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Abstract. Modern production of high-tech products is characterized by the transition from the traditional design paradigm to the new
paradigm of designing a holistic unified set of products. In this regard, the process of designing high-tech products needed to be allocated
into a separate type — the system design. Its main methodological provisions are presented in the study. The result of the generalization was
the developed system design model, which included the engineering design and process design stages, a method for evaluating the
unification effectiveness, suitable for use at both intraspecific and trans-species levels, and an algorithm for the practical use of an
integrated model and proposals for its use at the stages of creation of high-tech products. The use of the methodological toolkit for system
design of high-tech products allows reducing the cost of their creation, production and operation significantly, as well as obtaining the
structure of production with balanced efficiency and cost. The practical implementation of the proposed tools is possible at the stage of
selecting design organizations. The developed toolkit is universal and can be used in all sectors of the economy.
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1. Introduction

Re-industrialization is a central component of the modern model of economic development, with the high-tech
sector (Industry 4.0) being its basis, where priority is given to the digital industry, robotization, and the creation of
innovative products (Romanova et al., 2017). The traditional way of creating any technical product involves the
development and implementation of a number of design and regulatory documents. Timely development of these
documents allows proceeding with the manufacture of the product. Although it was considered acceptable to have
the development of a separate specific high-tech product with the best technical and economic characteristics as
the end result of a traditional design scheme quite recently, at the present time such an approach is no longer
relevant.

The feasibility of developing a product is closely linked to the tasks of creating a set of unified products, as well
as the requirements of customers to their properties. Moreover, these requirements are formulated taking into
account, on the one hand, the possibility of creating a scientific and technical reserve, and on the other, the
possibility of establishing the optimal parameters of the structural and technological scheme of high-tech
products. The consideration of the above-mentioned aspects is not sufficiently ensured by the traditional design
methods used (Batkovskiy et al., 2016). Solving the problem of choosing the characteristics and the design and
technological appearance of high-tech products is carried out by optimizing their parameters through a set of
individual tasks. Often, the search for a solution is carried out in a heuristic way or, at best, on the basis of expert
estimates. In this regard, the process of designing high-tech products needed to be allocated into a separate type —
the system design.

For the above purpose, the article consistently addresses the following issues: the principle of consistency and the
formal logic of its use; an integrated model of system design, which includes the stages of engineering design and
process design and a method for evaluating the effectiveness of unification at these stages; an algorithm for the
practical implementation of an integrated model and proposals for its use in the creation of high-tech products.
The practical application of the proposed tool will significantly reduce the cost of creating, manufacturing and
operating high-tech products and also let obtain the structure of production with balanced efficiency and cost.

2. Literature review

The results of the analysis showed that the problems associated with the design of high-tech products have been
studied quite extensively by now (Sobolev, & Solovev, 2017). Moreover, in many works, the process of designing
high-tech products is considered as part of an emerging product lifecycle management system (Golosovskii et al.,
2014). These and a number of other works highlighted the design features of high-tech products, including
(Baikin, & Stetsyuk, 2014; Astakhov et al., 2015): the need to justify the level of the most significant product
characteristics; the formation of a variety of options for the functional construction of the designed products;
conducting technical and economic assessments of the designed products.

A number of works in the field of designing high-tech products made it possible to establish that there is certain
regularity in the process of implementing the stages of the project for creating high-tech products. It was revealed
that the distribution of different stages of work can be represented as a logistic distribution (Sobolev, & Solovev,
2017). Various aspects of a probabilistic description of the development process of technical products based on a
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logistic model are provided (Demchenko, 2014). The logistic model is currently presented as one of the main
regularities of the economic performance of high-tech products (Kaluzhskii, 2014). This distribution is often
observed in the economy, production, and technology. Optimization models of economic performance in the
conditions of uncertainty and risk, including methodological issues of problem statement and mathematical
methods for solving and analyzing them, are considered (Shilova, 2014). Some scientists have touched on the
problem of optimizing the research and development strategy in the field of new technologies. The questions of
self-organization of economic performance models, the method of inductive self-organization, in particular, are
researched. The works of scientists in which the trends in the development of CALS technologies in the
production of various products are investigated (Alieva, 2017) are of outstanding interest; a dynamic model of
quality management of product design in mechanical engineering (Panov, & Trofimova, 2017); prospects for the
use of mathematical modeling and digital design in ensuring product life cycle management (Tikhonov, &
Sazonov, 2018); methodological issues of developing strategies for the promotion of high-tech products (Goraeva,
2015); approaches to evaluating the effectiveness of investment in innovative projects (Vilenskiy et al., 2015).

However, despite the wide range of individual issues studied in the field of design, the system methodology for
designing high-tech products is not sufficiently developed. The issues related to the substantiation of the optimal
nomenclature and rational characteristics of high-tech products, as well as analysis and evaluation of the
possibilities of unification, justification of the choice of rational options for the design-technological appearance
of high-tech products (Kazanskaya, & Palenova, 2015) remain unresolved. These circumstances have led to the
need to improve the existing design tools for high-tech products.

The most significant contribution to solving the problems under consideration was made by the following
researchers on the rationale for making rational decisions in the process of financing the development of high-tech
products and new technologies (Calderon et al., 2015); methodical approaches to estimating and managing costs
(Ely et al., 2014; Kamae et al., 2015; Hilkevics, Semakina, 2019); the use of a flexible development methodology
to accelerate and improve the efficiency of innovative development by increasing the involvement and more
efficient use of the creative potential of the team (Langdon et al., 2014); analysis of the patterns of innovation
development and the strength of its influence on the activities of companies through the phenomena of “disruptive
innovations” and “closing” technologies (Christensen, & Clayton, 2016); The impact of risk management on the
cost of a high-tech product development project was considered (Allen et al., 2015; Harris et al., 2017;
Dubrovsky et al., 2011). The approaches to assessing the effectiveness of innovative projects in the field of high
technologies with linguistic variables (Vlasov et al. 2017, 2018) were proposed.

The analysis showed that the main limitations in the use of these approaches are: industry-specific limitations; the
need to adapt to different economic realities; orientation to some single factor in the creation of high-tech
products and their market promotion, difficulties in obtaining source data, etc. (Bessant et al., 2015). These
restrictions significantly complicate the comprehensive assessment of the possibility of implementing projects to
create high-tech products within a given time, especially in risk, in relation to Russian enterprises as well
(Batkovskiy et al., 2015). Thus, the toolkit and the design models for high-tech products have not been adequately
considered from a system perspective.

3. Methods
3.1. The principle of consistency in the design of high-tech products

The complexity and multiplicity of the task of the system design of high-tech products required the creation of
uniform methodological foundations. The introduction of the principle of consistency required an appeal to the
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hierarchical procedures for solving problems, using a set of uncoordinated criteria, which objectively led to the
emergence of a number of problems.

1. Linking targets for all levels of high-tech products. In a generalized form, the model of gradual creation of
high-tech products should be presented as the following:

f,:S-5S,
f,:S->8§,,

M)

fu1iS—>Suna

fy:S>F§
where S* is the area of global targets; S,,— the scope of targets formulated in the second stage of creating high-
tech products for the first one; S,, — the scope of targets formulated in the third stage for the second; S, ,_, —the
scope of targets formulated at the N-th stage for the N-1st stage.

2. The next problem of introducing the principle of consistency is related to the fact that the indicators used in the
feasibility study relate to different subject areas and have a different physical nature, reliability, and methods of
assessment.

3. Estimation of cost indicators presents severe difficulties associated with identifying a multitude of analytical
dependencies in various economic conditions.

The following algorithm is proposed for solving the problems considered. First, a set of indicators (Q) is
introduced, reflecting the state of high-tech products at various stages of their creation, defined at the time point
t:

QR)={d},i=1...M, t=1..,T, 2)

where R, is an indicator of the level of resource support for the creation of high-tech products; qit — the value of
the i-th indicator at the t-th point in time.

The required formation of the appearance of high-tech products during the budget period can be presented as its
planned development pathway. For this set, Q and S must be one-to-one (each element ¢ of the set Q
corresponds to a certain element s of the set S).

As an indicator of the effectiveness of the development of high-tech products, it is advisable to take the degree of
its state approaching the required appearance as:

W(R)=Q,, -Q(R), 3
where Q, = {qf,w[} is a set of indicators describing the parameters of the desired appearance of high-tech products

to a specific point in time; Q = {q,‘} — a set of indicators describing the achieved appearance of high-tech products

to a specific point in time.

Considering the above, the generalized indicator will look like:
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AW =Gy =0 o AW =0, -0/
W(R) = | @
AWy =Gy = Oy - AWy, =07, =0

In turn, the size of the deviation of each indicator (Aw;), which characterizes the appearance of high-tech

products, depends on the level of support (r') for the measures. The development level of high-tech products
depends on the level of resource provision:

W(R,) = {aw} =, -6 (r)}=Q,,-Q,, (5)

where rit is the level of resource support for the i-th aspect of the operation of high-tech products in the t-th year;

;
R,=Y

=1

M
i Q b, = {q‘ } — a set of indicators characterizing the desired appearance of high-tech products by the
=1

mpi

timet; Q = {qi‘ } —a set of indicators characterizing the achieved appearance of high-tech products by the time t.

The formulated provisions make it possible to determine the influence of the principle of consistency on the
creation of high-tech products as an insurance of the minimum deviation of the achieved technical appearance of
the product from the required one at different points of time with appropriate resource support. The introduction
of the principle of consistency can minimize the V(R,) function describing the number of indicators of the
appearance of high-tech products that have exceeded the permissible levels of values. Given the above, the
function will take the following form:

T M

V(Ru)=ZZ(gi 'Wii’”(ri‘))—’mri”' (6)

t=1 i=1

where V(R,) is the function of changing the size of the effect from the level of resource provision R, when

T M
introducing the principle of consistency; R, =ZZEI— the total cost of creating high-tech products within the

t=1 i=1
planned period; gi is the weight of the i-th parameter in terms of describing the appearance of high-tech products

M

Zgi =1.

i=1
It is advisable to calculate the critical deviation of the i-th parameter at the t-th moment of time using the
following formula:
idop

0, AW, > AW,

L AW < AW,
= at C<L=1f(S,Aw), )

where C is the total cost of creating high-tech products in the planning period; L — appropriations limits; Aw,,,—
tolerance of the i-th indicator of the appearance of high-tech products.

In this case, the elements of the AV\lit=qﬁnpi—qit matrix become controlled parameters. With the known

dependenciesAWit = F(ri‘), the solution of the problem can be simplified, since it is possible to determine the

values of the indicator describing the development trends of high-tech products (W) at various levels of resource
provision.
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3.2. Design model

In order to formalize the tasks of system design and sound choice of characteristics, the authors will present the
entire set of high-tech products with the following set:

Nyrp ={Ng, Ny oo, N o (8)
where N, N,, ..., N, are subsets (types) of high-tech products.

The optimal set of articles of high-tech products of the (8) form should take into account the needs of various
customers, the purposes and objectives of the operation of high-tech products in various economic conditions. The
described task is advisable to be completed in several stages. An integrated model of high-tech system design is
shown in Figure 1.

Designing stages «<—  Customers’ requirements

Purpose and

objectives of HTP y _
designing External (technical) Analysis of the HTP
designing demand
v
Deciding on the
development of HTP :
Stages
y (Figure 2)
Internal (technological) l
design
Y
Stages Choosing the design and Determination of the optimal
Fi ugre 3) technological scheme of [— parameters of the adopted HTP
9 HTP technological scheme

Competitive technical (technological)

Basic sample of HTP [« :
solution

HTP — high-tech products

Fig. 1. Model of high-tech products system design

The practice of designing high-tech products shows that the degree of contribution of each stage to the overall
result (as well as the value of the stages) increases from the final stage to the initial one (Sobolev, & Solovev,
2017). This pattern is characteristic of both engineering and process design. Further, the contents of the
engineering (Figure 2) and process (Figure 3) design stages are considered.
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Engineering design

HTP implementation conditions analysis Defining wﬂﬁsltis:;itéons of HTP

Criteria selection
(efficiency, costs, feasibility)

v

Defining optimal HTP Defining rational HTP
type characteristics vector

v v v

Engineering design

Analyzing the possibility
of HTP unification

A

Fig. 2. Stages of high-tech products engineering design

Based on the needs of various customers of high-tech products and on the basis of the analysis of possible

intersections of N1+ N2:-- Ni subsets, an optimal (minimum) type of products created in the course of research
and development work is determined:

Nyre NNy Noiyseos Ny 3 9)
where Ny, Ny, -, N,y are the subsets of high-tech products, developed in the interests of various customers.

In this case, the possibility of unification of the products under development is analyzed. The implementation of
such a possibility requires an intersection (9) and the preconditions of the following associations:

NNy N b€ Ny UL Ny, N € Ny U U, Ny e Ny (10)
when:
K(NVTP(l)) - K(pr(z))| < Kdop
K(NVTP(I—l)) - K(NVTP(I))| < Kdop
where n;,n,,...,n, are the elements of the subsets N,, N,,..., N, , respectively; K is the optimal solution for every
Nyreqy 5 Kip — permissible deviation from the optimal solution.

(11)

The choice of the rational characteristics of high-tech products may be represented as a process of sub-
optimization of the system (8) subject to conditions (9), (10) and (11). The procedure for selecting rational
characteristics should be reduced to solving the problem of matching the elements to their associations, which can
be represented in the following form:

n eN;n, eN,;..n, eN,

u(n;n,;..n) ., =maxK

max

(12)

Based on a constructive analysis of a sample of high-tech products, subsets of alternative technical solutions are
formed:
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Av;n;.n)=K (13)
where n;;n;...n; are the elements forming alternative technical solutions A’ ; some given criterion level K, .

zad !

The formed subsets of alternative technical solutions (13) provide the basis for the formulation of the problem of
synthesizing the design and technological scheme of a high-tech product. The essence of this task consists in the
formation of variants of elements combination under the condition of their existence in various constraints, under
which a certain specified level of the criterion K, (Esev et al., 2014) is provided. The task of synthesizing the

design and technological scheme of a high-tech product is solved at the stages of process design.

The purpose of process design is the synergistic combination of various functional-technological elements (units)
into a single scheme (Garina et al., 2017). This procedure contains the following as unknown parameters: types
and number of functional elements (units), their level of development, communication between elements (units)
to achieve the required values of the final product characteristics (Kazakova, & Saveleva, 2014).

The basis of process design is a set of balanced product characteristics of high-
tech products, justified at the stage of engineering design

v

Formation of a set of functional and technological units
)’
Establishment of links between functional and technological units

¥
Formation of a system of restrictions

{

Directions for solving the problem of high-tech products process design

¥ ¥ ¥
1. Cost 2. Effectiveness 3. Creating term
minimization maximization optimization
v ¥ v

Choosing a rational option for the high-tech products
Process design

v

Competitive process solution

v

Basic sample high-tech products

Fig. 3. Stages of high-tech products process design
Within the framework of process design, additional requirements are imposed on functional-technological

(elements) units, such as: standardization, unification of elements; terms of the application of borrowed elements
of a similar or another functional purpose (Skhirtladze et al., 2015).
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When developing high-tech products, special attention is paid to measures for the unification of components
(Tretiakov, 2014). In this case, an assessment of the level of unification is usually carried out on the basis of a
well-known approach using particular unification indicators (Borisov, & Borisov, 2016).

As part of this study, a new method for assessing the level of unification has been proposed, based on a
generalizing measure of the unification effectiveness. It is assumed that this ratio shows the change in the
efficiency of the designed piece of high-tech products relative to some basic product at an equal level of costs for

the performance of any task in their functional purpose. This ratio is determined by the following dependency:
p

K =%, with CP =", (14)

e

where CP, C" are the costs of performing the task in its functional purpose by the designed and by the basic piece
of high-tech products, respectively; P, P"are the probabilities of accomplishing the task by the designed and
basic articles of high-tech products, respectively.

In addition, it is assumed that the creation of high-tech products includes the development and production of their
component parts. The task of determining the cost of manufacturing high-tech products is more complex. In this
regard, it is assumed that only a certain percentage of consumers from their total number will be provided with
developed high-tech products and in accordance with the standard membership of high-tech products in order to
estimate the approximate level of production costs.

Based on this approach, the assessment of the level of product unification of high-tech products is carried out

according to the following:
k |

2.C; —qZ:;,ANS G

K, ==— :
2.Cy
p=1

where C_, C; are the costs of the p-th stage of designing a unified and non-unified versions of high-tech products,
respectively; AN_ is a possible increase in production volumes for the considered period of time of the g-th

(15)

standardized component (element) of a high-tech product; C; is the profit from the use of g-th unified component
(element).

Taking into account the duration of the life cycle of a high-tech product and the formula (15) for the g-th unified
component (element), it is advisable to use the following expression:

C! AN/
Ku = _?) 1-—¢ ) (16)
Gl Ng
which allows formula (14) to be expressed as:
K. =F(K, a5, 8°), (17)

where a,, B° are the generalized characteristics of non-unified and unified components (elements); N; is the

total volume of production of the g-th component (element) of a high-tech product (as the sum of standardized
and non-standardized components) for the considered period of time.

According to expression (17), there is a close relationship between the K, efficiency coefficient and the

unification factor Ky, which should be taken into account when choosing a rational option for the structural and
technological scheme of a high-tech product.
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Taking the considered features of engineering and process design into account, as well as evaluating the
effectiveness of unification measures, an algorithm for the practical use of an integrated model for system design

of high-tech products is proposed (Figure 4).

Y

Source data and customer requirements for the HTP.
Goals and objectives of the HTP design. The principle of
consistency and the formal logic of its use

Refining the

Refining the
source data

Not chosen

Evaluation of the source
data sufficiency

Choosing an HTP

design strategy

source data

Not enough

Chosen

A 4

Chosen
v
N Engineering design < y
v v v
Stage 1.1 Stage 1.n
L i J
HTP type.

HTP rational characteristics.
Possibilities analysis and unification
effectiveness assessment

Clarification required

Choice.
Basic HTP article sample

Y

Process design

v

v 7

Stage 2.1 Stage 2.m

Design
results
clarification
required

Competitive engineering and
process solutions

Rational composition of functional

units and their parameters. Rational

variant of HTP design and process
scheme

Clarification required

The optimal set of standardized HTP products and their characteristics

Fig. 4. Practical use algorithm for the integrated model of the high-tech products system design

A basic sample of a high-tech product and an optimal combination of such products are developed based on the
choice of competitive engineering and process solutions. Thus, the proposed integrated model is aimed at
justifying the required values of the designed products indicators and can be widely used in various sectors of the

economy.
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4. Results and Discussion

On the basis of the reviewed methodology of engineering design, it is possible to substantiate on a scientific basis
the constructive-technological appearance of promising high-tech products, including: moving from a balanced
system of requirements for high-tech products to a specific composition of functional-technological units, i.e.
determine their rational composition in the designed high-tech product. This task is formulated using the complex
“efficiency — cost — feasibility” criterion in three variants of the problem statement: cost minimization; efficiency
maximization; optimization of the timing of the creation of high-tech products.

System design is an effective methodological toolkit for optimizing efforts and resources for the development and
manufacture of high-tech products while meeting the specified requirements for their properties and efficiency.
The demand for system design is largely ensured by the integrated implementation of the principle of consistency
in the formation of the system structure of high-tech products and of the appearance of specific items of high-tech
products. The developed methodological toolkit should be used in planning agencies to assess the capabilities of
design organizations and enterprises in executing orders for the creation of high-tech products.

As the practice approbation of the use of the developed toolkit, the authors consider a hypothetical high-tech
product, the design of which is supposed to be carried out using one of 5 competing options (Table 1).

Table 1. Options for constructing a sample of high-tech products

Production sample Indicator 1 Indicator 2 Indicator 3 | Unification coefficient Price
design options (w=0.15) (w=0.25) (w=0.1) (w=0.3) (w=0.2)
Option 1 79 41 49 49 127
Option 2 84 19 34 44 140
Option 3 94 80 83 76 115
Option 4 109 58 74 49 130
Option 5 89 49 59 19 132
Base option 100 75 90 70 200

Within the framework of the task set, it is necessary to choose such an option for constructing a projected sample
of high-tech products that is closest to the base variant. With the use of the developed toolkit, further technical
and economic analysis of options for constructing competing samples of high-tech products is carried out. In
order to do this, the degree of approximation of the indicators for constructing samples of high-tech products to
the indicators of the base sample is calculated. The results of the calculations are shown in Table 2.

Table 2. Results of the calculation of the degree of approximation of the indicators of options for constructing samples of high-tech
products to the indicators of the base sample

Production sample design - - F_ielauve value — — -
variants Indicator 1 Indicator 2 Indicator 3 Unification coefficient Price
(w=0.15) (w=0.25) (w=0.1) (w=0.3) (w=0.2)
Option 1 0.21 0.45 0.46 0.30 0.06
Option 2 0.16 0.75 0.62 0.37 0.17
Option 3 0.06 0.07 0.08 0.09 0.04
Option 4 0.09 0.23 0.18 0.30 0.08
Option 5 0.11 0.35 0.34 0.73 0.10
Base option 0 0 0 0 0

In order to conduct a feasibility analysis of options for constructing competing samples of high-tech products
based on the data in Table 2, a petal diagram is constructed (Figure 5).
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Fig. 5. Petal diagram characterizing the results of the feasibility analysis of options
for constructing competing samples of high-tech products

Further comes the analysis of the results obtained using the ideal point method. It is apparent from Figure 5 that
the closest to the basic variant (by all indicators) is option 3; therefore, it is advisable to design an advanced
sample of high-tech products according to this variant. The remaining construction options have worse
performance and require large resources to implement their design.

In general, the use of the system design methodical toolkit allows reducing the resource costs for the creation and
manufacture of high-tech products and obtaining a balanced structure of the baseline items of high-tech products.

Conclusions

In modern scientific research, the designing of high-tech products is considered mainly in relation to individual
products and much less often as the design of a set of high-tech products to meet the needs of different customers
and be used in different operating conditions. Even less often, when designing high-tech products, measures to
unify the component parts and elements of products are considered. That is why in this paper it was necessary to
isolate and investigate from a system standpoint the designing of high-tech products with specified properties as
part of a lifecycle management system.

The study found out that the system design of high-tech products is a methodology of structural-parametric
synthesis. Parametric synthesis consists in determining the optimal dynamic parameters of the design and
technological scheme of a high-tech product based on forming an acceptable set of alternative high-tech products
and the choice of the dominant technological solution. Structural synthesis involves the development of a set of
high-tech products, taking into account the environment, the conditions of operation of high-tech products, the
requirements for them and the new technical solutions.
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As a result, a methodical toolkit for system design of high-tech products has been developed. The main elements
of the developed model are: stages of engineering design; stages of process design; method of evaluating the
unification effectiveness, suitable for use at both intraspecific and trans-species levels; and an algorithm for the
practical use of an integrated model and proposals for its use at the stages of high-tech products creation.

The developed toolkit is advisable to be used in planning units in order to assess the capabilities of design
organizations and enterprises in executing orders for the creation of high-tech products. Further improvement of
the system design methodology should be aimed at achieving minimum costs or maximum efficiency at specified
costs, taking into account the possibilities of unification in the design of high-tech products.
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