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Abstract. A modification of the method of information formalization on the
composition and structure of a product at the stage of conceptual design is pro-
posed in this article. The essence of the modified method is the application of
technical solutions for the simultaneous implementation of several functions,
which provides expansion of the possibilities for design changes or the creation
of a new product. It is proposed to manage the synthesis of structures of new
products with a given functionality based on setting the degree of fulfillment of
several by each structural subsystem in the product; an indication of the proba-
bilities of the appearance of structural elements in the product; setting the rules
for describing the spatial position of these elements and using a matrix of unac-
ceptable types of connections between them in the product. This matrix allows
us to accumulate experience in the analysis of design results and is practically a
limitation in the subsequent generation of connections between structural ele-
ments in new solutions. The application of these features makes it possible to
create a model of preferences and limitations for a designer when creating new
objects.

Keywords: conceptual design, technical solutions, system functions, structural
elements, design stages

1 Introduction

The design process consists of some steps that are carried out with the support of
various design automation systems. The degree of automation of these stages and
support is different, depending on the type of stage and the required intellectual con-
tribution of the designer to the stage. As a rule, designing consists of the stages of
conceptual designing, creating a geometric model, performing strength, kinematic,
dynamic and special calculations, technological analysis, and product control [1].

At the initial stage of design, the development goal and requirements for the design
object are formulated [2]. Then the system functions that ensure the achievement of
the goal are determined [3]. These are the least formalized stages of the development
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of objects, requiring experience, intuition, and creative input from project developers.
Errors at these stages can lead to significant costs for correcting the situation or even
closing the project [4, 5].

From the totality of tasks that are solved during the development of a new product,
the most formalized are the stages that are implemented after the development of a
geometric model, which creates the basis for further calculations, modeling the behav-
ior of an object in various conditions.

Computer-aided design systems were developed for them, that solve problems at
the stages of constructing a geometric model of parts and assemblies, creating para-
metric models, implementing technological control of the geometry and other stages
before manufacturing the product [2, 3].

2 General statement of the problem

Variants of technical solutions are presented as a combination of various technical
methods for implementing the functions necessary for the working of the object. The
solution option is described as a set of structural elements for performing functions.
The general idea of the design task of a technical system can be written down by the
system:

TS =(F,K,S),

where F ={F, ... F,} —aset of basic functions of the created object;

K={K,,... K, } —anarray of technical solutions (structural elements);
S ={s, }.mn — @ Matrix of interactions between structural elements. It is assumed

thats, =0, if interaction is impossible and for everyone there is at least

onel, (i #K), for whichs, #0.

3 Work related analysis

The design process in modern technologies is based on the creation of a digital prod-
uct model that accompanies it at all stages of the life cycle [6]. Besides, a multi-level
process model is used with a cyclic repetition of the stages of development, testing,
and verification until the requirements formed at the initial design stage are achieved.
Such a process can significantly reduce design time and risks while improving the
quality of the final product, which will make it more popular for the client. The fun-
damental difference from the approach of previous generations is the division into
high-level and low-level architectures with the possibility of cyclically repeating the
steps of each level of the architecture when it detects a mismatch with the initial re-
quirements. The development of new technical solutions includes the following steps:

— formation of product requirements;



— functional analysis of the product;

— logical design with the decomposition of the product into structural elements and
definitions of their functions;

— simulation mathematical modeling;

— building a geometric model;

— simulation of the developed product in various modes;

— testing of prototypes to verify the required performance.

Almost all existing methods for solving inventive problems contain the stage of ex-
panding the design space [7 — 10]. In this case, the use of morphological analysis is
effective.

A major role in the rapid development of the product is played by the possibility of
using the developed mathematical apparatus. Automated tools for constructing simu-
lation models of the varying complexity systems behavior for modeling mechanical,
thermal, electrical, optical, and other systems with the replacement of physical model-
ing with many virtual models are implemented for this [11].

In modern procedural models for the conceptual design stage, the synthesis of new
technical solutions at the stage of creating a high-level system architecture is based on
determining the relationships of the development goal, which are carried out to
achieve the functions, many technical solutions and signs of evaluating their quality
under given conditions [2]. Information on the composition and structure of technical
solutions at the stage of conceptual design can be represented in the form of project
trees, graphs. A diagram of the relationship of the object, purpose, and functions per-
formed is shown in Figure 1.

Each system is created to achieve a given goal. To achieve this goal, the object
must perform several functions that are allocated when the goal is decomposed. To
perform the specified functions, the object contains several structural elements in the
form of assembly units and parts. In the process of decomposition of the object, a tree
of structural elements of the product is created that represents the composition of the
object. To obtain the structure of an object, it is considered as a system in which
structural elements are interconnected to ensure the joint performance of these func-
tions [12, 13].

The choice of options is based on the analysis of indicators for the elements of the
system and its assessment as a whole based on various models [14, 15, 16]. After
evaluating and choosing an object layout option, ideographic models of the structure
are constructed from the selected parts (schemes with different conditional, symbolic
representations of the elements that make up the nodes and connections of the graph).
Analogs can be diagrams of components deploying UML [17].

Part of the stages of designing technical objects before building a geometric model
is automated. However, these steps begin at the level where you can create a mathe-
matical model of the structure or process that models the physical processes in the
system. On its basis, the construction of a geometric model of the designed object is
carried out, which is used for further analysis.

At the same time, the stages of the formation of a conceptual model, technical solu-
tions for elements and the structure as a whole today do not have developed automa-



tion systems. These stages require the realization of creative potential and the intellec-
tual contribution of developers to the scheme of the created object. Therefore, recent-
ly, interest in methods for solving creative engineering problems has grown signifi-
cantly [12, 13, 14]. Existing developments for the search for new ideas are based on
the application of methods to increase the creative activity of engineers, identifying
and eliminating technical contradictions [15], using the fund of techniques and physi-
cal effects, etc. Thus, in [12] the authors propose using artificial intelligence tech-
niques in the form of knowledge bases. Heuristic algorithms are used to generate and
select optimal constructs in the process of component-based engineering design [18].
It is important to establish interaction between the developer and the tool of computa-
tional synthesis during conceptual design [14], to create a model of designer prefer-
ences for searching in the space of technical solutions to the best projects.
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Fig. 1. The relationship between the functions and structure of the product during the conceptu-
al design stage

The associated execution of functions in the process of achieving the goal forms
the behavior of the object, which, for example, can be represented in the form of a
state diagram [17]. The operating conditions of the system act as restrictions on the
technical decisions made. To establish these relations and evaluate their significance,
one can use expert estimates, accumulated economic data, and designer preferences.
The authors create rules that describe the dynamics of objects based on cyclograms of
their work and/or expert knowledge. In the study [13], a set of computational tools
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was developed those help designers to solve the problem of navigation in the design
space. The presented methodology is based on the automation of the functional syn-
thesis paradigm by combining various computational methods. The implemented
system provides a method for automatically generating new alternative solutions to
real design problems.

Thus, in addition to the structure of the product in the form of interconnected struc-
tural elements, tools are also needed to describe the behavior of the products during
operation for changing states, as well as the behavior of the system elements in time
during the execution of the specified functions.

Modern products typically include several heterogeneous subsystems based on var-
ious physical principles. Therefore, the allocation of aspects of the consideration of
the system (mechanical, electrical, thermal, chemical, others) and the implementation
of technical solutions for each highlighted aspect is effective in the development of
the product. The highlighting of aspects allows you to decompose the designed object
following the physical principles within which subsystems work, and perform design
separately for each aspect. Monitoring the completeness of the solution to the problem
in each aspect can be performed based on different flowcharts [17, 19].

The structure as a whole, its elements, and relationships in the process of choosing
technical solutions are mapped on the elements of the geometric model of the system
that is created in the CAD system. This process is based on the analysis of properties
and estimates of technical solutions accumulated in the databases that are used to
implement the functions selected at the previous stage [13]. In this case, the infor-
mation is presented in the form of a matrix of functions and adopted technical deci-
sions. To display the structure of the designed object, the adjacency matrix is used in
which the structural elements of the system and their relationships are shown.

In the process of constructing a geometric model of a product in a CAD system,
not only structural elements are displayed, but also their relationships (Fig. 2), taking
into account accepted abstractions, methods, and features of representing the geome-
try of elements in a particular CAD system.

This work requires considerable time and other resources; therefore, an error at the
stage of choosing the product structure and its structural elements leads to significant
costs for the subsequent reconstruction of the geometric model.

4 A modified method of conceptual design

The goal of this work is to propose a method for presenting a model of a technical
system based on the use of effective approaches to solving problems of conceptual
design. The essence of the methodology is the use of technical solutions for the simul-
taneous implementation of several functions and providing the ability to control the
generation of structures of new products with a given functionality. This is because
the development of effective designs is usually carried out through the combined use
of various subsystems in which the elements perform several functions necessary for
the operation of the product as a whole.

Then the general description of the system will take the form:



TS=(F,K,S,V,&d, P),

where the structural element K can implement one or more functions F;;
F ={F, ... F,} — aset of basic functions of the created object (for example, for

face milling cutter it will be: basing of a cassette in a milling cutter body, fastening of
a cassette in a milling cutter body, etc.);
K ={K,, ... K.} —anarray of technical solutions (structural elements — basing of

a cassette on a groove, basing on a groove through the managed element, basing
through an indexing insert, etc.);
V ={v;},., — the matrix of implementation levels of a number of functions by tech-

nical solutions. Elements of the matrix take values from 0 % to 100 %. For each struc-
tural element K; and function F;, there is at least one v;; # 0.

Sd ={sd;};
It is assumed that sd,, = 0, if interaction is impossible.

P ={p,}, — probabilities of occurrence of structural elements in the product that can

— the matrix of unacceptable interactions between structural elements.
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Fig. 2. Scheme for representing a geometric model of a structure in a CAD system

Studies by several authors show that to create a new system design, it is necessary
to represent its structure as a set of structural elements as subsystems of elements with
their connections. This creates a certain redundancy of information within the system



representation, but just such an approach allows expanding the search space for tech-
nical solutions and also provides a more detailed description of the object.

In this work, the task of creating an algorithm that would allow us to synthesize
new designs without preliminary expert evaluation of the elements was solved. Such
an algorithm should be relatively simple, provide a step-by-step design process, pro-
vide an opportunity to expand the search space for solutions, control the direction of
the search for the desired system structure, formalize the product description, give a
visual representation of the synthesized mechanism, accumulate information about the
permissible relationships of structural elements to increase the efficiency of subse-
quent decisions. The design results with this approach can be used to assess the influ-
ence of structural elements and their interconnections on the achieved goals, capabili-
ties, and features of the resulting structures.

After analyzing the requirements for the designed system and highlighting the
functions that the created object should perform, it is necessary to establish the pres-
ence of various subsystems that will provide the necessary functionality of the created
product. As a rule, this is the task of experts in several subject areas, because modern
products include subsystems that use various physical principles for their work. The
structure of the presentation of information for the selection of technical solutions for
system functions is shown in table 1.

Table 1. The structure of the presentation of information for the selection of technical solutions
for given product functions

The probability
) Functions and degree of their implementation by tech- of using a tech-
Techr_ucal nical solutions, % nical solution in
solutions .
the construction
F F, Fos Fa of an object
{K,} 100 60 100 100 p1
{K,} 100 30 45 0 p2
Vij
{K.} 100 100 0 20 Pn

The choice of structural elements from the list of known technical solutions in the
presence of expert’ or other assessments does not present special difficulties when
implemented on a computer. Of interest is the realization of the possibilities of com-
bined use of technical solutions that can combine the performance of a number of
functions and thus increase the efficiency of design decisions. For this, technical solu-
tions are presented as a subsystem of elements interconnected. Moreover, one can
consider the purpose of individual elements not only in the subsystem but also in the
possibility of application in other subsystems. For example, a typical function of indi-
vidual elements in subsystems is the connection of two subsystems with each other.
For this, the table indicates that each technical solution can implement several func-
tions but to a different degree. For example, if an element of a subsystem is a base for
attaching other elements, then it can provide services for attaching elements of anoth-



er or several other subsystems, i.e. performs functions for two or more related design
solutions.

The description of the design object in table 1 is insufficient because there are no
indications of the relationship between the technical means of implementing the func-
tions that form the structure of the product. At the same time, a new technical solution
can be the result of not only the choice of new means of implementing functions but
also a new set of relations between these elements. Therefore, in this paper, we con-
sider a part of the algorithm associated with the presentation of information and the
formation of matrixes for the description of the designed product. In particular, the
graph of the system structure is represented in the form of the adjacency matrix S,
which includes a set of elements and their connections.

One of the issues of the effectiveness of this algorithm is the allocation of a subset
of implemented solutions. This is done in two ways. First, matrixes of unacceptable
interactions Sd are introduced that exclude impossible combinations of elements and
their relationships. Secondly, the presence of elements and their interactions is limited
by setting the probabilities of their occurrences in a particular task.

This allows you to control the search process in the search space of technical solu-
tions. To do this, you can set the degree of implementation of a number of Vi func-

tions by each technical solution in the product. For example, setting the degree of
implementation of the fastening function of the elements to one of the structural solu-
tions, the value v; =100 %, you can take this as the basis for the structure as a

whole. In addition, the specification of restrictions on the presence of elements and
their interactions is determined by indicating the probabilities of their appearance in
the structure of the product. In particular, a specific technical solution can be fixed in
the composition of the product by setting the probability of its occurrence during gen-
eration: p, =1.

Experts may be involved in assigning degrees of implementation of functions and
probabilities. However, a preliminary assessment of the impact of each technical deci-
sion on the implementation of several functions is a complex task that requires analy-
sis of a large amount of information. Therefore, in the first stages, in our opinion, it is
better to apply the trial and error method for the synthesis of structures and perform
subsequent analysis of the results of the generation of solutions. This provides infor-
mation for studying the features of the designed product and allows you to accumulate
unacceptable types of connections between structural elements in the Sd matrix and
thus form a model of designer preferences. This matrix is practically a limitation in
the subsequent generation of the types of connections of technical solutions in a new
product. In turn, a change in connections can significantly change the structure of the
system.

Thus, the essence of the developed algorithm consists of the combined implemen-
tation of the basic functions of the created object, which is ensured by the technical
execution of its elements and their relationships. For each function, a search is made
for options for technical solutions of elements that are considered as subsystems of
elements, ensure its implementation and at the same time support the implementation
of other functions.



An important issue is the determination of the description of the spatial position of
the structural elements of the subsystem: one above or below the other, concentric,
etc. In addition to changing the probabilities of their application and interconnections,
one can vary the relative spatial position of these elements and obtain various solu-
tions. This is achieved by setting the rules for traversing the structure, for example,
from bottom to top, from outside to inside, etc. Without the introduction of such rules,
unambiguous description of objects is impossible. Consequently, subsequent object
recognition, search for analogs, and comparison with existing design options are
complicated. For this, a partial order relation is defined on the set K, which defines
restrictions on the spatial order of the spatial position of the structural elements of the
subsystem.

A partial order relation is often represented as a digraph (acyclic, anti-transitive).
The direction of movement can be determined by a variety of probabilities or by set-
ting the rules for bypassing a structure (Fig. 3).

Fig. 3. Digraph

The vertices of a digraph are elements K; . Ribs connect the vertices if s, # 0. When
using many probabilities, the direction is selected by p = max{p,}.

The process of obtaining one technical solution can be presented in the form of a
cyclogram (table 2).

To simplify the task, a phased analysis of the subsystems that make up the object is
carried out. In this case, the task for the system is reduced to a series of similar proce-
dures for subsystems of elements.

This corresponds to the process of object decomposition [17]. Otherwise, the
presentation of the system will be either not flexible enough, or the number of solu-
tions will unreasonably increase.

The analysis of a number of objects as systems of functional elements showed that
in some cases, with a reasonable restriction on the list of means of performing func-



tions, their graphical representation can be relatively simple. This is also facilitated by
the simplification of the graphical representation of the structures of elements, images
of the connections between them, which allows one to obtain schemes of the consid-
ered subsystems and the object as a whole.

For a more flexible graphical representation of the subsystems, they are also divid-
ed into elements; the connections between them are fixed. Despite the increase, in this
case, the total number of elements, the simplification of the graphic image is achieved
by highlighting the repeating structural elements and setting their relative position in
the graphic image.

This can be automatically performed for a given order of the spatial description of
the structure.

Table 2. The process of obtaining one technical solution

Technical solutions Assembly scheme (sequence)
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The connection functions of subsystems need to be allocated separately to address
the issue of the integrated application of design solutions. This will help to focus on
solving such issues and find the appropriate spatial arrangement of structural elements
for this.

If the system includes several heterogeneous subsystems, then the construction of a
common table “function - technical solution” allows in this case to provide a graph-
ical representation of the object for discussion and sequential solution of the design
problem, creating the composition and structure of the object. At the same time, a
phased solution of problems for the product subsystems is carried out and the possi-
bilities of implementing functions by the selected elements of the subsystems are
considered.

This creates the possibility of combined solutions. For example, one of the struc-
tural elements provides space for the placement of elements of other subsystems.
Elements that provide the perception of mechanical loads can simultaneously protect
against heat generated in the object or passing electric current in the product.

Evaluation of each technical solution is an expert assessment of the degree of its
effectiveness. The total product rating is defined as the sum of the ratings of all tech-
nical solutions, related to their number:



O=>>v,;-0//n, j=0...m,
T

where O — an overall product rating, Oi is an expert assessment of the degree of

efficiency of the i -th technical solution, N is the number of technical solutions, m is
the number of functions.

Moreover, the sum of the degrees of fulfillment by all technical solutions of each
function should not be less than a given threshold value.

Vi) v,,i=0...n.

This value may be less than 100%, taking into account the subsequent modification of
the design of the product.

5 Case study

As an example, consider part of the design process of a face milling cutter with ex-
changeable cassettes. With increasing depth of cutting, the components of the cutting
forces increase sharply in all three directions: radial X, tangential Y, and axial Z. At
the same time, the importance of such a design parameter as vibration resistance in-
creases. It can be provided by performing the functions of a division of cut area by
thickness and width. In addition, the function of basing and attaching a cassette with a
cutting insert in the milling cutter body is important. Each of the above functions can
be implemented by several variants of technical solutions presented in table 3.

The table does not show the probabilities of the occurrence of technical solutions
in product P, because they are accepted the same for them. It should also be noted
the conditions for the formation of a matrix of unacceptable options for the joint ap-
plication of technical solutions Sd : technical solutions 1,2,3 and 4, as well as 5 and 6,
cannot be used together, although 5 and 6 solve the problem of dividing the cut area.

Technical solutions 7 and 8, solutions 8 and 9, as well as 12,13 and 14 (sd, =0 for

these cases), cannot be used together too.

The analysis of well-known constructions of face milling cutters showed that mill-
ing cutters are most widespread without the division of the cut area: technical solution
A (3,5, 7,10, 11), and on the axis of Y inhaling is not provided. For the constructions
of milling cutters with the division of cut area, base decisions can be B (1, 6, 7, 10,
11) or C (1, 6, 8, 11, 13). Coming from the data-driven to the table 3, at the planning
of knot of the setting of cassettes with an indexing insert in the body of face milling
cutter, it is expedient to use next new constructions: the decision of D (2, 7, 9, 14) and
the decision of G (2, 8, 14).



Table 3. The structure of the presentation of information for the choice of constructive solu-
tions of the cassette assembly of the milling cutter

Technical solutions
(TS) Ki

Evaluation TS

Functions and degree of their implementation by technical
solutions, %

The division of
the slice

AXxis-based cas-

settes

AXis cassettes

mounting

in
width

by
thick-
ness

Y

Y

Stepwise placement
of the inserts, the
side cutting edge
angle is the same

[ee]

100

Stepwise placement
of the inserts, the
side cutting edge
angle is different

10

100

90

Placing the inserts in
one row, the side
cutting edge angle is
the same for adja-
cent inserts

50

Placing the inserts in
one row, the side
cutting edge angle
for adjacent inserts
is different.

90

90

Mill body with even
pitch of cassettes

50

Mill body with a
differential pitch of
cassettes

100

Mill body with
through grooves

100

100

Mill body with
closed grooves

100

100

100

Mill body with an
annular recess

100

10

Insert tightening
screw

100

100

11

Axial screw cassette

100

100

12

Front wedge cassette

100

100

13

Cassette with wedge
screw

100

100

14

Cassette with wedge
screw and axial tilt

100

100

100




Calculation of estimates of the received designs of cutters:
A:(5-50+5-50+9-100 +9-100 + 6-100 +5-100 +5-100) /5= 780 .

B:(8-100 +6-100 +9-100 +9-100 +6-100 +5-100 +5-100) /5 = 960 .

C:(8-100 +6-100 +6-100 +6-100 +6-100 +5-100 +5-100 +9-100) /5 =1020 .
D:(10-100 +10-90+9-100 +9-100 +10-100 +10-100 +10-100 +10-100)/4 =1925 .

G:(10-100 +10-90+6-100 +6-100 +6-100 +10-100 +10-100 +10-100) / 3 = 2233 ..

Thus, the application of perspective technical decisions with a high expert estima-
tion and implementation by them several functions allows designers to get new effec-
tive decisions. In this case, an example of the development of milling cutters is made
with the division of the cut area due to the step placing of indexing inserts under dif-
ferent corners, and also with the use of fastening of a cassette to the mill body by a
wedge screw and axial tilt 14. The application of such structural decisions allows
substantially to increase the estimation of a milling cutter.

The mill body with a differential pitch of cassettes 6 provides performing the func-
tion of a division of the cut area by thickness on 100% but is difficult to manufacture,
as well as the use of closed grooves for installing of cassettes 8.

6 Conclusion

The choice of structural elements for the system based on the accumulated base of
technical solutions, if the ratio of function and design is one to one, in most cases
allows you to quickly assemble the product, go to the graphic model in the CAD sys-
tem. Nevertheless, this does not ensure the creation of a new design, which has a sig-
nificant novelty about analogs.

A significant change or creation of a new design is made if the structural element
performs functions for several product subsystems at the same time. The transition to
the consideration of a structural element as a subsystem, consisting of a set of ele-
ments, significantly expands the search field and allows you to highlight the elements
that are important for the set of product subsystems. For example, an element can
provide a connection of subsystems in a single design. Thus, the elements can be
considered in terms of the ability to perform several functions in the product.

The application of this technique allows designers in the process of conceptual de-
sign to structure information on product design, to perform a phased solution to the
problem, considering the combined use of various subsystems. The sequential imple-
mentation of the stages provides a deeper understanding of the emerging problems of
creating a new object, increases the creative activity of engineers. Analysis of the
results of test synthesis of structures based on the matrix "function - technical solu-
tion" and given estimates of the technical solution of several functions allows you to



gradually accumulate information about unacceptable options for the connections of
structural elements. The use of additional adjacency matrixes, in which unacceptable
variants of structural solutions are accumulated, ensures the preservation of design
experience and the designer's preferences. Managing the automatic generation of de-
cisions based on changes in the probability of the appearance of elements and the
degree to which they perform functions allows you to automatically construct designs
with control of the identified constraints.

The use of the modified conceptual design method allows the formation of a for-
malized description of the design to enable the subsequent application of optimization
methods, for example, a genetic algorithm [20]. To increase the effectiveness of the
application of such methods, in addition to the procedure for assessing the quality of a
design solution, it is important to manage the search in the space of design solutions
and to set restrictions for choosing valid options. This approach can be effectively
used for training designers, identifying relationships between functions, technical
implementation, and the purpose of the resulting object, regardless of the degree of
automation. The application of the algorithm is demonstrated by the example of de-
signing a tool for milling.
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