4)
and consensus flow F for the group of all criteria. First, fora
given pair o= (u, v) we calculate [ 13]:

k
Fi=> wF(a), 4)
fi-:leAi

where the term w.F(a) contributes if and only if taeA4;i.e. .
if and only if F(a) or F(—a) is defined. If this sum is non-
negative, then we put « in the set of arcs 4 and F(a):=F,.
Otherwise, we define —o=(v, u) as an arc in 4 and F(—a):=F,.
The flow F becomes a non-negative flow that is called
consensus flow. It can happen that consensus graph has a
cycle. Anyway, normal integral of F exists and it is unique.
The presence of cycles can only generate bigger
inconsistency. For more details please consult [ 13].
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Table 4 Tags, content and level of criteria in a hierarchical structure for the specified model
Tablica 4. Oznake, sadrzaj i razina kriterija u hijerarhijskoj strukturi za navedeni model

Number of | Designation T Level of
criteria of criteria Content of criteria criteria
Evaluation to select according to the hierarchical structure of criteria
1 Cioo simple kinematics structure that is suitable for multipurpose use, simple 1
programming, reliable in operation and easy maintenance
2 Ciio Multi (flexible) solution 2
3 Cia Model of optimal variants kinematic structure 2
4 Ciso Easy programming 2
5 Cia High reliability 2
6 Ciso Easy maintenance 2
7 Cin Mobility (redundantly) 3
8 Cin Good working volume 3
9 Cin Easily taking the position in space 3
10 Cloa Simple structure 3

4

The evaluation process by the Potential method of
welding robot kinematic structures

Proces vrednovanja metodom potencijala kinematickih
struktura robota za zavarivanje

Most importantly and simultaneously the first step in
evaluation is identification criteria of evaluation and
determining the hierarchical structure which results from
the most important requirements and wishes from the list of
requirements (Tab. 2). In determining the system of criteria
we have to meet the following requirements [4, 5, 9]:

o Thesystem of criteria should be complete, so it does not
happen to the fundamental valuation point view or
boundary conditions remain non-account

o Individual partial criteria, against which evaluation is
conducted, must be mutually independent.

This means that activities undertaken in terms of
increasing the degree of goodness or meeting the criteria of
variant solutions with respect to one partial one criterion
may not have a partial impact on other criteria. Each
criterion in an assessment of the level assigns relevance to
the criteria and levels. The task of evaluation is to select one
kinematic structure of the robot for automated welding
technology, these conceptual structures of the product as
expensive solution K={K,,..., K;}, which has a simple
concept, which is suitable for multipurpose use, simple
programming, reliable in operation and easy maintenance.
If we define the criteria and sub criteria as follows in Tab. 4,
we uniquely determine the direction of the process of
evaluation activities.

In this way the hierarchical structure can in this case be
graphically represented as oriented graphs — a hierarchical
tree structure of the criteria defined by the three levels of
systems.

Hierarchic structure of evaluation model (Fig. 1) is
given with finite levels number (for more details please
consult[4]):

H. Vc=1,.,g. Q)

The hierarchical structure of criteria (Fig. 1) to directly
test through the kinematic structures R,,..., R, for welding
robot as well as the fourth level, in order to determine the
most acceptable for the selection and application of welding

Level 1 — Base criterions
— Aim of decision making

Level 2
Criterion

Level 3
Sub criterion

Figure 1 The hierarchical structure of criteria in the evaluation
procedure of kinematic structures for welding robot
Slika 1. Hijerarhijska struktura kriterija u proceduri vrednovanja
kinematickih struktura robota za zavarivanje

robots in welding technology. In this way, the defined
equipment is very complex relation p, between space
design variant solutions kinematic structures of welding
robots in reference to set of criteria presentation in Fig. 2.

Set of kinematic structures of
welding robots (V,...,Vs)

Set of criteria
&7
Figure 2 The graphical representation of relations of kinematic structure
and criteria for second-level (C,,..., C\s,)
Slika 2. Graficki prikaz relacijskih odnosa kinematickih struktura
i kriterija druge razine (C,,..., C.y)

The model (Fig. 2) equipment relation p,, of set
kinematic structures [V], in identification with set criteria
[Cl;; as such as second level in example (i=1; j=1,....5;
k=0). So for the second level i=1; j=1,..,5; k&=0 of simplified
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relations can be written R=V xC, (where p takes the value of
variable index of a plane that is evaluated) from the Relation
inFig. 2 can be shown:

[R(=1,..8) Cli=1,j=1,..5k=0))= (6)
=[RUG=1,.8)Clp=j=1..5)=

P Pz - Pip P P2 - Pis

P21 P - Pap P21 P - Pos
= @(an <C, )]: . A e i R

Put Pn2 - pnp P31 P2 - Pss

Relational matrix R has a component of the relationship
as the relation between criteria of second level and
alternative solutions (analogously for the other levels will
be determined, for more details, pleas consult [4]). The task
is to make assessment of the degree of realization of a set of
criteria to set the level of alternative solutions. In this
procedure starting from the base element, which is the
rating:

onp,n=l,...,r;p=1,...,t. (7)

Rating is a numerical value and determines how each
variant solution is to meet the set criteria. Key role in all
components of a process is to determine the rating matrix by
designers or the expert development team. Development
team regularly consists of a number of experts of various
fields (the team of evaluators). Its task is to make decisions
about estimate and grades of the principal varieties of
solutions. General decision making about estimate can be
writtenas [4, 14,15, 16]:

R=E-C, )]

where is:

E - the set of evaluators in process of evaluation,
C -asetofcriteria

R - asetofrelationship between E and C.

For the general case of group decision-making by
decision makers to set criteria for the matrix of relations R is
aprocess of evaluation as decision making about estimate of
second level in example (absolute selection of level criteria
is general shown):

E, G O O - Oy
E C [0) o .0

[R(Q)]—) Q .2 « '2 _ 21 22 2k (9)
En Ck Oy Op2 - Oyi

Then taking into account the rating based on estimate
the already defined access for n evaluators to second level of
H_in relation to each criterion 7, j, k can be defined matrix of
estimate (for more details, please consult[4]), as follows:

Of course, when we know the matrix of estimate for
second level (10) toward (6, 7, 8, 9) or each level H, (5) and
for evaluation of individual criteria, the value of grades for
the individual criteria set of solutions with respect example
of'second level and N=1, can be defined (Tab. 5).

Table 5 The estimate for the sub set criteria C,,, ..., C,
Tablica 5 Ocjene za podskup kriterija C,,,, ..., C\,

. 8 s s g <
Rating: 5§ 2| 5 8| 52| 8 5| 8.2
Cig,.., Ciso 20 = O 2O | EC =
Q Q Q Q O
QCp(Oifk( G jk))
c=2; p=j; i=1; 4 5 1 3 2
7=1,...,5; k=0

The matrix of estimate from (10) for second level in
example has the form forsubset C,,,..., Cy;:

Cio Q21(0121(C110)) 4
Ci On (01 22 (Cl 20 )) 5
Qcp Ojjk Cizo =0, P @1 Jjk (C1 jk)): O (0123 (C130 )) =1

0Or4 (01 24 (C140 )) 3
05 (0125 (C150 )) 2

Matrix of estimate criteria is derived from the rating
Table 4. In this way a hierarchical structure to resolve the
problem set is fully defined and described. Defining the
hierarchical structure of criteria, the list of requirements and
rating matrix in example of second levels, provides second-
level implementation in the process of evaluation for each
of the next levels of criteria. Later in this work follows the
original version of evaluation procedures for the election of
acceptable kinematic structure of the robot/manipulator for
welding of selected 5 types of welded products from three
sub groups in each primary group. For full implementation
of the model evaluation it is necessary to establish the
following matrix, as shown in the following equations and
tables (more details may be seen in [3, 4, 5]). Matrix rating
criteria C,,,,..., C,,,is derived from the rating Tab. 6.

Table 6 The estimate for the sub set criteria C,,,,..., C,,
Tablica 6. Ocjene za podskup kriterija C,,,..., C,,,
. 8 8 o 8
Rating: 5 S 5 g 5 g 5 3
Cioy ey Ciog £ 0 £ 0 £ C £ 0
O O O O
QCp(Oijk(Cl jk))
c=3; p=j; i=1; j=2; 4 5 3 2
k=1,..., 4

Matrix rating sub criteria C,,,,..., C,,, infunctionof C,,,
is given by:

gllo Cia Q31(0131(C121)) 4
120 Cin _ O3 (0132 (C122 )) B
QcpN Oijk Cizo = QZpN (Oljk(cljk))- (10) QCP Ok Cins - Q3p (Oljk(qjk)): 033 (0133 (C123 )) |3
Cia0 Ciz O3y (0134 (C124 )) 2
Ciso
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Table 7 The estimate for elements of set solutions R,..., R,

Tablica 7. Rezultati ocjena elemenata skupa rjesenja R, ..., R,
Criteria | YAluesof | py R2 R3 R4 RS R6 R7 RS
criteria

Ciio 4 301211 4|1 4 |51201| 2 8 1 4 1 4 | 41 16
Cin 142857143 | 1 | 14 | 1 |14 4 |57 |5 |71 4|57 |1 14|11 141|4]57
Cin 1,78571429 | 1 | 1,8 | 2 [ 36| 3 | 54 | 5|89 |3 |54 |4 |71 | 41|71 |3 54
Cios 1,07142857 | 5 | 54 | 2 |21 | 5|54 | 5 |54 3 (325542121 |5]54
Cioa 0,7142857 | 4 | 28 | 4 |28 | 1 0,7 | 5|36| 4 |28 |4 |28 |4 |28|2]|14

Ciso 1 5 5 14| 4|3 3 5015 14] 4 |5 5 41 4 | 4] 4

Ciao 3 3 9 | 3|9 |4 12]4]|12]3 9 | 4| 12 |3 9 |3 9

Ciso 2 3 6 | 3|6 |4 8 | 4| 8 |2 4 4] 8 3 6 |3 6

Non
15 25 | 43,4 |20 | 33 |25 | 44,1 | 38| 70 | 25 | 42,1 | 28 | 458 | 22 | 36,6 | 28 | 52,8
norm

Utility 3,06607143 |25 | 2,9 |20 |22 (25| 29 (38|46 |25| 28 |28 3,1 |22 24 |28/ 3,5
X z £ 8 2 g 2 3 £

. 25| 5 |20 & 25| @ |38 Z (25| @ [28| = |22 & |28 @
Potential s s = = o = S x

— <

w Q 3 3 2 2 2 S 5
25| 2 |20 B |25 & [38| & 25| 2 |28 S 22| B |28 2

Rang = = = p 3 =y = =

Preferences defined in a way that all criteria are in
relation to each other in order to determine the degree of
importance as the preferences targeted at the same level.
Defining the table to address the criteria for each principle
and component determine the matrix-targeted preference.
Matrix of rating the kinematic structure R,,..., R, is derived
from the rating Tab. 7.

The value of the utility function of each variant is given
in the last row. For R1 is scalar product between the first and
second column. In the column under R1 is validity of R1 for
each criterion in the last row of the value across all criteria
Then the matrix of rating kinematic structures R,,..., R,
related to C, ..., C 5, Cyys. .., Cp, can be given by (see Tab.

Table 8 Relations between the criteria in order to determine the preference
Tablica 8. Relacijski odnos kriterija medusobno u cilju odredivanja prednosti

R(O(Cp) Cio | Cio | Cizo | Cio | Cisp
Ciio P11 P12 P13 P4 P15
Cix P21 P2 P23 P2 P25
Cizo P31 P32 P33 P34 P3s
Ciao Pa P P43 Pas Pas
Ciso Psi P52 Ps3 Ps4 Pss

Therefore, the relation matrix is a matrix of preference:

7): Cio | |Curo ap  ap Qs
=1 1 Cino Ciz %y Op %25
_ - = 14
31154533 Lindbs (14
Cio bh224433 Ciso Ciso Xpi X2 Xy
R 1 43513 44
Ciso : 1555555 44 Then the matrix-oriented preference Fey\, Ciso of the
Oep |04k Con | . 1o 433 4 4 3 2|3 criteriaC,,...,Cyisgivenby 3,4, 5]:
’ 11 454544
Cip4 1 1 42 4 433 Cio| |Cio o0 -13 1 2
14 4 3 52 4 3 3 ~ Cia Cix - 0 4 2 3
Pl 1 Cizo (%1Ciso ¢ || = Feypponcisg=|—3 —4 0 -2 —11(15)
Then the components of the matrix rating R,..., R, are Cuao| [Ciao -1 -2 2 0 1
completely and unequivocally defined. Of course, when we Ciso] |Ciso -2 -3 1 -1 0
know the matrix evaluation of individual criteria between ~
set of kinematic structures and set of criteria we can define Then the matrix-oriented preference Fry,, . ofthe
the preference for individual decision criteria set by the criteriaC,,,,..., Cp,isgivenby[3,4,5]: =
appreciation of the value of preference. Preferences are
defined in a way that in each level hierarchical structures c c 1 1 2
face rating matrix components in order to determine the 121 121 0 -
degree of importance of targeted preference at the same = | Cln Co ||l 3 | 0 2 3
level. Relations between the criteria are shown in Tab. 8 P C C = PepgyCiog™ 1 -2 0 1 (16)
(i=1;j=1,...,5;k=0) [3,4,5] S O
T T Cia) (Cin -2 -3 -10
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The matrix-oriented preferences ISR

them, as a function of criteria C, ,:

1,.,R8

for a hierar-
chical system of evaluation have as many elements as the
criteria and from them derived sub criteria (more details
may be seen in [3, 4, 5]). It is sufficient to show only one of

0o 22 -2 1 2 2 -1
-2 00 -4 -1 0 0 -3
200 -4 -100 -3
R/ (C R/(C
ﬁ 1( llO) 1( 110) 2 4 4 0 3 4 4 1
: x . =
Rt R8R(C)R(C) -1 11 -3 0 11 =2
sRo sEo -2 00 -4 1 00 -2
-2 00 -4 1 00 -2
1 33 -1 2 22 0|
Analogous to determine the matrix and other benefits:
PRL“,Rg (Cl30)""’ PR L.,R8 (C150)7 e (18)

g soes ﬁRl,,,,RS (C12l)""’ ﬁRl,”’Rg (C124) .

Procedure was conducted to determine the ratings and
benefits of a comprehensive evaluation system. Achieved
unambiguous identification of the assessment process with
the process of determining the preference as the
transformation matrix of relationships matrix of ratings and
targeted preference. In the matrix of advantages are given
all the relations between criteria, sub criteria and evaluation
facilities, and the direction is defined by algebraic sign in
front of component matrix of preference. Then we define a
graph G as a completely oriented graph. The graph presents
the relationships of comprehensive relational hierarchical
structure of criteria C,,,..., C,5, Ciapse vy Cioa s Ry .., Ry with
components of matrix-oriented preferences:

]SC(CllO7""C150’C121""’C124)7 (19)

.....

Based on the matrix of the advantages pc (C] 10 5+ Ciso )
the graph is a homogeneous first-level hierarchical structure
of criteria G(C,..., C,5,). Itis given as:

C110 1 C120
3
2 4
C150 C130
1 2
C140

Figure 4 The graph G(C,,,..., C\s,) in the interpretation of the first
level of homogeneous hierarchical structure of criteria and
content-oriented preferences
Slika 4. Graf G(C,,,..., C,5) u interpretaciji prve razine
homogene hijerarhijske stukture kriterija i sadrzaja usmjerenih prednosti

Then we have a set of all criteria with components of the
individual criteria that we can show as matrix:

(17)

[ Xeyo | [ 1,00 7
Xc1a0 2,00
[XCno ,,,,, C150]: Xy [=]-2,00 (20)
Xcia0 0,00
_XCISO_ __1’00_
Then the incidence matrix is:
-1 1. 0 0 0]
1 0 -1 0 O
1 0 0 -1 0
1 0 0 0 -1
o 1 -1 0 O
Beyyg..crs0 = 01 -1 1 0 21
o1 0 o0 -1
0O 0 -1 1 o0
0o 0 -1 0 1
100 0 1 ~—1
Transpose incidence matrix is given in the form:
-1 1 1 00 0 0 0 O]
1 0 0 0 1 1 1 O O O
BCi0maCiso=| 0 =1 0 0 -1 -1 0 -1 -1 0
O 0 -1 0 01 0 1 0 1
100 0 -1 0 0 -10 1 -1]
Matrix A is defined as [4, 10, 11, 13]:
AC”O ,,,,, C150 = BTCIIO >>>>> C150 'BC“() ..... C150 =
4 -1 -1 -1 -1]
-1 4 -1 -1 -1 23)
=-1 -1 4 -1 -1
-1 -1 -1 4 -1
-1 -1 -1 -1 4|

With C,,,,..., C,s, — Cthe equation B/-B X =AFturns
into the equation 4 - X =AF . of the form[4, 10, 11, 13]:

Ac-Xo=AF. >

(4 -1 -1 -1 —1][ 1,00] 5,00 |
-1 4 -1 -1 —1{| 2,00 10,00
-1 -1 4 -1 —1[-[-2,00 |=|-10,00|=AF, (24)
-1 -1 -1 4 ~=1/|] 0,00 0,00
-1 -1 -1 -1 4|[-100] |-500

After checking the consistency and determination of
graph we can determine analytical factors and weight as a
function of the potential that each criterion is on its level
relative to the total potential of all the criteria and levels.
Matrix of factor weights of criteria C,,,..., C,5, can be
displayed as:

42
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Weno | [0,258]
Wepe || 0516
[WCno,---,Clso]: Weyso | =1 0,032 (25)
Weia0 0,129
| Weyso | 0,065 |

Accordingly to the analytical procedure for criteria
Cip»---» C\5, we calculate the criteria important factor as a
factor weighing on the observed level hierarchical structure.
By analogy, procedure can be applied to determine the
elements of the evaluation process for all sub criteria
systems. Based on the matrix of advantages Z-(Ciy,..,Ci24)
of homogeneous hierarchies of sub criteria graph Gc,,,

e ] P Sy Ci24
1S given as:
1
Cm CIZZ
2 2
Cuy 1 Cis
Figure 5 Graph Gcm ,,,,, Cra4 in the interpretation of a homogeneous
hierarchical structure of sub criteria C,,,..., C,,

and content-oriented preferences
Slika 5. Graf Geyy,...cppq U interpretaciji homogene
hijerarhijske stukture podkriterija C,,,,..., C,,,
i sadrzaju usmjerenih prednosti

Graph G¢,,, .. ¢, inFig. 5 indirection of arrow clearly
defines the benefits flow sub criteria of hierarchical
structure in the selection of the optimal kinematic structure
for robot welding 5 conceptual solutions welded product
performance. Set resources of sub criteria C,,,,..., C,,, can
be display by matrix:

XC121 0,5
X 1,5
_ 122 | _ ’
[XC121 ,,,,, Cl24 ]_ XC123 - _ 0’5 (26)
XC124 -15

Then the incidence matrix is:

-1'1 0 0
1 0 -1 0
1 0 0 -1
Beygycing = 0 1 -1 0 @7)
0o 1 0 -1
0 0 1 -1

Transpose matrix of incidence is given in the form:

BTC]Z] ,,,,, Clo4 = (28)

The matrix A is defined as:

T
Acyyy,.cipq =B C21enCioa By, cpy =

3 -1 -1 -1

-1 3 -1 -1 (29)
-1 -1 3 -1

-1 -1 -1 3

With C,,,..., C,,, = C’ the equation B -B.-X.=AF,
turns into the equation 4.-X.=AF .. of the form:

AC'XC:AFC%

3 -1 -1 -11] 026 1,03

-1 3 -1 -1]| 077 3,10 (30)
AF,

-1 -1 3 —1]]|-026| |-103| ¢
-1 -1 -1 31||-077| |=310

After checking the consistency and determination of
graph we can determine analytical factors and weight as a
function of the potential that each sub criteria C ,,,..., C,,, has
on its level in relation to the total potential of all the criteria
ofthat level. Matrix of factor weights sub criteriaC,,,,..., C,,,
can be show as (more details may be seen in [4]).

we | [0.266

W 0,533
W, f TGz || 31
[ C121 e C124] WC123 0’133 ( )

Wen | 10,066

Matrix of preferences I3R1 R (C11o) determines a graph

Gy, (Ci1o) as follows (for only one criterion C,,):

and preferences
Slika 6. Graf GRl Rg (Cuo) kinematickih struktura R,,..., R i prednosti

Graph in Fig. 6 is direction of arrows clearly defines
benefits for the stream function criteria (Fig. 6. shows a
graph of only one criterion C,,, and analogous graphs are
formed for all the criteria to variant solutions). Analogous to
the way it defines:
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ﬁR] ,mRg (C130)—> Gp,...Rg (C130)

..........

(32)

Matrix of all potential elements of a set of solutions is

given by (seetab. 7):

0,1708 |
- 0,866
0,12321
1,6006
-0,25655
-0,014
-0,628
0,4577 |

Control matrix of all potential R={R,...., R} 1is
performed for the well-known procedure, and in this
example application is sufficient to determine only the
incidence matrix. Incidence matrix BRl ...Rg 1sas follows:

(=R e e = [l e N = ]

(=R

oS o

SO O O = O O O O = O 0 o0 o0 o~ O o o o oo

_ =0 = O O

—_

(34

(33)

The matrix A is defined as follows:

(7 -1 -1 -1 -1
-1 7 -1 -1 -1
-1 -1 7 -1 -1
I e S B A
-1 -1 -1 -1 7
-1 -1 -1 -1 -1
-1 -1 -1 -1 -1
-1 -1 -1 -1 -1

Ay X;=AF, ofthe form[4, 10, 11, 13]:

Ap - X =AFp —>

7
-1
-1
-1
-1
-1
-1
-1

—1]
-1
-1
-1
1l

-1 -1
7 -1 -1
-1 7 -1 -1
-1 7 -1 -1
-1 -1 7 -1 -1
-1 -1 -1 7 -1 -1
-1 -1 -1 -1 7 -1
-1 -1 -1 -1 -1 7

-1 -1

-1

-1
-1
-1

-1
-1
-1
-1

-1
-1
-1
-1
-1

7

-1
-1

[-0,38]

-0

-0,15

1,76
-0,15
-0,15

-0

0,48

-1
-1
-1
-1

-1

75

67

(35)

Then equation BB, X,=AF, turns into the equation

[—3,02]
-5,99
-1,20
14,11
-1,22
-1,16
—-5,36
| 3.84]

=AF,

Set of the weight matrices R={R,,..., R,} amounts:

5

,,,,,

Conclusion
Zakljuak

(10,0962
0,0594
0,09941
0,32836
0,090634
01073
0,07006

10,1487

Different authors propose different methods for

goodness evaluating in technical problems. In this paper a
new method of evaluation as a decision-making in the case
of welding robots kinematic structures is presented. This
new method is a method of potential. Analysis of all
resources set from the set of relational structures and

kinematic solutions of set criteria derive goodness of

potentials solution of all decision elements. The work is

performed in an original way to evaluate the application of
mathematical formalism of graph theory in the methods of

potentials. In the application this method is presented
through analysis of 15 specific conceptual solutions in the

different forms of welded product concepts. The method of

potential, as a new method, applied in analysis of 8 welding
robots kinematic structures. Therefore, in this case it can be
an open kinematic chain with three degrees of motion
freedom, and this gives a total of 216 different combinations
of kinematic structures. It is also, shown and described a

1 =1 0 0 0 0
1 0 =10 0 0
10 0 1 0 0
1 0 0 0 -1 0
1 0 0 0 0 -1
1 0 0 0 0 0
10 0 0 0 0
01 -10 0 0
0 -1 0 1 0 0
0 -1 0 0 1 0
0 1 00 0 -1
01 00 0 0
0 -1 0 0 0 0
0 0 -1 1 0 0
Bry...rs= 0 0 -10 1 0
00 1 0 0 -1
00 1 00 0
0 0 -10 0 0
00 0 1 -1 0
00 0 1 0 -1
00 0 1 0 0
00 0 1 0 0
00 0 0 1 -1
00 00 1 0
00 0 0 -1 0
0 0 0 0 0
00 0 0 0 -1
(00 0 0 0 0
4
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model linking criteria and alternatives of welding robots
kinematic structures. The solution R, is the solution with the
largest weight factor  wp, =0,32836 as the appropriate
welding robot kinematic structure which is the best suited
for use by all 15 conceptual welded design solutions.
Applying the method in this paper, other factors for the
weight of other types of kinematic structures are defined.
This allows defining the order in the list of requirements to
satisfy the degree of structural and technological parameters
in manufacturing of welded structures using automated
welding procedure. The review of multi-criteria decision-
making applying the method of potential (expression 33 and
37) and assigning marks to the related activities of
kinematic structure evaluation (see Tab. 7 and presented
values). In this way, according to the criteria defined
hierarchical structure is confirmed by the evaluation model
with numerical results and the possibility to apply in the
selection of acceptable kinematic structure of the robotized
technologies for automated welding of different conceptual
product structures is also confirmed.

The paper presents a general procedure of evaluation
and possibility of application by different engineering
problems, but this will be the subject of further research. It is
particularly interesting the possibility to apply it in the field
of group decision-making by product development, as well
as the possibility of applying the method of potential.
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