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Abstract. The article is devoted to the problem of optimizing the full production cycle of natural
stone products in a small enterprise. Modern development trends in the stone-processing industry are
characterized, highlighting the high sensitivity of small-scale production to organizational losses. The
typical stages of the full production cycle of natural stone products are disclosed and formalized, and
their structural decomposition is presented with the identification of key sources of costs. The main
problems faced by small enterprises are identified, including the lack of standardized operations,
suboptimal sequencing of work, insufficient preparation of raw materials, and a high share of manual
adjustments. Based on the analysis of contemporary research, the principal directions of optimization
are identified. An optimization model is proposed — an integrated cyclical system consisting of process
mapping, a matrix of losses and risk factors, an algorithm for self-assessment of technological maturity,
and procedures for planning improvements. Groups of performance indicators applicable for evaluat-
ing the results of the model’s implementation are specified.

Keywords: optimization of the full production cycle; stone-processing industry, technological opera-
tions in stone-processing production; optimization model for small-scale manufacturing, loss optimiza-

tion in a stone-processing enterprise.

The production of natural stone products be-
longs to resource- and labor-intensive activities
characterized by a high share of material costs,
energy-consuming processes, and a pronounced
sensitivity to organizational errors and downtime.
In the context of the continual increase in the cost
of materials, the rising expenses of logistics,
tools, and labor resources, the task of optimizing
the production cycle becomes not merely a direc-
tion of development but a fundamental factor de-
termining the economic feasibility and viability
of small enterprises. In the stone-processing in-
dustry, the problem of optimization is particular-
ly acute, as the quality of the final product direct-
ly depends on adherence to technology and on
the efficiency of managing each stage of the pro-
duction cycle. Production costs remain extremely
high, and any losses arising during manufactur-
ing processes adversely affect overall profitabil-
ity.

It should be noted that the global natural stone
industry is developing unevenly, yet overall it is
characterized by rapid technological advance-
ment and continuous modernization, accompa-
nied by increasing demands for quality and envi-
ronmental sustainability of processes. Global
trends indicate a growing potential of production

systems for manufacturing diverse product varia-
tions, along with an expansion of areas in which
high-precision processing technologies are ap-
plied; at the same time, comprehensive systems
for modernizing extraction and processing are
being increasingly implemented in stone-
processing and quarrying operations [1]. Con-
versely, enterprises operating primarily in the
domestic market and effectively belonging to the
segment of small-scale production continue to
face the problem of insufficient technological
levels of equipment and process organization in
comparison with the requirements of modern
competition [2], which further reinforces the im-
portance of optimization-oriented solutions.

As a rule, the need to reduce costs is accom-
panied by a deterioration in quality; at the same
time, the market for stone products operates on
the principle of high trust in the manufacturer and
minimization of defects (including qualitative
losses). However, in the professional sense, op-
timization does not imply a mechanical reduction
of expenses and personnel—an approach that often
leads to the degradation of processes—but rather
the well-grounded improvement of operations
based on eliminating losses, unnecessary actions,
movements, technological gaps, and suboptimal
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decisions. In essence, contemporary approaches
to the technological enhancement of stone extrac-
tion, cutting, and mechanical processing confirm
the effectiveness of optimization models ground-
ed in a comprehensive analysis of the causes of
losses and the algorithmization of solutions, as
well as in the implementation of energy- and re-
source-efficient technologies, robotic processing
methods, and intelligent information-modeling
systems for cutting design. The application of
these optimization solutions must follow a se-
quential and strictly formalized procedure; the
management of optimization within the full pro-
duction cycle of a small enterprise is tied to the
numerous points at which potential losses may
arise within its structure. At the same time, the
issues of identifying such losses and modeling a
system aimed at optimization remain largely un-
developed in the contemporary literature, which
has determined the relevance of the topic under
consideration.

The aim of the study is to substantiate an op-
timization toolkit for the full production cycle of
natural stone products, oriented toward the spe-
cific features of a small enterprise.

In the context of a small enterprise, optimiza-
tion of the production cycle is understood as a
purposeful process of transforming operations
aimed at reducing costs, eliminating losses, and
increasing the accuracy and efficiency of work
without diminishing the quality of the final prod-
uct. It should be noted that in current conditions
the problem of interpreting the concept of “opti-
mization” remains one of the key issues, as in
practical terms it is often perceived as a mechani-
cal reduction of expenses through saving on ma-
terials, equipment, technologies, and personnel,
which gradually leads to the degradation of busi-
ness processes, the accumulation of errors, and
an increase in hidden costs. For this reason, genu-
ine optimization and rationalization must be
based on the principles of functionality, justifica-
tion, and systemic coherence

Thus, effective optimization does not aim to
increase the workload on personnel, reduce staff-
ing levels, or superficially cut equipment costs.
On the contrary, it involves identifying organiza-
tional and technological solutions that make it

possible to redistribute operations, eliminate un-
necessary transitions between stages, reduce the
share of manual labor in areas where errors most
frequently occur, and increase the overall man-
ageability of core processes. Drawing on research
in the optimization of production systems within
the stone-processing industry, it should be noted
that the most effective way to improve efficiency
is to enhance operational technologies, strengthen
quality control of material preparation, and in-
crease the precision of processing [3; 4]. Overall,
the optimization framework for a small enterprise
is structured in a specific way (Figure 1).

In practice, optimization often begins with
identifying bottlenecks—those operations that
slow down the process or generate losses. Small
enterprises typically face several common groups
of issues, including: (1) lack of coordination be-
tween stages, (2) suboptimal sequencing of oper-
ations, (3) absence of standardized quality re-
quirements, (4) insufficient diagnostic assess-
ment of materials prior to processing, (5) down-
time caused by the absence of a systematic ma-
chine-loading schedule, and (6) excessive labor
and time costs resulting from manual error cor-
rections.

At the same time, the key indicator of high-
quality optimization is the achievement of several
effects associated with reducing operating costs,
shortening the time required to perform opera-
tions while maintaining their outcomes and quali-
ty, decreasing the share of defects, lowering the
workload on personnel, increasing the predicta-
bility of results, and enabling the enterprise to
handle a larger volume of work without overex-
tending equipment resources. Equally important
is the improvement of technological precision,
since in stone processing an error made at an ear-
ly stage typically leads to the complete loss of the
item or to costly rework.

It should be noted that the raw material (natu-
ral stone) is highly valuable and sensitive to pro-
cessing quality; therefore, by eliminating ineffi-
cient operations, the enterprise gains the ability to
stabilize production costs amid rising market
prices, ensure competitive product quality, re-
duce technological risks, and overall accelerate
the transition from design to installation.
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Figure 1. Optimization system in the context of a small enterprise

In the context of the production cycle for natu-
ral-stone products at a small enterprise, it should
be noted that this cycle has a typical structure and
can be formalized as a sequence of stages and
their constituent operations (Figure 2): product
design, material selection and procurement, pri-
mary cutting, mechanical processing, finishing

operations, quality inspection, packaging, logis-
tics, and on-site installation. Each stage has its
own technological characteristics, set of opera-
tions, typical costs, and sources of losses, which
together determine the economic efficiency of the
enterprise, the quality of the products, and the
consistency of order fulfillment.
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1. Design Stage

Cost-forming factors: complexity of the object, number of
revisions, competence of the designer

2. Selection, Procurement and
Preliminary Assessment of Stone

Cost-forming factors: region of supply, rarity of the stone,
{ransportation losses, price fluctuations

-~

A 4

3. Primary Cutting of Slabs and Blocks

.

Cost-forming factors: stone hardness, cut thickness,
operator qualification, blade wear

-

Shaping

\.

hardness, technique of execution

measurements, sketch development, preparation of 2D/3D models, approval

choice of stone type, block or slab assessment, defect inspection,
procurement, delivery

cutting with bridge saws or band saws, optimization of cutting
direction

4. Milling, Grinding, Polishing, Edge surface calibration, grinding, polishing, edge forming,

clitouls for equipment, element fitting

Cost-forming factors: quality of the raw block, mineral

7~

h 4

5. Assembly, Quality Control,
Preliminary Fitting

geometry check, joints, shade match, surface check
(“bookmatch”), fitting of large items

cards

Cost-forming factors: quality of processing at previous
stages, adherence to tolerances, standardization of work

6. Packaging, Transportation and
Installation

packaging, labeling, securing items, delivery,
installation, sealing

Cost-forming factors: fragility of products, risk of
damage during transport, worker qualification,

installation conditions

Figure 2. Full production cycle of natural-stone products at a small enterprise

At each stage, specific types of costs are gen-
erated; however, in most cases, the main losses
are associated with:

- the absence of standardized tolerances;

- excessive adjustments;

- low quality of incoming raw materials;

- a non-optimal sequence of operations;

- equipment downtime;

- measurement errors;

- unnecessary movement of personnel and ma-
terials;

- insufficient surface preparation for subse-
quent operations.

According to recent research, the main ap-
proaches to overcoming these issues include:

1. Energy optimization and reduction of
equipment energy consumption [5].

2. Environmental optimization and reduction
of waste generation [6].

3. Technological optimization of stone cutting
and processing [7].

4. Implementation of lean manufacturing in
the supply chain and production workshop [8].

5. Optimization of the production process in
terms of its readiness for change [9].

6. Optimization of processing parameters with
consideration of raw material properties [10].

Moreover, within each of the directions pre-
sented in studies [5-10], specific methods and
examples of optimization are identified; by
grouping them and correlating them with the full
production cycle of natural stone products, the
following optimization matrix is formed (Table).

Moreover, given the variety of optimization
procedures, measures, and implementation meth-
ods, it is important to develop a methodological
toolkit for their application, aligned with the pro-
cess-based structure of implementation (Fig-
ure 3).
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Table. Optimization matrix for the full production cycle of natural stone products, compiled by the

author.

Stage of production

Main problem / Source of loss-

€S

Optimization measures

Expected effect

modeling
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geometry

design
errors

Failure to account for stonelUse of digital models that predict
1) Design and productproperties;
revisions;
leading to rework

energy intensity and processing
complexity, allowing advance opti-
mization of product parameters

Fewer operations and errors;
more accurate assessment of
labor intensity; optimal pro-
cessing trajectory

2) Raw material pro-

Material overuse due to strucH

Development of raw material selec-
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ment
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terial quality

3) Primary cutting of]
blocks and slabs
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essary cut surfaces
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cutting layouts and modern geomet-
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and flexible processing workflows;
production chain modeling to elimi-
nate unnecessary operations (Agile—
Lean); assessment of processing
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of waste
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fects; reduced equipment load;
lower abrasive use; improved
quality stability; reduced waste;
higher precision of fits

5) Assembly, test fit-
ting, inspection of
joints and dimensions

Frequent adjustments; element]
misalignment; dimensional
deviation during assembly

Use of hybrid lean methods in the
stone product supply chain (flow
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variability reduction)
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6) Packaging,
transportation,
installation
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load on installation team
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on-site time; improved installa-
tion safety
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Figure 3. Model for optimizing the full production cycle of stone products
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The developed model represents an integrated
structure that includes a functional decomposi-
tion of the full production cycle, a system of
evaluation criteria, an internal algorithm for self-
assessment of technological maturity, and tools
for planning improvements. The model consists
of four interconnected subsystems.

Subsystem 1. Mapping (decomposition) of the
full cycle. At the first stage, the enterprise creates
a map of all processes (design and sketch devel-
opment; procurement of blocks/slabs; cutting;
mechanical processing; finishing operations; lo-
gistics; installation; quality control and final de-
livery). For each process, the inputs (data, raw
materials, resources), outputs (results, semi-
finished products, finished items), operations,
executors, standard times, and typical deviations
and errors are identified. The purpose of this sub-
system is to form a map of loss generation points.

Subsystem 2. Loss and risk factor matrix. At
the second stage, a loss matrix is created for each
process, including the following categories of
losses: technological (defects, chips, surface
damage), material (waste, unused blanks), time-
related (downtime, waiting, changeovers), infor-
mational (incomplete technical specifications,
measurement errors), organizational (uneven
workload, schedule conflicts), and financial (in-
creased tool consumption, excessive use of
chemicals). Each factor is assigned a probability
of occurrence, its impact on cost, the probability
of detection, and a priority level. The goal of this
subsystem is to identify the areas that require im-
provement first.

Subsystem 3. The technological maturity self-
assessment algorithm, which represents a se-
quence of diagnostic steps used to evaluate the
enterprise’s current level of optimization and to
develop an action plan. For example, Level 1

(operational) is characterized by chaotic process-
es, the absence of standard times, dependence on
individual craftsmen, and a lack of systematic
quality control. In this case, the self-assessment
records the presence of process descriptions, the
stability of performance indicators, the share of
defects, and the volume of waste. Gradually, the
enterprise moves from describing individual op-
erations to their standardization, measurement,
analysis (detailed diagnostics), and ultimately to
optimization.

Subsystem 4. Planning and implementation of
improvements, which consist of selecting the im-
provement area, developing specific measures,
and verifying the results based on whether losses
have decreased, the yield rate has improved, op-
eration time has been reduced, defects have de-
creased, and production costs have been lowered.
A promising approach here is to focus on the per-
formance indicators of optimizing the full pro-
duction cycle, which can be grouped into techno-
logical, quality-related, resource-related, organi-
zational, and financial-economic categories.
These indicators are established by the company
itself and are assessed as improvements (optimi-
zation measures) are implemented.

Thus, the study made it possible to develop a
model for optimizing the full production cycle of
a small enterprise specializing in natural stone
products and to demonstrate that the enterprise’s
efficiency is determined by the coherence of all
stages of the production cycle. Taken together,
the proposed model, the optimization matrix, and
the identified groups of indicators form a meth-
odological tool that can be used by small enter-
prises to improve efficiency, reduce production
costs, increase the precision and quality of prod-
ucts, and strengthen their competitive position in
the local natural stone market.
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ONTUMM3AIIMS ITOJTHOT O IIUKJIA ITIPOU3BOJICTBA U3JIEJIUN U3
HATYPAJIbBHOI'O KAMHS HA MAJIOM ITPEAITPUATHN: OT 9CKHU3A 10 MOHTAKA

A.B. 3amATHH, pe3uux no KamHio
000 «KIM»
(Poccus, r. Exatepun0ypr)

Annomayun. Cmamovs nocesujeHa npobieme onmumMu3ayuy NOJIHO20 YUKIA NPOU3B00CmEd U30enutl
U3 HAMYPAILHO20 KAMHA HA MAIoM npeonpusmuu. OXapakxmepuzoeanvl CO8peMenHble MeHOeHYUU pa3-
8UMUSL KAMHeobpabamuléarowel. Ompaciu, onpeoeniowue yy8CmseumenrbHOCmMy MAaiblx NPOU3800CME K
Op2aHu3ayuOHHbLIM nomepsm. Packpvimel u gpopmanuzosanvl munosvie smanvl NOIHO2O YUKIA NPOU3-
800Ccmea U30enull U3 HamypaibHo20 KAMHs, NPeOCmasiena ux cmpyKmypHas 0eKOMHO3UYUsl ¢ bloeie-
HUeM OCHOBHbBIX UCMOYHUKO8 U30epiceK. Boiasienvl npodiembl Maiblx npeonpusimull, Cés3aHHble ¢ OM-
cymcmeuem Cmanoapmusayuy onepayuli, HeOnmuMaibHol Noc1e008amenrbHOCmblo pabom, Hedocma-
MOYHOU NOO20MOBKOU ChIPbsl U BbICOKOU 00Jell PYYHbIX KOppekmupoeok. Ha ocnose ananuza cospe-
MEHHBIX UCCIe008AHULL BbIABIIEHbI OCHOBHbIEe Hanpasienus onmumuzayuu. Ilpednodcena mooens onmu-
MU3AYUYU — UHMESPUPOBAHHAS YUKIUYHASL CUCEMA, COCMOAWAs U3 KAPMUPOBAHUsL NPOYECCO8, MAMpu-
Ybl nomeps U PaKkmopos puckd, areopumma CamoOyeHKU MexXHOI0SULeCKOl 3peloCmu U npoyeoyp nid-
HUPOBAHUS YIYHWEHUN. Ymounensl epynnvl noxazamenetl d¢h@dexmusHocmu, npumenumole OJisl OYeHKU
Pe3yIbmamos npuMeHeHust MoOeJu.

Knwouesvte cnosa: onmumuzayusi noiHo20 Npou3800CMEEHHO20 YUKILA, KaMHeoOpabamwisaowasn
OMpacib, MexHoLocuYecKue onepayuu KamHeoopabamleawueco npoussooCcmsed; Mooeib ONMmuMu3a-
Yuu Mano2o npouzsoo0cmed, ONMUMU3AYUSL NOMePb HA KAMHeoOpabamuléaouem npeonpusimuil.
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