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Abstract. The conflict between rigid spatial layouts of hospital inpatient units
and dynamic healthcare demands causes structural inefficiencies in bed
utilization. Existing research often treats space as homogeneous, neglecting its
impact on scheduling decisions. To address this issue, this study proposes a
framework integrating Space Syntax and discrete-event simulation. A Spatial
Friendliness Index is constructed to quantify the flexible potential of ward units,
incorporating spatial synergy, nursing coverage, and vertical accessibility. This
index is embedded as a decision parameter into a dynamic bed-scheduling
model. The efficacy of different scheduling strategies is evaluated through
simulation experiments. Results show that the framework effectively identifies
highly flexible spaces. The robust optimization strategy enhances operational
efficiency and spatial care quality simultaneously. This finding provides a
practical guideline: inter-departmental cooperation should be spatially
informed rather than blind. By identifying highly flexible units, hospitals can
enable effective cross-departmental bed sharing without expanding
collaboration to all units, reducing coordination costs and avoiding inefficient
transfers across spatially incompatible wards. This study confirms the
effectiveness of translating spatial attributes into operational decision
parameters for achieving spatial resilience in hospital design.

Keywords: spatial friendliness index; space syntax; discrete-event simulation;
hospital bed management; cross-departmental coordination.
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Xuekelaiti Haiyirete, Wenjuan Zhang, Yagiang Huang

Introduction

The spatial performance of hospital buildings, serving as a critical medium linking physical
infrastructure with operational objectives, directly constrains the efficiency and quality of
healthcare services [1]. A central challenge in current hospital planning and design is the lack of
effective tools to predict and evaluate the performance of different spatial layouts under dynamic
operational conditions during the planning phase. This deficiency makes it difficult for design
decisions to avoid efficiency bottlenecks caused by inherent spatial performance shortcomings. A
direct manifestation of this contradiction is the structural dilemma observed in many newly built
hospitals, which simultaneously exhibit high bed occupancy rates and long patient waiting times
shortly after commencing operations[2,3]. The root cause can be attributed to the dual locking of
core resources by the "siloed" spatial layout and departmental operational models. This results in
critical resources, such as hospital beds, being pre-allocated to specific departments by the
architectural structure, thereby creating a structural contradiction between the built environment
and operational demands, which leads to a loss of functional flexibility in the facility[4].
Consequently, the inherent rigidity of the architectural space severely undermines its capacity to
adapt to seasonal and sudden demand fluctuations[5], ultimately manifesting as a systemic
imbalance characterised by the coexistence of localized overload and overall underutilisation of
spatial resources.

On the academic research front, operations management studies primarily employ queuing
theory, mathematical programming, and simulation optimisation to improve bed utilisation
efficiency[6]. However, such research typically simplifies hospital space into a homogeneous
background container. The theoretically optimal models constructed under this premise overlook
critical real-world spatial constraints, such as travel distance, monitoring blind spots, and vertical
transportation efficiency[7]. Even with the introduction of discrete-event simulation[8], most
models remain confined to single departments[9]. and fail to account for the spatial costs arising
from cross-departmental scheduling. This disconnects renders theoretically optimal solutions
significantly less feasible in real-world environments.

In recent years, scholars have increasingly recognized that physical space constitutes a non-
negligible rigid constraint as well as a potential enabling factor in resource allocation. The impact
of the COVID-19 pandemic, in particular, has intensified the demand for in-depth research on
hospital spatial resilience[10]. The "user activity-space mapping" theory constructed by Le and
Haiyirete[4] signified a shift within this school from descriptive analysis towards practical
functional conversion. Nonetheless, the research focus of this field remains predominantly
concentrated on long-term functional reconfiguration or macro-level spatial strategies[11,12]. Its
methodological strength lies in addressing the macro-level feasibility question of whether a space
can be shared, but it falls short of supporting the real-time decision-making problem of which
specific space should be prioritised and when.

In summary, bridging the theoretical gap between the static assessment of spatial shareability
and the dynamic decision-making of operational schedulability is crucial for enhancing the spatial
efficiency of hospital buildings.

To this end, this study constructs an integrated analytical framework that merges the
quantification of spatial attributes with operational scheduling decisions. First, based on Space
Syntax theory, a Spatial Friendliness Index (SFI) is established to characterise the inherent spatial
potential of ward units for supporting cross-departmental patient admission. Second, this index is
embedded as a key decision parameter into a dynamic bed scheduling model. The value of this
integrated framework is then empirically tested through discrete-event simulation. This research
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aims to propel a paradigm shift from spatiality-agnostic operational optimisation and static spatial
planning towards real-time, collaborative space-operation decision-making.

The methodology

Study Area and Data

This study uses the sixth-floor nursing unit of a medical inpatient building in a Chinese
provincial tertiary hospital as an empirical case study. This unit shows the standardized and
modular design common in new inpatient buildings in China, where multi-bed patient rooms
(typically 2-3 beds per room) constitute the fundamental spatial unit. Its single-floor layout has
features such as spatial repetitiveness, component interchangeability, and functional
versatility[13]. For spatial topology modelling, three categories of elements—circulation network,
functional nodes, and visual interfaces—are extracted from the floor plan.

In terms of operational simulation, patient arrival rates were calculated using the bed turnover
rates for different departments, as given by Wang, Yang, and Li [9]. These rates served as core input
parameters. The daily arrival rate for each department was derived based on spatial capacity
constraints from the drawings and used as the intensity parameter for a non-homogeneous
Poisson process in the simulation. The collaboration pathways between departments were
adopted from the department pairing scheme validated in the same study, defining the
collaboration rules during simulation.

Spatial Friendliness Index

This study proposes the Spatial Friendliness Index, a composite metric designed to quantify a
ward's inherent potential for facilitating cross-departmental bed scheduling. The index is
grounded in Space Syntax theory and operationalized using its Visibility Graph Analysis (VGA)
method.

The index integrates three core dimensions:

e Space Synergy Degree (SSD): integration and centrality within the floor plan
topology.

e Monitoring Coverage Degree (MCD): visual supervision effectiveness from the nurse
station.

o Vertical Accessibility Degree (VAD): travel efficiency to the elevator lobby.

All three dimensions follow standard Space Syntax procedures, ensuring scale-independence
and comparability.

Dynamic Scheduling Model Construction

A data-driven discrete-event simulation (DES) model was constructed using MATLAB R2024b.
As illustrated in Figure 1, the model treats all hospital beds as a unified, schedulable resource pool,
thereby breaking down fixed departmental barriers.

Entity and Resource Definition: Patients are modelled as active entities with metadata
including assigned department, arrival time, length of stay, and allocated bed. Beds are defined as
key constrained resources with dynamic states.

Patient Arrival and Generation: Patient arrivals are modelled as a non-homogeneous Poisson
process based on the mean daily arrival rate for each department. Newly generated patients enter
a central waiting queue adhering to a First-In-First-Out (FIFO) principle.

Bed Allocation Logic: A hierarchical priority strategy is employed. Patients are first matched
with available beds within their primary department. When the primary department's resources
are saturated, and the waiting queue reaches a predefined threshold, the system triggers cross-
departmental collaboration based on predefined pathways.

Eurasian Journal of Applied Engineering and Technology (EJAET) N93(156)/ 2026 9
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Discharge and Resource Release: When the system time reaches a bed's scheduled discharge
time, its status is automatically reset to "available"”, and it is immediately returned to the resource
allocation cycle.

‘ Initialization Module‘ ‘ Time-Step Comrol\er| |Bed Status Manager
i Load configuration data i
! Iniialize all beds ‘
[Moop /7~ :
| Request current bed status . |

| Patient Generator ‘ ‘ Patient Queue ‘ ‘ Intelligent Scheduler ‘

i [For each time step (30 minute) ]
Process discharged patients 3
34 Return available beds list
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)Add to queue tail

: Request to assign beds to patients in the queue

loop J |

3 Query primary department

[F’pr each waiting patient]

alt [Primary department has bed (EXP-1)]

1 < Assign to primary bed
i [Requires cross-department (EXP-2,34,5]]

: 3 Omit —Limit the number of candidate departments
| —Execute SFl algorithm —Restrict the queue lengt

Assign collaborative bed

1+ Remove from queue

U ?date records

Export all resuits
‘ Initialization Mﬂdule‘ ‘ Time-Step Caﬂtm\ler|
Figure 1. Detailed flow diagram of the experimental progression

Simulations run for 821 days (January 2024 - March 2026) with a 30-minute time step. A fixed
random seed (42) is used for reproducibility. To eliminate initial transient effects, data collection
starts from day 366 (January 1, 2025).

Simulation Experiment Design

The experimental design adheres to the principles of controlled variables and progressive
optimisation. Through five sets of progressively structured experiments, the study systematically
evaluates the independent contribution and synergistic effects of each scheduling strategy. The
core characteristics and design objectives of the five experimental strategies are summarised in
Figure 2.
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Figure 2. Configuration of the five scheduling strategies.
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Exp-1 simulates current practice, serving as the performance baseline. Exp-2 explores the
theoretical upper limit of resource sharing. Exp-3 introduces practical constraints, balancing
flexibility and controllability. Exp-4 embeds the Spatial Friendliness Index (SFI) into bed allocation
decisions. Exp-5 adds a load-aware adaptive mechanism for robustness against demand
fluctuations.

Findings/Discussion

Spatial Friendliness Assessment

This study conducted a quantitative assessment of the nursing unit's spatial performance
using Visibility Graph Analysis (VGA) from Space Syntax, based on a visibility model with a 550
mm grid resolution. Table 1 comprehensively presents the performance of the 17 patient rooms
across the three dimensions—SSD, MCD, and VAD.

Table 1. Spatial Friendliness Index (SFI) distribution of patient rooms.

Rﬁﬁ_m SSD MCD VAD R SSD MCD AD
601 39493  0.9026 35.6826 610  4.0856 03154 17.3341
602 40177  1.1037 34.2677 611  4.6809 009388 14.3937
603 50008  0.7920 31.4747 612  4.0968 0.7796 13.5021
604 46325  1.1571 30.4958 613 41564 10132 11.0301
605 41224  0.7586 27.1503 614 45633 08143 10.8825
606 3.9344  0.9942 25.7897 615  4.0689 1.0386 12.2397
607 43787  0.2867 22.8699 616  3.8990 09052 13.8604
608 45573 0.4355 21.5654 617 43083 1.0066 16.1645
609 44815  0.1564 18.6684

SSD analysis. SSD values range from 3.8990 to 5.0008, indicating significant variation in
topological integration. Room 603 acts as the topological core (SSD=5.001), suggesting its potential
as a hub for cross-departmental collaboration. In contrast, Room 616 (SSD=3.899) is located at the
network periphery. Rooms with high SSD values (e.g., Rooms 603, 604, 608, 614) cluster in the
central ward zone, forming a core area with high collaboration potential, while low-SSD rooms
(e.g., Rooms 601, 606, 616) are pushed towards the periphery.

MCD analysis. MCD values fluctuate significantly from 0.156 to 1.157, confirming pronounced
inequity in visual coverage. Room 609 has the best monitoring condition (MCD=0.156), indicating
nearly unobstructed visual supervision from the nurse station. In contrast, Rooms 602, 604, and
615 are monitoring blind spots (MCD > 1.0), obstructed by dense partitions. Overall, MCD exhibits
a radial decay pattern from the nurse station. This finding suggests that in similar healthcare
layouts, the placement of functional partitions must be carefully evaluated to avoid disrupting
visual accessibility.

VAD analysis. The shortest path distance from patient rooms to the elevator lobby ranges from
10.88 meters to 35.68 meters, implying a potential disparity of over threefold in emergency
response routes. Room 614, adjacent to the elevator lobby, has the highest vertical accessibility
(VAD=10.88 m). In contrast, Room 601 at the ward terminus has the lowest (VAD=35.68 m). A
critical case is Room 604: although its straight-line distance to the elevator is short, the actual path
length is 30.5 meters due to obstruction by an equipment room. This confirms that in healthcare
spatial performance evaluation, topological path length is a more scientific criterion than

Eurasian Journal of Applied Engineering and Technology (EJAET) N93(156)/ 2026 11
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Euclidean distance.

The entropy weight method[14] is used to objectively determine indicator weights based on
data variation. The procedure includes normalisation, entropy calculation, and weight
normalisation.

The entropy weight method yields the following weights: MCD 48.30%, VAD 41.25%, and SSD
10.46%. This indicates that visual monitoring efficiency and vertical accessibility are the key
determinants of Spatial Friendliness in this case, outweighing planar topological integration.

The calculated SFI values are shown in Figure 3. The SFI values range from 0.8888 to 3.5837,
exhibiting a substantial range of 2.6949. This indicates extremely significant differences in the
comprehensive spatial performance among the rooms.
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Figure 3. Spatial Friendliness Index (SFI) values of patient rooms.

Based on SFI distribution, rooms fall into three tiers:

Tier 1 (SFI > 2.0): This tier contains only Room 609 (SFI=3.5837). Its SFI value is substantially
higher than the rest, exceeding the highest value in Tier 2 (Room 607, SFI=2.1737) by 64.9%. Its
exceptional performance is primarily attributed to its optimal monitoring coverage (best MCD)
and good vertical accessibility, establishing it as the absolute benchmark for comprehensive spatial
performance.

Tier 2 (1.0 < SFI < 2.0): This tier comprises 8 rooms (Rooms 607, 608, 610, 603, 605, 614, 612,
611), accounting for 47.1% of the total. The SFI values within this tier are relatively evenly
distributed but show noticeable internal variation, encompassing performance levels from upper-
medium to medium.

Tier 3 (SFI < 1.0): This tier includes the remaining 8 rooms (Rooms 602, 615, 613, 606, 604,
617,616, 601), also constituting 47.1% of the total. The SFI values in this tier are generally low and
concentrated, indicating that nearly half of the rooms are in a less ideal state regarding overall
spatial friendliness.

Simulation Results

To validate the simulation model, the baseline scenario (Exp-1, no cross-department
scheduling) was run and compared with actual hospital operational data. As shown in
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Table 2, the comparison of bed turnover rates for each department confirms the model's
accuracy in replicating real-world operations.

Table 2. Comparison of simulated and actual bed turnover rates for model validation.

Agreement
Level

High
Agreement

Basically
Accurate

Outliers

Discha Period Simulated Actual Relative  Absolut
Dept. annual
* ges turnover annual turnover error e error
turnover
D-1 1143 24.85 18.82 18.31 2.79% 0.51
D-4 1158 25.17 19.07 18.21 4.71% 0.86
D-7 738 16.04 12.15 12.38 1.84% 0.23
D-8 1178 25.61 19.40 19.30 0.50% 0.10
D-14 641 13.93 10.55 10.05 5.02% 0.50
D-15 1076 23.39 17.72 18.00 1.57% 0.28
D-2 796 17.30 13.11 14.58 0.10% 1.47
D-3 754 16.39 12.42 13.30 6.65% 0.88
D-9 754 16.39 12.42 13.53 8.24% 1.11
D-10 959 20.85 15.79 17.42 9.35% 1.63
D-13 1108 24.09 18.24 16.33 11.72% 191
D-5 1481 32.20 24.39 20.22 20.61% 4.17
D-6 1783 38.76 29.36 40.33 27.20%  10.97
D-11 822 17.87 13.54 16.85 19.67%  3.31
D-12 696 15.13 11.46 15.29 25.05%  3.83

Among the 15 departments, 11 (73.3%) had absolute errors within 11.8%, including six

departments with errors below 5.1% (D-1, D-4, D-7, D-8, D-14, D-15).

Table 3. Summary of key performance indicators: Exp-2 vs. Exp-1

Bed Utilisation Nur.nber of Avg. Patient
Rate Patients Bed Turnover Rate Waiting Time ()
Dept. Discharged &
Rate of
Exp-1 Exp-2 Exp-1 Exp-2 Exp-1 Exp-2 Change Exp-1 Exp-2
D-1 92.17% 95.33% 1143 1177 18.82 19.32 2.56% 72.76 2.02
D-2 86.68% 72.04% 796 800 13.11 13.13 0.17% 8.65 2.12
D-3 81.78% 91.13% 754 753 12.42 12.36 0.47% 152.21 2.09
D-4 78.64% 78.45% 1158 1160 19.07 19.04 0.16% 8.71 2.22
D-5 80.25% 92.15% 1481 1454 24.39 23.86 2.20% 167.83 2.30
D-6 69.43% 120/6'51 1783 3128 29.36 51.33 42.81% 2218.88 2.37
0
109.24
D-11 93.71% o 822 1105 13.54 18.13 25.36% 1274.14 2.19
0
121.68
D-12 7217% o 696 1084 11.46 17.79 35.58% 1753.39 2.07
0
E/Iee;‘trgs 82.46% 92.78% 1005 1164 1656 19.10 0.09 47658  2.14
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Four departments (D-5, D-6, D-11, D-12) showed larger errors (12%-27%), potentially due to
case mix differences. The validation confirms that the simulation model reliably replicates real
operational patterns.

Building upon the validated model, this study evaluated the full cross-departmental scheduling
strategy (Exp-2). As shown in

Table 3, Exp-2 achieved substantial improvements in resource utilisation, service throughput,
and patient experience.

Resource utilisation. Hospital-wide average bed utilisation rose from 82.46% (Exp-1) to
92.78% (Exp-2), indicating effective reduction of bed idle time. However, the improvement was
uneven: some departments (e.g.,, D-6 and D-12) exceeded 100% utilisation (up to 126.51%),
creating new operational bottlenecks.

Service throughput. Average patient throughput increased from 1005 to 1164 (+15.8%), and
annual bed turnover rose from 16.56 to 19.10 (+15.3%), demonstrating significantly accelerated
bed utilisation frequency.

Patient waiting time. Average waiting time dropped from 476.58 hours (Exp-1) to just 2.14
hours (Exp-2), a 99.6% reduction. This shows that full sharing virtually eliminates patient
boarding caused by departmental bed saturation.

Departmental variation. Turnover rate increases were highest in D-6 (+42.8%) and D-12
(+35.6%), consistent with their >100% utilisation. These departments acted as core resource pools
within the new scheduling paradigm.

Despite its theoretical efficiency, Exp-2 disregards clinical boundaries and creates local
overload, motivating the need for a limited collaboration scheme.

Using the limited collaboration framework (n=3), this study further introduced the Spatial
Friendliness Index (SFI) and staffing constraints to evaluate their nuanced impact on system
performance. As presented in Figure 4 and Table 4, the operational results of three progressively
optimised strategies were compared: Exp-3 (baseline with limited cross-departmental scope),
Exp-4 (adds SFI-based allocation), and Exp-5 (adds a three-nurse load threshold to Exp-4).
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Figure 4. Comparison of Spatial Friendliness Index (SFI) under different scheduling
strategies.

In terms of hospital-wide overall performance, the three optimisation strategies demonstrated
comparable operational efficiency and scheduling intensity, but exhibited key differences in Spatial
Friendliness.

Exp-3 and Exp-4 had identical waiting time (6.38 h) and scheduling frequency (712.9). Exp-5
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reduced scheduling frequency to 693.9 but slightly increased waiting time to 6.60 h. For SFI, Exp-4
achieved the highest hospital-wide average (1.44), compared to 1.35 in Exp-3. Exp-5 had a similar
SFI (1.43), indicating that the personnel threshold did not compromise spatial friendliness.

Department-level analysis shows that SFI-based allocation improved bed-patient matching
without changing operational metrics. Although waiting times and scheduling frequencies were
identical between Exp-3 and Exp-4, Exp-4 achieved higher average SFI values for most
departments (e.g., D-1). This confirms that the SFI-based algorithm consistently selects spatially
superior beds among operationally equivalent options.

Table 4. Summary of waiting time and cross-department scheduling
Avg. Patient Waiting Time (h) Cross-Department Scheduling
Exp-2 Exp-3 Exp-4 Exp-5 Exp-2 Exp-3 Exp-4 Exp-5
D-1 2.02 3.02 3.02 2.98 1028 346 346 371
D-2 2.12 7.15 7.15 6.75 682 554 554 532
D-4 2.22 7.59 7.59 8.00 942 862 862 838
D-5 2.30 15.40 1540 16.22 1152 909 909 891
D-6 2.37 4.57 4.57 4.98 2465 2077 2077 2031
D-11 2.19 11.86 11.86 10.84 654 723 723 684
D-12 2.07 5.68 5.68 5.86 654 565 565 564
Mean () 2.14 6.38 6.38 6.60 823.07 71293 71293 693.86
The personnel threshold (Exp-5) reduced scheduling frequency for departments frequently
used as receivers (e.g., D-2, D-4, D-5), decreasing total scheduling instances. This confirms that the
threshold acts as a safety valve, preventing staff shortages at the cost of a marginal waiting time
increase.

Dept.

Conclusion

Interpretation of SFI Results

The SFI assessment reveals inherent trade-offs among spatial performance dimensions.
Maximising planar integration (SSD) may compromise vertical accessibility (VAD), as seen in
rooms with high SSD but poor elevator access. Conversely, good VAD can compensate for lower
SSD, offering advantages in infection control and process compliance.

A similar trade-off exists for monitoring coverage (MCD). High MCD values indicate monitoring
blind spots that increase nursing workload, while low MCD values enable unobstructed visual
supervision, confirming the critical role of visual accessibility in patient safety.

The entropy weight method objectively determined indicator weights: MCD (48.30%), VAD
(41.25%), and SSD (10.46%). This weighting reflects that variation in visual monitoring efficacy is
most pronounced, aligning with the safety principle that unobstructed monitoring takes
precedence over planar circulation efficiency.

The composite SFI effectively integrates these conflicts. Rooms near the nurse station with
convenient vertical access achieve the highest SFI, while rooms with high SSD but poor VAD rank
lower. This validates the need for multi-dimensional weighted assessment.

Interpretation of Simulation Results

Exp-2 demonstrates that breaking departmental barriers enables flexible resource
reallocation based on real-time demand. Hospital-wide average bed utilisation increased from
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82.46% to 92.78%, throughput rose by 15.8%, and waiting time dropped from 476.58 hours to
2.14 hours (a 99.6% reduction). This confirms that cross-departmental scheduling can virtually
eliminate patient boarding caused by local bed saturation.

However, Exp-2 also created new problems: some departments exceeded 100% utilisation (up
to 126.51%), indicating overload and sustainability risks. Moreover, full sharing disregards clinical
boundaries and increases managerial complexity, making it impractical for real-world
implementation.

To overcome Exp 2's limitations, three progressive strategies were evaluated:
e Exp 3 (whether to share): limiting sharing to three departments increased waiting
time from 2.14 h to 6.38 h but reduced scheduling instances by 13.4%, substantially
lowering complexity at an acceptable efficiency cost.
e Exp 4 (how to share): adding SFI-based allocation achieved identical operational
performance to Exp 3 but improved average SFI from 1.35 to 1.44 (+6.7%), enhancing
spatial quality without additional scheduling overhead.
e Exp 5 (when to share): adding a load-aware threshold further reduced scheduling
instances to 693.9, with only a slight waiting time increase to 6.60 h, improving
robustness and clinical acceptability.

Exp 4 and Exp 5 represent two distinct optimisation directions: quality enhancement (Exp 4)
versus managerial robustness (Exp 5). Both provide feasible best practice options between the
theoretical optimum (Exp 2) and basic feasibility (Exp 3).

Implications, Limitations and Future Research

Implications for practice. For hospital designers, the SFI system provides a prospective tool to
evaluate spatial layouts before construction, helping to establish high-resilience spatial
foundations from the outset. For hospital managers, the optimised scheduling logic can be directly
integrated into centralised bed management systems, enabling refined and intelligent bed
allocation.

Theoretical contribution. At a broader level, the decoupled optimisation framework—
addressing "whether, how, and when to share"—offers a new perspective for resource allocation
in complex systems beyond healthcare, such as emergency services or supply chain management.

Limitations and future work. This study focuses primarily on physical spatial attributes. Future
research could incorporate environmental psychology factors (acoustics, lighting, thermal
comfort) to construct a more comprehensive healing environment framework. The analytical scale
could also be expanded from a single floor to three-dimensional vertical spatial networks across
entire buildings.

Finally, our conclusions are drawn from a typical standardised nursing unit with multi-bed
rooms—a common configuration in China. Generalisability to single-bed room systems (prevalent
in other healthcare systems) requires further validation through case studies in diverse hospital
settings.
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Abstract. The Miiller-Breslau closed-form coefficient Kp(¢, o, B, 8) is the
standard design tool for cohesionless backfill, yet it overestimates passive
resistance severely at high wall friction, and its validity domain has never been
mapped systematically. Direct numerical minimization of the Coulomb trial
wedge reproduces the closed form to machine precision over 45948 admissible
combinations (¢ = 20-50°), so its difference from Sokolovski's method of
characteristics isolates the planar failure-surface error. The closed form
diverges exactly on the locus @+6+B-a = 90°, where the admissible fan of trial
planes closes, although the exact resistance stays finite. The error is unsafe in
99.6% of cells and scales with the margin € = 90°-(¢@+6+B-a): median
overestimation grows from about 2% for € > 50° to over 50% for € < 20°,
reaching factors of 1.5-5 at 6=¢. Log-spiral, lower-bound, and finite-element
limit-analysis bracketing (330 cases, 92.4% within £1%) and the Kérisel-Absi
tables confirm this. The results are condensed into applicability maps with safe,
caution, significant-error, and degenerate zones.
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Introduction
The determination of passive earth resistance is a classical problem of soil mechanics whose

most influential formulation remains the wedge solution of Coulomb [1]. Its generalization to an
inclined wall, sloping backfill and wall friction, given in closed form by Miiller-Breslau [2], is the
standard closed-form design expression for cohesionless backfill: it appears in identical or lightly
modified form in textbooks and numerous national standards, and — through the Mononobe-
Okabe extension — in Annex E of Eurocode 8, while Annex C of Eurocode 7 replaces it for the
passive case by charts and procedures based on curved slip surfaces — an implicit
acknowledgement of the planar-surface error that this study quantifies. The formula expresses the
passive earth pressure coefficient Kp as an explicit function of four angles — the soil friction angle
¢, the wall inclination «, the backfill slope 3 and the wall friction angle 6 — obtained analytically
from the stationarity condition of the resistance with respect to the inclination p of a planar trial
failure surface.

Two distinct questions accompany any closed-form limit-equilibrium solution: over what
parameter domain is the expression valid, and how large is the error introduced by its mechanical
idealization? For the passive Miiller-Breslau formula, both questions are considerably more acute
than for its active counterpart. The planar assumption is known to overestimate passive resistance
— an error on the unsafe side wherever the passive resistance is relied upon — and textbooks
accordingly warn against the formula for wall friction beyond roughly § > ¢/3, recommending
curved-surface tables instead [3], [4], [7]- The warning, however, is qualitative: no systematic map
exists showing where in the (¢, a, 3, §) space the formula is acceptable, how fast it degrades, and
where it fails outright. Such outright failure indeed occurs: unlike the active coefficient, which
remains finite over its entire algebraic domain, the passive coefficient grows without bound (Kp —
o) as the square root in the denominator of (1) approaches unity. This degeneracy has no
counterpart in the active case; it is usually mentioned only as an algebraic curiosity and has, to the
authors' knowledge, never been mapped, explained mechanically, or connected to the behaviour
of the underlying wedge mechanism.

The error of the planar failure surface in the passive case has a long history. Rigorous reference
solutions are provided by the method of characteristics of Sokolovski [5], whose framework
continues to be applied to passive earth pressure problems [14], [19], and by the log-spiral tables
of Caquot and Kérisel [6] and Kérisel and Absi [7], which remain the reference of record in design
practice. Within limit analysis [8], kinematic (upper-bound) solutions with translational
multiblock and rotational log-spiral mechanisms [9], [10], [24] and static (lower-bound) stress
fields — most notably the closed-form solution of Lancellotta [11] — bracket the exact collapse
load, and modern finite-element limit analysis provides tight numerical bounds for arbitrary
geometries [13]. The slip-line framework has been extended to critical slip fields for both limit
states [15], general wall and backfill geometry [16], [17], c-¢ and seismic conditions [18], [19],
and axisymmetric and kinematic variants [20]-[23]. From these comparisons, it is generally
accepted that Coulomb-type solutions may overestimate passive resistance drastically — by a
factor of two to three at 6 = ¢ [7], [8]. However, published comparisons typically report differences
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between complete computational chains — different numerical methods, discretizations and sign
conventions — so that the contribution of the planar surface itself is not cleanly isolated; and the
divergence of the closed form is treated as a boundary of the tables rather than as a phenomenon
with a mechanical meaning of its own.

The present paper addresses both questions in the unified computational framework
developed for the active case in a companion study [25]. First, the admissible domain of the passive
Miiller-Breslau formula is mapped over the practical range ¢ = 20-50°, covering the full physical
ranges of o, 3 and §, and the degeneracy is characterized analytically: a trigonometric identity is
derived showing that the radicand reaches unity exactly on the locus @ + 6 + f = a = 90°, which is
simultaneously the configuration at which the singular direction of the trial-wedge problem
reaches the backfill surface and the admissible fan of trial planes closes — the divergence of the
formula and the disappearance of the wedge mechanism are one and the same event. Second, the
closed form is verified against direct numerical minimization of the Coulomb trial wedge,
formulated with two admissibility conditions that are seldom stated explicitly: the geometric
bound p > 3 and the singular-direction bound p < psing = 90° - ¢ - & + «, beyond which the force
polygon admits only non-physical solutions. The agreement to machine precision over all 45 948
combinations of the parametric (¢, o, B, 8) grid defined in the Methodology establishes that the
difference between the Miiller-Breslau solution and the method of characteristics is a pure
measure of the planar failure-surface error. This error is then quantified over the whole parameter
space with a validated passive slip-line solver, cross-checked by an independent rotational log-
spiral upper-bound mechanism and by the static lower bound of Lancellotta — so that the exact
coefficient is bracketed from both sides — and anchored to the Kérisel-Absi tables. The results are
condensed into applicability maps that divide the parameter space into zones of safe application,
caution, significant error, and the degenerate zone in which the closed form yields no prediction
although the exact resistance remains finite. All results can additionally be explored through
interactive web applications provided as supplementary material.

The methodology
The Miiller-Breslau closed form and sign conventions
The geometry and sign conventions used throughout this paper are defined in Figure 1 and are

identical to those of the companion active-case study [25], with one difference dictated by the
passive kinematics: the wall friction angle 6 is positive when the soil rises relative to the wall, as it
does when passive resistance is mobilized. The wall face is inclined at a to the vertical (positive
when the soil rests on the inclined face), and the backfill surface at 8 to the horizontal (positive
upward away from the wall). The passive earth pressure coefficient is given by Miiller-Breslau [2]
as

Kp = cos?(¢ + &) / { cos®a - cos(a - &) - [1 = \[( sin( + 8)-sin(q + B) / (cos(a - §)-cos(a - B)) )]* }

(1)

and defines the total passive resistance per unit length of wall,
Pp=%-Kp-y-H? (2)
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where y is the unit weight of the backfill and H the vertical height of the wall; the factor cos*a
accounts for the increased length of the inclined face. The resultant acts at the angle & to the normal
of the wall face, on the opposite side of the normal than in the active case, so that the horizontal
and vertical components follow as

Prn=Pp-cos(6-a), Pv=Pp-sin(6-a) (3)

For o = 0, these reduce to the familiar cos 6 and sin 6 decomposition. Eq. (3) gives the
components of the resultant exerted by the soil on the wall, with positive Pv acting upward along
the face for § > a; the wall exerts an equal and opposite force on the soil wedge (Figure 1) — the
sign convention affects Pv only, the cosine in Pn being an even function. For inclined walls, the use
of cos & alone is a common source of error, as is the confusion between Kp and the horizontal
coefficient Kph = Kp-cos(6 — ) tabulated by some references. Expression (1) is real-valued for 8 =
- and 6 = -, with the additional requirements a — 6 < 90° and |a - | < 90° for the cosines in the
denominator to remain positive. Unlike the active coefficient, however, the passive expression
possesses an interior singularity: when the radicand approaches unity, the denominator of (1)
vanishes and Kp — . The location and mechanical meaning of this degeneracy are established in
the Results.

planar trial
failure surface

force polygon

Pp

Figure 1. Definition of the geometry, sign conventions and forces of the passive Coulomb
trial-wedge problem. All angles are shown in their positive directions; the trial-plane inclination
p is measured from the horizontal at the wall heel, with the admissible range 8 < p < psing; the
singular direction psing = 90° — ¢ - 6 + a is marked in red. The force polygon is drawn for the
wedge: the wall transmits to the wedge a force equal and opposite to the passive resultant Py.

Direct numerical minimization of the Coulomb wedge
Independently of (1), the passive resistance was computed by direct numerical minimization

of the Coulomb trial-wedge problem. For a planar trial surface inclined at p to the horizontal and

passing through the wall heel (Figure 1), the equilibrium of the wedge under its weight W, the

reaction R on the slip plane (inclined at ¢ to the plane's normal, opposing the upward motion of
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the wedge) and the thrust transmitted by the wall (inclined at § to the face normal, equal and
opposite to the passive resultant Pp) yields the resistance E(p) in closed form from the force
polygon; the passive resistance is P, = min E(p). Written as a coefficient, the trial-wedge resistance
takes the compact form
Kv(p) = cos(a - B)-cos(p - a)sin(p + @) / [ cos®asin(p - B) cos(p +p +5-a) ] (4)

Two admissibility conditions, seldom stated explicitly in the literature, are essential for a
robust numerical treatment — and far more restrictive than their active counterparts. First, the
trial plane must emerge above the backfill surface, p > 3; as p — 3 the wedge grows without bound
and (4) diverges. Second, the trial plane must remain below the singular direction,

p<psing=90°-¢p-6+a  (5)

at which the wall and slip-plane reactions become parallel: the last cosine in the denominator
of (4) vanishes, the force polygon degenerates, and for p > psing equilibrium admits only non-
physical solutions with negative force magnitudes. In the active case, the singular direction lies at
the outer boundary of the parameter space and merely requires the compression check R = 0; in
the passive case, the fan (3, psing) of admissible trial planes narrows rapidly with growing ¢, 6 and
B and with decreasing a, and its width practically defines the usable domain of the wedge model.
Since the objective function of the minimization, Kp(p) in (4), is defined only on the fan and is
infinite outside it, standard derivative-free bracketing minimizers (golden-section search with
successive parabolic interpolation, i.e. the Brent family) fail on the resulting plateau; the
minimization was therefore carried out by a dense uniform scan of the admissible fan followed by
parabolic refinement, which resolves the minimum to machine precision (verified against an
independent implementation to within 5-107*° relative on a 26-point control table). One further
implementation detail deserves emphasis: for < 0 near the degeneracy locus, the critical
inclination itself becomes negative — the critical plane dips below the horizontal (for example, pcr
=-4.8°at @ =45°% a=0°  =-10° & = 44°) — so that a search restricted to p > 0, as is natural in
the active case, silently returns a wrong optimum, in the quoted example 232% above the true one.

Reference solution: method of characteristics
Rigorous reference values were computed with a slip-line solver implementing Sokolovski's

method of characteristics for the passive limit state of a cohesionless soil with self-weight [5]. The
governing hyperbolic system is integrated along the two characteristic families, marching from the
stress boundary condition on the backfill surface toward the wall, with the free parameter
iteratively adjusted until the wall friction condition is satisfied. Depending on the parameter
combination, the solution takes one of three structures, illustrated in the companion active-case
study [25] and in Sokolovski's monograph [5]: (A) a continuous field; (B) a field containing a stress
discontinuity; or (C) a degenerate single-zone Rankine-type field when the wall condition is fully
consistent with the surface condition. On the parametric grid described below (56 364 cells, of
which 770 with |B| = ¢ are physically inadmissible and 13 did not converge, see the Parametric
study subsection), the 55 581 converged solutions divide into 46 339 of structure A, 9 194 of
structure B and 48 of structure C; the structure-C cells are confined to the corner of positive wall
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inclination with nearly full wall friction (a = +10°, §/¢ = 5/6), and it is precisely there that the
planar-surface error nearly vanishes (median -0.3%).

The solver was validated in six independent ways. First, for the frictionless vertical wall with
horizontal backfill, it reproduces the Rankine value K; = tan?(45° + ¢/2) to within 0.036% over ¢
= 20-50°. Second, its results respect the kinematic theorem: all 35 tabulated upper-bound
coefficients of Soubra [24] (translational multiblock mechanism, ¢ = 15-45°, 6/¢ = 0-1, vertical
wall, horizontal backfill) bound the present solutions from above, with the ratio Kpsox/Kpus
decreasing smoothly from 1.000 at 6 = 0 (both methods exact) to 0.904 at ¢ = 45°, 6 = @ —
consistent with the roughly 12% gap between that mechanism and the Caquot-Kérisel tables
reported by Soubra himself. Third, at the classical anchor point ¢ =30°, a==0, § — @, the solver
yields Kp = 6.54, against approximately 6.55 read from the Kérisel-Absi tables [7]. Fourth, as
reported in the next subsection, the solution is bracketed from both sides by an independent upper
and lower bound at every verified point. Fifth, the entire rough-wall branch 6 = ¢ was compared
with the Kérisel-Absi log-spiral tables [7] over all six friction angles and eleven wall inclinations
(66 combinations, converted between normalisations by Kp = Kp,k-a/cos®a): the median difference
is =0.1%, and all readings agree within 2% except a single one at the two-digit resolution limit of
the table. Sixth, as described in the following subsection and in the Results, the solution was
bracketed by rigorous finite-element limit-analysis bounds over a 330-case verification matrix.
Direct comparison with Sokolovski's own tabulated passive examples is not possible without
extension of the present framework, since those examples include a surface surcharge [5]; this
extension is left for future work. The mobilized wall friction is capped at the value consistent with
the characteristic field (6mob < 8); the cap was active in only 48 cells of the grid, all flagged —
precisely the 48 structure-C cells.

Independent verification: rotational log-spiral upper bound and a static lower bound
As an independent cross-check of the characteristics solution, the passive resistance was

additionally bracketed from both sides. From above, a rotational log-spiral mechanism was
constructed in the framework of the kinematic theorem of limit analysis [8], [10], mirroring the
active-case implementation [25]: a rigid region bounded by the wall face, the backfill surface and
a log-spiral slip surface through the wall heel rotates about a center whose two coordinates are the
optimization variables; the spiral pitch equals tan ¢, so that the velocity jump is inclined at ¢ to
the surface and no internal energy is dissipated in the cohesionless soil. The resistance follows
from the balance of the work rates of gravity and of the wall reaction, assumed to act at the lower
third of the face at the angle & to its normal, and is minimized over the position of the rotation
center. Since the planar wedge is the limiting member of this family as the center recedes to
infinity, the mechanism yields KpLs < Kpm, while the kinematic theorem guarantees Kp s = Kp,exact
for the passive problem; the mechanism therefore brackets the exact coefficient from above while
undercutting the planar solution, and provides a one-sided check on the characteristics solution
that does not depend on its implementation. The implementation reproduces the Rankine value to
within 0.01% in the smooth-vertical-wall limit. From below, the closed-form static solution of
Lancellotta [11], derived from a statically admissible stress field with a stress-fan rotation between
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the backfill and the wall, provides a rigorous lower bound for the vertical wall with horizontal
backfill:
KpL = [cos 6 + \/[Sin2<p -sin?5)] / (1 - sin @) - exp(20-tan @), 20 =6 +arcsin(sin 6 /sinp)  (6)

written here for the resultant coefficient. Together, the two bounds enclose the exact coefficient in
the sandwich KpLs < Kpexact < KpLs, with the characteristics solution expected to fall inside the
bracket and the Miiller-Breslau value above its upper end wherever the planar error is significant.
This bracketing, verified numerically at every control point in the Results, is the passive-case
counterpart of the ordering MB < LS < SOK observed in the active study — with the direction of
every inequality reversed.

Verification by finite-element limit analysis
Finally, the slip-line solution was verified against independent finite-element limit analyses

(FELA) performed with OPTUM G2 [27]. FELA computes rigorous lower-bound (LB) and upper-
bound (UB) estimates of the collapse load for an associated Mohr-Coulomb material; since the slip-
line solution addresses the same idealised problem (associated flow, rigid wall, full mobilisation of
wall friction), the exact coefficient must satisfy Kp,Ls < Kpsox < Kp,us at every point. The verification
matrix comprised the full factorial grid of six friction angles ¢ = 20-45° (step 5°), five friction ratios
6/9€{0,1/3,1/2,2/3,1} and eleven wall inclinations o = -25...+25° (step 5°) at horizontal backfill
(B=0) — 6 x5 x 11 = 330 combinations — with y = 20 kN/m?® and H = 1 m, deliberately including
the seventeen combinations beyond the degeneracy locus, where the closed form yields no
prediction at all.

Each case was modelled as a rigid, weightless block adjoining the soil, with the wall face
represented by a rigid plate and a Mohr-Coulomb interface whose strength-reduction factor was
set to r = §/¢; the block was restrained against vertical translation and rotation and pushed
horizontally by a unit multiplier load, so that the collapse multiplier equals the horizontal
component Pn = Pp:cos(d - a) of the passive resultant. The wall-modelling approach follows
Schmiidderich et al. [26]. Both bounds used 10 000 target elements with five (near the degeneracy
locus, eight) cycles of adaptive mesh refinement under shear-dissipation control and mesh fans at
the wall heel and crest. A prescribed-traction formulation (a distributed load applied directly to
the soil boundary, inclined at 6 to the face normal) served as a cross-check for 6 /¢ < 2/3; for 6 =
@, that formulation places the boundary traction exactly on the Mohr-Coulomb yield cone and the
lower bound degenerates, which is why the rigid-block model was adopted throughout. The
outcome of the 330-case programme is reported with the other verifications in the Results.

Parametric study and applicability classification
The parametric grid covers ¢ from 20° to 50° in steps of 1°, a € {-25, -20, ..., +25}°, B from

-25°to ¢ - 2.5° in steps of 2.5° and & from 0 to ¢ in steps of ¢/6 — in total 56 364 combinations.
Cells with |B] = @ (770) violate the natural stability limit of a cohesionless slope and are excluded
as physically inadmissible regardless of the calculation method. The corner 8 = ¢, at which the
radicand of (1) is evaluated on the boundary of its domain, is computed at 6 = ¢ — 0.05° and flagged
(8 052 cells). Cells on or beyond the degeneracy locus, € = 90° - (¢ + 6 + B — a) < 0, at which the
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closed form yields no prediction, are flagged as the degenerate zone D (9 646 cells) — and the
characteristics solver is run there regardless, successfully in 9 645 of them. Overall, 55 581 cells
(98.61%) yielded a converged characteristic solution; of the non-converged remainder, only 13
cells (0.02% of the grid) represent genuine non-convergence, 11 of them on the steepest
admissible backfill line and two isolated cells at high wall friction. For each cell with a defined
closed-form value, the relative difference A = (Kp,sok — Kp,mB) /KpMmB is evaluated, and the parameter
space is classified into zone A, |A| < 2%, in which the planar-surface error is below the practical
uncertainty of determining ¢ itself; zone B, 2% < |A| < 5%, comparable to the margins implied by
partial safety factors; zone C, |A| 2 5%; and zone D, the degenerate region without a closed-form
prediction. The thresholds are identical to those of the active study [25], so that the two maps are
directly comparable. Interactive web applications through which the complete parameter space
can be explored are provided as supplementary material.

Findings/Discussion
Equivalence of the closed form and the numerical wedge optimum
Over all 45 948 grid cells at which the closed form is defined, expression (1) and the direct

numerical minimization of the constrained trial wedge (4) agree to within 107'° % — machine
precision (maximum relative deviation 9.9-107** %). No parameter combination was found within
the physical domain at which the constrained minimum falls on a boundary of the admissible fan
(B, psing) rather than at the interior stationary point; the closed form and the constrained numerical
optimum are therefore computationally interchangeable, and the breakdown of the Miiller-Breslau
solution occurs exclusively on the degeneracy locus, not inside the domain. This equivalence is the
key that unlocks the remainder of the paper: since the closed form is an exact evaluation of the
planar-wedge model, any difference between it and a rigorous solution measures the planar-
surface assumption alone. The behaviour of Kp over the (3, §) plane for successive wall inclinations
is shown in Figure 2, in which the degeneracy locus appears as the straight line 6 =90° + a - 3 - ¢;
the assembled three-parameter function Kp(«, 3, §) can be explored in the interactive applications

provided as supplementary material.
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Figure 2. Miiller-Breslau coefficient Kp([3, §) at constant wall inclination a (example shown
for ¢ = 30°), with the degeneracy locus ¢ + 6 + 8 = « = 90° (red line) and the slope-stability
boundary 8 = ¢ (dashed) marked.
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The singular direction, the critical plane, and the degeneracy Kp — o The location of the
degeneracy admits an exact characterization. Substituting the singular direction (5) into
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elementary trigonometric identities yields

sin(g + 6)-sin(e + ) — cos(a - §)-cos(a - B) = —cos(¢p + a)-cos(p + 5+ - a) (7)
so that the radicand of (1) equals unity exactly when cos(¢ + 6 + f — «) = 0, i.e. on the locus @

+ 6 + 3 — a=90° (the factor cos(¢ + a) does not vanish in the physical domain). On the same locus,
psing = B: the singular direction coincides with the backfill surface, and the admissible fan of trial
planes (3, psing) closes to zero width. The divergence of the closed form and the disappearance of
the wedge mechanism are therefore one and the same event — a coincidence with no counterpart
in the active case, where the coefficient remains finite while the wedge merely grows unbounded
at B — @. Identity (7) follows in three lines from the product-to-sum and sum-to-product
expansions and was additionally verified numerically to machine precision. Near the locus the
divergence follows the asymptotic law Kp « £72, with
sin’e - Kp = 4-cos(a - 6)-cos’(a - B) / cos’a as €0  (8)

where € =90° - (@ + 6 + B — a) is the margin to the locus; the margin will prove to be the single
parameter that organizes the entire error landscape. Figure 3 maps the critical plane inclination
pcr(p, 8): as the locus is approached the fan narrows, pcr is driven toward the lower admissibility
bound 3, and for 8 < 0 the critical plane dips below the horizontal, as noted in the Methodology.
Beyond the locus lies the degenerate zone D — 17.4% of the physically admissible grid — in which
the formula yields no prediction at all while the exact resistance remains finite: the characteristics
solver converged in 9 645 of its 9 646 cells (the single failure, ¢ = 26°, a =-25°,=22.5°86 =2¢/3,
combines a backfill slope within 3.5° of the natural-slope limit with the strongest overhang), with
coefficients between 11.3 and 5 300 (median 81.4). At @ = 50°, a = =0, § = ¢, for instance, the
closed form has already diverged while the rigorous coefficient is 77.8 — and, as shown below, the
exact value there is provably confined to the interval [50.5, 89.7] by the two bounds.

35 40

= degeneracy locus £ =0

-— £=10° 35
30
30

25 25

20
20

15

6[°]
Per [°]

15
10

10

Figure 3. Critical failure-plane angle pcr(f3, 6) from the numerical wedge minimization
(example shown for ¢ = 35°, o = 0°). The full red line is the degeneracy locus € = 0; the dashed red
line marks the practical proximity contour € = 10°.
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Validation by rigorous bracketing
Table 1 assembles, for the vertical wall with horizontal backfill, the four solutions available in

this study: the Lancellotta lower bound (6), the method of characteristics, the rotational log-spiral
upper bound, and the Miiller-Breslau closed form. Three observations follow. First, at § = 0, all four
coincide with the Rankine value to four digits — the planar surface is then exact, and the agreement
validates the sign conventions of all implementations simultaneously. Second, the theoretical
ordering LB < SOK < LS < MB holds in every row without exception, as it does at every other point
verified in this study; the characteristics solution always falls inside the rigorous bracket. Third,
the bracket [LB, LS] is narrow where the closed form is accurate and remains moderate (width 15-
78% of the characteristic value) even at § = ¢, where the closed form has drifted far above it or
diverged entirely: at ¢ = 50°, § = ¢, the exact coefficient is confined to [50.5, 89.7] while the planar
theory offers no value at all.

Table 1. Bracketing validation for the vertical wall with horizontal backfill (a = $ = 0):
Lancellotta lower bound, method of characteristics, rotational log-spiral upper bound and Miiller-
Breslau closed form. 6 = ¢ evaluated at ¢ - 0.05°; '—' marks the degenerate case without a closed-
form value. Direct evaluation at § = ¢ exactly yields different values; for ¢ = 50°, 6 = ¢ the closed
form lies beyond the degeneracy locus, where blind evaluation returns a finite but spurious value.

No. o [°] S5/ Kp,LB (6) Kp,sox Kp,Ls Kpms (1)

1 20 0 2.040 2.039 2.039 2.040

2 20 1/2 2.515 2.559 2.568 2.635

3 20 1 2.871 3.043 3.126 3.519
(¢-0.05°)

4 30 0 3.000 3.000 3.000 3.000

5 30 1/2 4.439 4.614 4.649 4977

6 30 1 5.801 6.543 6.920 10.066
(©-0.05°)

7 40 0 4.599 4.599 4.599 4.599

8 40 1/2 8.916 9.667 9.815 11.771

9 40 1 14.382 18.112 19.981 91.704
(¢-0.05°)

10 45 0 5.828 5.828 5.828 5.828

11 45 1/2 13.602 15.281 15.615 21.379

12 45 1 25.449 34.897 39.412 3.72-10°
(¢-0.05°)

13 50 0 7.549 7.549 7.548 7.549

14 50 1/2 22.292 26.388 27.217 49.025

15 50 1 50.482 77.808 89.716 —
(¢-0.05°)

Planar-surface error across the parameter space
Table 2 gives the median of the relative difference A = (Kpsox — KpmB)/Kpms over the (a, f3)

plane for each combination of ¢ and §/; the median is reported because the distribution is heavy-
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tailed toward the degeneracy locus, so that the mean would be dominated by the divergent cells;
the tail is characterized separately below. Two observations organize the error landscape. First,
the difference is negative in 99.6% of all cells (maximum positive value +0.13%, within the
numerical noise of the comparison): the method of characteristics yields the smaller coefficient, so
the planar assumption errs on the unsafe side for passive resistance essentially everywhere — the
exact mirror image of the active case, and with far larger magnitudes. (One qualified region exists:
for 6 = 0 and a = +10° the finite-element verification reported below shows the planar mechanism
to be exact and the slip-line construction conservative, so the small differences there overstate the
planar error; the 6 = ¢ medians that dominate the practical conclusions are unaffected.) The
overall median is -10.7%; the median at full wall friction § = ¢ is —=33.6%, corresponding to a
median overestimation factor Kpms/Kpsok of 1.51, with the 90th percentile of that factor at 13 and,
in the band adjoining the locus (0 < € < 2°), values diverging without bound (median A there:
-99.6%). At the representative points ¢ = 20, 30, 40° (=3 = 0, 6 = @) the overestimation factors
are 1.16, 1.54 and 5.06 respectively, and at ¢ = 45° the closed form has left the physically
meaningful range altogether.

Second, no single input parameter governs the error. The medians of Table 2 grow with §/¢
(from -6.0% to -33.6% over the pooled grid) — but they grow comparably with the wall
inclination (from -5.1% at a = +25° to -36.6% at o = -25°), with the backfill slope, and with ¢. All
four trends collapse onto one when the error is plotted against the margine=90°- (@ +6 +  — a)
to the degeneracy locus, as summarized later in Figure 10a. How strongly € governs the error can
be stated in two ways. First, correlation: over the whole grid the Spearman rank correlation (a
measure of monotone association) between |A| and € is —0.83, while no individual parameter
exceeds 0.48 in absolute value (6/¢@: 0.27; a: =0.29; B: 0.48; @: 0.22) — the error follows the
combined margin, not any single angle. Second, the trend itself: the typical (median) error
decreases steadily as the margin grows — from essentially 100% for € < 2°, through 52% at e = 15-
20°,13.5% at £ =30-40° and 4% at £ = 40-50°, to about 2% beyond &€ = 50° — and within any given
e-band the spread between cells is small compared with this overall fall. The margin to the
degeneracy — not the wall friction as such — is the governing parameter of the passive planar-
surface error, the structural counterpart of the wall-inclination dominance found in the active case
[25]. It also yields a one-line screening rule for practice: the closed form should not be trusted
beyond the few-percent level unless € exceeds roughly 45-50°.

Because the largest differences occur where any single numerical method might be suspected
of degradation, the characteristics solution was cross-checked at control points spanning the
parameter domain, including inclined walls and sloping backfill (Table 3), and along the full wall-
friction range 0 < § < ¢ at fixed ¢ (Figure 4).

Table 2. Median relative difference A [%] between the method of characteristics and the
Miiller-Breslau solution, over all wall inclinations and backfill slopes of the grid. Negative values:
the closed form overestimates the passive resistance. In the §/¢ = 0 column a part of the
difference at a > 0 reflects conservatism of the slip-line construction rather than planar-surface
error (family F1 of the finite-element verification).
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Independent verification: bounds, Kérisel-Absi tables and finite-element limit analysis

o] | 8/¢=0 1/6 1/3 1/2 2/3 5/6 1
20 2.5 —2.6 3.0 -3.5 5.4 -8.6 —12.7
25 3.6 —4.0 —4.4 5.3 ~8.8 ~13.8 | -20.6
30 -5.0 -5.5 ~6.4 ~7.5 ~13.7 | -208| -304
35 ~6.1 ~6.9 —8.4 —12.7 | -21.0| -31.2| -433
40 7.6 8.7 -108 | -175| -291| -398]| -53.9
45 9.0 —101 | -123| -211| -321| -432| -60.0
50 ~10.1 “11.6 | -147| -229| -360| -496| -645

Table 3. Three-method comparison at control points spanning the parameter domain and the
full range of the planar-surface error: Miiller-Breslau (planar mechanism), rotational log-spiral
upper bound (LS), and method of characteristics (SOK). § = ¢ evaluated at ¢ - 0.05°; '—' marks

degenerate or physically meaningless closed-form values.

o o] | BTl 81 Kowms Kpis  [Kpsok (MB-SOK)/SOK|(LS-SOK)/SOK
[°] [%] [%]
300 0 0 15 4.977 4649 | 4614 | +7.8 +0.8
200 0 0| 20 3.519 3126 | 3.043 +15.7 +2.7
300 10 100 20 7.162 5996 | 5936 | +20.6 +1.0
40, 0 0| 20 11.771 9815 | 9.667 | +218 +1.5
30, -10 0| 20 9.663 7066 | 6896 | +40.1 +2.5
300 0 0 30 10.066 6920 | 6.543 +53.8 +5.8
500 0 0| 25 49.025 27.217] 26388 +85.8 +3.1
40, 0 0| 40 91.704 19981 18.112] +406 +10.3
40 -15 0| 267 128982] 23.991 22.802] +466 +5.2
45 0 100 30 426.155| 36.541] 35.006 +1117 +4.4
45 0 0| 45 372109 39412 34897 — +12.9
500 0 0 50 — 89.716| 77.808 — +15.3
300 -20] -25 20 2.891 2.872 2850 | +15 +0.8

The kinematic bound exceeds the characteristics solution by 0.8-15% — a wider one-sided
gap than the 0.2-2% observed in the active case, as expected for the passive rotational mechanism
— but the ordering never inverts, and the Lancellotta bound encloses the solution from below
wherever it applies. The decisive observation is method-independent: at ¢ =40°, a==0,6 = ¢,
the log-spiral upper bound alone is 19.98 against the closed-form 91.70 — the planar solution
exceeds a rigorous upper bound on the exact coefficient by a factor of 4.6, so its overestimation at
high wall friction is established without any reference to the slip-line solver. At the anchor point ¢
= 30° 8 = @, the characteristics value 6.54 agrees with the Kérisel-Absi tables (x 6.55) to 0.2%,
while the closed form gives 10.07.

The finite-element limit analysis programme provides the sharpest and most extensive test.
All 660 analyses (330 lower and 330 upper bounds) converged; the bound gap UB - LB, relative to
the bracket mean, had a median of 0.69%, a 95th percentile of 2.19% and a maximum of 8.73% (¢
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=45°, 8 = ). With a +1% numerical tolerance on the bounds, the slip-line coefficient fell inside the
FELA bracket in 305 of the 330 cases (92.4%), including 14 of the 17 combinations beyond the
degeneracy locus — the region where the Miiller-Breslau expression offers no prediction
whatever, and where the rigorous bracket now confirms the slip-line coefficients directly (Figure
5). The 25 exceptions form two sharply defined families, mapped in Figure 7, and both admit a
complete explanation.

=30, a=p=0 p=40°, a=p=0
I . 10° 4
10" 4 == Miiller-Breslau (planar)
== log-spiral upper bound
=&~ method of characteristics
=%=— Lancellotta lower bound
W Kerisel-Absi

6% 10°

K,

4x 100 10"

3x 100

070 012 0?4 0?6 0?8 l.‘O 0!0 0?2 014 0?6 0?8 l.‘O
Sl Sl
Figure 4. Wall-friction sweeps at a = 3 = 0 for ¢ = 30° and ¢ = 40° (logarithmic scale):
Miiller-Breslau closed form, rotational log-spiral upper bound, method of characteristics, and
Lancellotta lower bound; the star marks the Kérisel-Absi value at ¢ = 30°, § = ¢. The exact
coefficient lies between the green and orange curves; the red curve leaves the bracket as 6 grows.

The first family, F1 (21 cases), is the smooth wall inclined away from the backfill: § =0, a =
+10...+25°. There the planar Miiller-Breslau mechanism is the exact solution — in all 21 cases the
closed-form coefficient lies inside the FELA bracket, within 0.4% of its midpoint — while the
present slip-line implementation (the stress-jump construction, branch B) is conservative by 1.2%
(@ =20°a=+15°)up to 8.1% (¢ = 45°, a = +25°), the deficit growing systematically with ¢ and a
(Figure 6). This region is therefore not a limitation of the closed form but of the slip-line branch-B
construction, and it qualifies Table 2 as noted there: in the § = 0 column at o > 0 a part of the
tabulated difference reflects slip-line conservatism rather than planar-surface error. The practical
conclusions of this study, which are driven by the high-friction range, are unaffected.

The second family, F2 (4 cases), is the rough wall with strong overhang: § = ¢, a = -25°, ¢ 2
30°. There the FELA collapse load of a translating rigid wall exceeds the slip-line value by 1.3-5.3%.
Integration of the interface tractions shows the cause: under purely horizontal translation the
interface cannot mobilise the full § near the heel, where the pressure peaks, so the resultant is less
inclined than assumed (integrated 8mob ~ 33-37° instead of 45° at ¢ = 45°) and the horizontal
component — hypersensitive to dmob When |a - 8| approaches 70° (a change of 1° alters Pnh by about
1.6%) — rises above the classical value. The classical coefficients themselves are confirmed
independently in this region by the Kérisel-Absi tables; the discrepancy quantifies the kinematic
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reachability of the classical boundary condition, not an error of either method.

Passive coefficient, rough wall (6 = @), B = 0 — slip-line vs FELA bounds vs Miller-Breslau vs Kérisel-Absi
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Figure 5. Rough wall (6 = ¢, = 0): slip-line solution, rigorous FELA bracket (markers not to
scale — the percentages give the actual deviations of the lower and upper bound from the slip-
line value), Miiller-Breslau closed form and converted Kérisel-Absi values (circles); the dotted

vertical line marks the degeneracy locus € = 0. Beyond the locus the closed form yields no

prediction, while the slip-line coefficient remains finite and inside the bracket.

The comparison with the Kérisel-Absi tables [7] was accordingly extended from the single
anchor point to the entire § = ¢ branch. With the normalisation conversion Kp = Kpx-a/cos*\, A = a
(their coefficient acts on the face length), the 66 tabulated combinations (¢ = 20-45° «o =
-25...425° table § /¢’ = -1.00, B = 0) agree with the slip-line coefficients with a median difference
of -0.1% and within +2% everywhere except one reading (¢ = 35°, a = +25°: -=5.2%, at the two-
significant-digit resolution of the table); at ¢ = 45° the agreement is within +1.5% at all eleven
inclinations (e.g. a = —=25°: 136.4 against the converted 135.5; a = 0: 35.0 against 34.9). The active-
branch counterpart of the same comparison (90 tabulated combinations, §/¢ € {0, 2/3, 1}) agrees
to a median of -0.2%. Two fully independent methods thus confirm the present solver on both
limit states — in particular across the whole region where the Miiller-Breslau passive expression
is undefined.
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Smooth wall (6 = 0), B = 0 — planar (M-B) solution exact; slip-line branch B conservative for a > 0
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Figure 6. Smooth wall (6 = 0, § = 0): the planar Miiller-Breslau mechanism is exact — it lies
inside the FELA band throughout — while the slip-line branch-B construction becomes
conservative for o > 0 (family F1): at a = +25° the entire FELA bracket lies above the slip-line
value. The view is restricted to a = -5°; for smaller « the solutions are indistinguishable at this
scale. Bracket markers are not to scale; the percentages give the actual deviations from the slip-

line value.
Verification map, 330 cases: negative = slip-line below lower bound
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Figure 7. Verification map of all 330 FELA cases: deviation of the slip-line coefficient from
the rigorous bracket (0 = inside the bracket at +1% tolerance). The deviation families F1 (slip-
line branch-B conservatism, 6 = 0, a = +10°) and F2 (incomplete interface mobilisation, § = ¢, a =
-25°) are the only non-zero regions.
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Behaviour beyond the degeneracy locus: sensitivity to the sub-heel boundary
Beyond the degeneracy locus ¢ + & + 3 — o = 90°, the collapse mechanism no longer remains

confined between the wall face and the free surface: it dips below the plane of the wall heel and, if
soil is present there, engages material behind the plane of the wall (Figure 8). For the extreme cell
@ =45° 6 = @, a = -25° (¢ = -25°) the horizontal collapse load of the translating wall is 490-512
kN/m when the region below the heel is idealised as a smooth rigid boundary — the closest
analogue of the classical assumption — but 876-924 kN/m when a soil continuum is modelled
below and behind the heel: almost twice the classical Ph = 464.6 kN/m computed from the slip-line
coefficient, even though the magnitude of the total resultant remains close to the classical value. In
this region the passive resistance therefore ceases to be a property of (¢, o, 3, §) alone: it depends
decisively on conditions below the heel that the classical framework leaves unspecified. Together
with the incomplete wall-friction mobilisation of family F2, this constitutes a practical limitation
of the classical passive-pressure framework that is distinct from, and additional to, the formal
degeneracy of the Miiller-Breslau expression. These observations delimit, rather than resolve, the
sub-heel problem: the present study documents the sensitivity and identifies its mechanism, while
its systematic quantification — the roles of wall thickness, base contact and the shear transmissible
across the wall-soil interface — is deliberately left outside the scope of this paper and is the subject
of a dedicated follow-up study. All coefficients reported here for the degenerate zone therefore
refer to the classical configuration, with a rigid, smooth boundary at heel level.

Collapse mechanism extent (UB adapted-mesh refinement, element size < 0.2 m) — ¢ = 45°, 6 = ¢, a = —25°

(a) Smooth rigid boundary below the heel (baseline model)

-3 - T T T T T T

(b) Soil continuum below and behind the heel

y (m)

-2 0 2 4 6 8 10
x (m)

Figure 8. Collapse-mechanism extent for ¢ = 45°, § = @, a = -25°, reconstructed from the
adapted-mesh refinement: (a) smooth rigid boundary below the heel (the analogue of the
classical assumption); (b) soil continuum below and behind the heel. In case (b) the mechanism
extends about 1.6 m behind the plane of the wall (H = 1 m) and the horizontal collapse load

nearly doubles.

34 Ne3(156)/ 2026 Eurasian Journal of Applied Engineering and Technology (EJAET)



The Miiller-Breslau passive earth pressure coefficient: validity domain, degeneracy
and quantification of the planar failure-surface error

Applicability maps

The findings are condensed into the applicability maps of Figure 9, which classify the (f3, 6)
plane for each wall inclination into zone A (|A| < 2%), zone B (2-5%), zone C (= 5%), the degenerate
zone D without a closed-form prediction, and the excluded region || = ¢, in which a cohesionless
slope would exceed its natural angle of repose. The proportions contrast sharply with the active-
case maps [25]. Over the whole grid, zone A occupies 19.5% of the physically admissible cells, zone
B 10.4%, zone C 52.7% and zone D 17.4%. The safe zone is largest at low friction angle and positive
wall inclination — 53% of the plane at ¢ = 20°, a = +25° — and shrinks monotonically with growing
¢ and decreasing a, to 9.5% at ¢ = 50°, a = 0° and 2.4% at ¢ = 50°, a = -25° (Figure 10b); in the
active case the corresponding shares for near-vertical walls were 68-84%. The practical reading
is direct: the passive Miiller-Breslau formula is trustworthy only in the low-friction, low-slope
corner of the parameter space, far from the degeneracy locus; for the parameter ranges in which
passive resistance actually matters in design — dense soils, rough interfaces — a curved-surface
solution is required, and for a conservative closed-form alternative the Lancellotta bound (6) is
available at no computational cost.
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Figure 9. Applicability map of the passive Miiller-Breslau formula (example shown for ¢ =
30°): zone A (|A]| < 2%), zone B (2-5%), zone C (= 5%), zone D (degenerate — no closed-form
prediction), grey — unresolved cells, light grey — inadmissible || = ¢. The black line is the
degeneracy locus @ + 6 + § — a =90°.
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Figure 10. Summary over the friction-angle range: (a) median planar-surface error |A| as a
function of the margin € to the degeneracy locus, collapsing the «,  and § dependences onto one
curve per ¢ (logarithmic scale; dotted lines at 2% and 5%); (b) share of the safe-application zone
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A as a function of ¢ for each wall inclination a. At very large margins — reachable only for low §,
strongly descending backfill and « > 0 — the median difference grows again, now on the
conservative side (the branch-B region qualified at Table 2).

The results admit a transparent interpretation in the framework of the limit theorems [8]. The

Coulomb wedge is the simplest kinematic mechanism for the passive problem, and its exact
evaluation — the Miiller-Breslau closed form — is consequently a mechanism-based estimate
approaching the true resistance from above; the rotational log-spiral mechanism is a better
member of the same kinematic family and lies between; the Lancellotta stress field approaches
from below; and the method of characteristics, constructing a complete stress solution, falls inside
the bracket. The ordering LB < SOK < LS < MB observed at every verified point of Tables 1 and 3 is
exactly the prediction of the theorems, with every inequality reversed relative to the active case.
Within this picture, the machine-precision agreement between the closed form and the
constrained numerical wedge is not a mechanical result but an essential verification: it certifies
that the entire difference reported in Tables 2-3 belongs to the failure-surface geometry, and not
to the algebra or numerics of the wedge model.

The governing role of the margin € has a simple geometric explanation. The admissible fan of
trial planes is (f3, psing), and its angular width is precisely &. When the fan is wide, the planar
optimum sits far from the singular direction, the true slip surface is gently curved, and the wedge
estimate is adequate. As the fan narrows — whether by increasing 6 or 3, by decreasing a, or by
increasing ¢, all of which enter € with equal weight — the critical plane is displaced toward the
singular direction, along which the wall and slip-plane reactions are parallel and the planar model
can balance the wedge only at rapidly growing force magnitudes; the true mechanism escapes this
geometric trap by curving, which the planar surface cannot do, and the error grows without bound
as € — 0. This also explains why no individual parameter dominates: the error is a function of the
aggregate ¢ + § + 3 — o far more than of its components. In the active case, the corresponding fan
is wide throughout the practical domain, the singular direction is reached only at the boundary of
the practical domain, and the error structure is instead governed by the wall inclination [25]; the
two papers thus identify two different geometric mechanisms by which the same planar
idealization fails.

The practical implications are direct, and they are more severe than in the active case because
passive resistance is a stabilizing quantity: overestimating it reduces real safety margins wherever
passive earth pressure is relied upon — embedded retaining walls below the excavation level,
anchor blocks and deadman anchors, thrust blocks, bridge abutments, and the toe resistance of
gravity structures. In the parameter ranges typical of such applications (dense granular soils, ¢ 2
35°, cast-against or rough interfaces with 6 = 2¢/3), Table 2 shows median overestimations of 20-
50% and the maps of Figure 9 place virtually the whole region in zones C and D. Three graded
recommendations follow. First, the closed form may be retained where the margin € exceeds
roughly 45-50°, which in practice confines its use to low friction angles and low wall friction, with
unfavourable geometries (strongly negative «, steep backfill) excluded by an explicit check of the
margin €. Second, wherever ¢ is smaller, a curved-surface solution — the Kérisel-Absi tables [7], a

36 Ne3(156)/ 2026 Eurasian Journal of Applied Engineering and Technology (EJAET)



The Miiller-Breslau passive earth pressure coefficient: validity domain, degeneracy
and quantification of the planar failure-surface error

characteristics or finite-element limit analysis computation [13], or the log-spiral mechanism —
should replace it; the present maps quantify the error committed if it is not. Third, when a closed-
form expression is wanted, the Lancellotta bound (6) is itself one; it is rigorous, and it errs on the
safe side by construction; for the vertical rough wall it reproduces the exact coefficient within 11-
35% from below over the whole friction range examined here, against unbounded overestimation
from above by the wedge formula. The degenerate zone D deserves separate emphasis: it is not an
exotic corner but 17.4% of the physical grid; it includes routinely specified combinations such as
@ =50° &8 = @ on a vertical wall, and within it the formula produces either absurdly large values
just before the locus or nothing at all beyond it — while the exact coefficient is finite, computable,
and in this study bracketed to within tens of percent.

Two numerical by-products deserve emphasis because they affect anyone re-implementing
the passive wedge optimization, including in teaching. First, since the objective function of the
minimization, Kp(p) in (4), is defined only on the fan (3, psing) and grows without bound at both
ends, bracketing scalar optimizers silently fail on the infinite plateau; a dense constrained scan is
required. Second, the search interval must be anchored at 3, not at zero: for 3 < 0 near the locus,
the critical plane dips below the horizontal, and a search over p > 0 returns values grossly in error
(232% in the example quoted in the Methodology) while appearing perfectly converged. Both
failure modes produce plausible-looking coefficients and neither condition is stated in the
standard derivations [2], [3]. The margin & computable in one line, is the natural guard:
implementations should refuse, or at least flag, evaluations at small € — which is precisely where
naive optimizations misbehave and where the formula, even correctly evaluated, is furthest from
the truth.

The study is limited to a dry, homogeneous, cohesionless backfill under static conditions, to
resultant forces rather than pressure distributions, and to the associated flow rule implicit in both
limit analysis and the method of characteristics; for the strongly non-associated behaviour of dense
sands the rigorous coefficients themselves are known to decrease further, so the planar-surface
error quantified here is, if anything, a lower estimate of the total unconservatism. The
displacement required to mobilize full passive resistance — many times that of the active state —
is outside the scope of limit theory and must be checked separately in serviceability terms. The
extension to cohesive backfill via the theorem of corresponding states is exact only for smooth
walls, so the present error maps cannot simply be transformed to c-¢ soil; the seismic extension
through the Mononobe-Okabe framework, in which the passive coefficient is the Miiller-Breslau
solution under rotated gravity, suggests that the e-governed structure identified here transfers
directly, with the seismic rotation acting as an additional erosion of the margin — both extensions,
together with the surcharge case needed for direct comparison with Sokolovski's own tables, are
left for future work. Finally, beyond the degeneracy locus the classical problem itself becomes
incompletely posed: the finite-element analyses show the collapse mechanism extending below
the wall heel and behind the plane of the wall, so the mobilisable resistance depends on sub-heel
conditions that no coefficient of (¢, a, B, §) can capture; the coefficients reported here for that
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region are those of the classical boundary-value problem, in which the collapse mechanism is
implicitly confined above heel level; in the finite-element verification this configuration was
approximated by a rigid, smooth boundary at the heel plane.

Conclusion

This paper mapped the validity domain of the Miiller-Breslau passive earth pressure
coefficient and quantified the error of its planar failure-surface assumption over the parameter
space ¢ = 20-50°, |a| < 25°, -25°< B < ¢, 0 <& < @. The main findings are as follows.

1. Direct numerical minimization of the Coulomb trial wedge, with the admissibility conditions
B <p <psing=90° - @ - 6 + aimposed, reproduces the closed form to machine precision (below
107*° %) over all 45 948 parameter combinations at which the formula is defined; the difference
between the Miiller-Breslau solution and the method of characteristics is therefore a pure measure
of the planar failure-surface error.

2. The degeneracy of the closed form is characterized analytically: the radicand of the formula
reaches unity exactly on the locus @ + 6 + f — a = 90°, on which the singular direction coincides
with the backfill surface and the admissible fan of trial planes closes — the divergence of the
formula and the disappearance of the wedge mechanism are the same event, with the asymptotic
law Kp o< £72 in the margin € = 90° - (¢ + 8 + B - ). Beyond the locus (17.4% of the physical grid),
the formula yields no prediction, although the exact resistance is finite: the characteristics solver
converged in 9 645 of 9 646 such cells, with coefficients up to 5 300.

3. The planar-surface error lies on the unsafe side in 99.6% of the grid and is governed
primarily by the margin € rather than by any individual parameter (Spearman -0.83 against at
most 0.48): the median overestimation grows from about 2% for € > 50° through 13.5% at € = 30-
40° and 52% at € = 15-20° to divergence at the locus; at full wall friction § = ¢ the median
overestimation factor is 1.51, reaching 1.16, 1.54 and 5.06 at ¢ = 20, 30, 40° on the vertical wall
and unbounded values beyond.

4. The characteristics solution is enclosed at every verified point in the rigorous sandwich Kp s
< Kpsok < Kps < Kpms formed by the Lancellotta lower bound and the rotational log-spiral upper
bound, reproduces the Rankine limit to 0.04%, respects all 35 upper-bound coefficients of Soubra,
and agrees with the Kérisel-Absi anchor value at ¢ =30°, 6 — ¢ to 0.2%. The overestimation by the
closed form is established independently of the solver: at ¢ = 40°, & = ¢ the planar value exceeds
the rigorous upper bound alone by the factor 4.6. Finite-element limit analysis extends this
verification: over a 330-case matrix the slip-line coefficient falls inside the rigorous LB-UB bracket
in 92.4% of cases — including 14 of the 17 combinations beyond the degeneracy locus — and the
residual deviations are confined to two explained families: conservatism of the slip-line stress-
jump construction for the smooth wall inclined away from the backfill (where the planar solution
is exact), and incomplete interface mobilisation for the strongly overhanging rough wall. Across
the whole § = @ branch, the converted Kérisel-Absi values agree with the slip-line coefficients to a
median of 0.1%. Beyond the locus, additionally, the finite-element analyses show the collapse
mechanism extending below the wall heel, so the mobilisable resistance becomes sensitive to sub-
heel conditions outside the classical framework — a limitation documented here and left to a
dedicated follow-up study.

5. Applicability maps classify the parameter space into a safe-application zone (|A| < 2%j;
19.5% of the physical grid overall, from 53% at ¢ = 20°, a = +25° down to 2.4% at ¢ = 50°, a =
-25°), a caution zone (10.4%), a significant-error zone (52.7%) and the degenerate zone (17.4%).
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For design practice, the passive Miiller-Breslau formula should be restricted to the large-margin
region € = 45-50°; elsewhere a curved-surface solution is required, and where a closed form is
wanted, the Lancellotta lower bound offers a rigorous conservative substitute. The interactive
applications accompanying this paper allow the complete parameter space to be explored directly.
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Transformative Potential of Artificial Intelligence for Enhancing Efficiency, Labor Productivity and
Quality in construction sector in Kazakhstan

Introduction

Construction, as a significant industry, plays an important role in driving social and economic
growth and long-term national development. The construction industry worldwide including
Kazakhstan has been slow in adopting new methods, and technologies. This sluggishness in
adopting digital technologies, and automation is a barrier to productivity improvements [1].

Worldwide it is observed that poor labor productivity throughout the building process is an
evident concern, resulting in waste of personnel, material resources, and financial resources;
similar concern is observed in Kazakhstan. The construction sector in Kazakhstan is now
undergoing a significant transformation, reaching a critical juncture in terms of technical
advancements. The government of the Republic of Kazakhstan has taken the initiatives of BIM
adoption in 2016 under the umbrella of Technology of Information Modeling of Construction
Facilities (TIMCF) The goal of this initiative was to implement the ‘Concept’ - a ‘Roadmap for
information modeling technology implementation when designing construction facilities (BIM-
technology)’ for the periods of 2018-2022. Despite this ambitious initiative, project stakeholders
face number of technology and process-related risks and barriers in implementing BIM [2].

The demands for more efficient, cost-effective, and sustainable construction practices have
never been sustainable in Kazakhstan. Because building operations contribute significantly to our
society's economic well-being, it makes the most sense to implement appropriate construction
wise operations in order to improve product performance in Kazakhstan. Construction projects in
Kazakhstan face a number of difficulties [3]. In particular the construction sector is characterized
by low technological advances, low productivity, minimum automation and computerization [3].
The integration of Lean Reduce operational interruptions 4.0 such as Lean manufacturing tools
and digital technologies, can significantly reduce operational interruptions and improve labor
productivity. Despite, these practices are not fully yet adopted in Kazakhstan's construction sector
[4].

In addition to that, inadequate project planning and management can lead to delays and
budget overruns; inefficiencies in the supply chain can disrupt material and equipment delivery.
Addressing these complex concerns is critical for effective and long-term building in Kazakhstan.
In today construction sector experiences rapid technological progress, a particular breakthrough
emerges as possessing profound transformative potential: Artificial Intelligence (AI). The
construction industry faces a multitude of challenges. There is a growing recognition of Al's
potential to mitigate these challenges meaning that with the increased generation of data
throughout the building lifecycle, as well as the introduction of other digital technologies, Al has
the potential to utilize this data and use the capabilities of other technologies to enhance
construction operations [5]. Al is a multidisciplinary field of computer science that encompasses
several disciplines and enables robots to simulate human-like intellect, acquire knowledge, and
make decisions. The potential exists for a fundamental transformation in the planning and
management of construction projects. The process of using this potential in Kazakhstan is hindered
by a substantially notable gap particularly the lack of local research on the integration of artificial
intelligence in the construction sector. Al integration in construction is a global phenomenon; the
extent of local research in Kazakhstan remains limited. While there is a rapid adoption of Al-driven
solutions in global construction hubs, the application of such technologies in Kazakhstan's
construction industry is limited due to the lack of resources and local research, and infrastructure.

Therefore, in the context of an industry characterized by a lack of adoption of Al, this paper
aims to emphasize the importance of implementing Al-driven innovations in Kazakhstan's
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construction sector by analyzing global trends, successful international case studies, and best
practices in Al integration within the industry. The primary objective is to facilitate the widespread
use of Al technology, improve building methodologies, and stimulate innovation, thus positioning
Kazakhstan's construction sector on the forefront in technical advancement and global
competitiveness. Guided by the aims and objectives of this paper, this study seeks to answer the
following question:

What is the potential for Al technology application in Kazakhstan’s construction industry
based on international literature?

This article has several sections, including an introduction where the background and
significance of the study are presented. The methodology section outlines the thematic literature
review procedure. Findings summarize the impact of Al in relation to efficiency, labor and quality
control, showcasing international case studies and practices. The discussion part extensively
elaborates on the implications of findings to the unique challenges and opportunities within
Kazakhstan's construction sector. The article provides future recommendations with a goal to
stimulate Al innovation in Kazakhstan's construction sector.

The methodology

This study used a thematic literature synthesis as an approach to analyze and identify key
trends in the application of artificial intelligence (AI) within the construction sector. We focused
on three thematic areas that appeared in scientific literature: efficiency, labor productivity, and
quality enhancement.

Connected papers was used as the main search tool to enter the field, which provided a visual
network of publications based on bibliographic coupling and co-citation; relevant publications
identified during the search were subsequently used as new seed papers. This process of search
was repeated, progressively expanding the search through bibliographic coupling and co-citation
links.

Efficiency Labor productivity Quality enhancement
< étl[ ces 4 sources 2 sources
@
P @ ® ® ® ®
® @ ©
(] @ @ ® ®
&N
L) @ @ ® ® ©
. ® .

Numbered nodes: references - Links: thematic assignment - Diamond: shared source

Figure 1. Thematic map of the 41 sources discussed in the three results subsections.
Numbered nodes correspond to bibliography entries; links indicate assignment to a theme, not
citation relationships. Source [27] contributes to two themes. Compiled by the authors.

This article is a thematic narrative review of Al and related digital technologies in construction.
The analysis is organized around efficiency, labor productivity, and quality enhancement. Figure 1
and Table 1 map the 41 distinct sources cited in the three thematic results subsections preceding
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Table 2; it does not represent a sample obtained through a reproducible systematic screening
procedure. Each source is counted once within a subsection, and sources relevant to more than
one subsection are counted in each corresponding row but only once in the overall total. Earlier
publications are retained where they provide relevant technological or contextual background.
Table 2 groups selected applications by technology, construction task, and potential implications
for Kazakhstan. These implications are qualitative analytical proposals rather than locally
measured effects. The synthesis does not pool effect sizes, and differences in study design,
application context, and data availability limit direct comparisons between publications.

Table 1. Sources cited in the thematic results subsections

Theme Number of References
cited sources
Efficiency 15 [6-20]
Labor Productivity 12 [21-32]
Quality Enhancement 15 [5,27,33-45]
Total distinct sources 41 [5-45]

Note: Counts cover the three thematic results subsections preceding Table 2. Reference [27]
is cited in two subsections, so the row counts sum to 42 and the distinct-source total is 41.
Citations appearing only in Table 2 or in the subsequent discussion are excluded.

Findings/Discussion

Efficiency

It is critical to recognize the difficulties that the building sector is facing today. The lack of
digital skills and unwillingness to use innovative technologies have been linked to cost
inefficiencies, project delays, and poor quality, productivity, and safety [6]. The introduction of Al-
driven solutions has triggered a transformative revolution, resulting in significant improvements
in processes, cost-efficiency, reduced production times, and enhanced safety measures while also
aligning with sustainability goals [7-9]. Salih and El-Adaway [8] identified improved safety,
increased productivity, informed decision-making, and enhanced monitoring and control as the
affordances most consistently recognised both in their survey of 52 construction practitioners and
the reviewed literature. The findings showed that the adoption of Al techniques and construction
technologies could improve cost management by 64.66%, time-management performance by
70.18%, and quality management by 60.73%. Furthermore, the study found that productivity
improvements affected project time and cost. In addition, monitoring, decision-making and
improved safety influenced three targeted principal project objectives, including time, cost and
quality.

The use of artificial intelligence (Al) tools in construction management has emerged as a
critical driver for improving operational efficiency and overall project success. Process mining, an
Al-enabled technique, has acquired attention for its ability to derive substantial insights into the
complexities of building operations, as reported in many literature sources. Process mining, among
other things, makes it easier to analyze essential operations, forecast deviations, identify hidden
bottlenecks, and extract collaborative patterns. Such expertise is indisputably critical in assuring
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the success of construction projects and directing the optimization of the construction execution
process. This optimization comprises removing unnecessary stages, reducing rework and disputes,
avoiding possible delays, and encouraging improved cooperation, which, in turn, allows decision-
makers to act proactively [10-13].

Furthermore, optimization algorithms have shown to be effective tools for developing building
plans that achieve the best balance of time, money, and quality [14-16]. Son and Khoi [14]
extended this optimisation approach by additionally incorporating work continuity along with
time, cost, and quality. Al-powered robots have shown tremendous potential in labor-intensive,
repetitive construction jobs such as bricklaying, welding, and tiling [17]. These robots work
continuously, without breaks, and with consistent quality, highlighting the enormous potential for
improving efficiency, productivity, and, ultimately, profitability in the construction sector [18].

The handling of large volumes of data in the construction sector involves the use of advanced
data analytics techniques, particularly with a focus on waste reduction. This need includes the
combination of Al approaches with Building Information Modelling (BIM) to make it efficient to
optimize numerous aspects such as design for material selection, offshore construction, reuse,
recovery, deconstruction, and flexibility and waste-efficient procurement [19, 20].

Labor Productivity

Given the current challenges confronting the construction industry, such as labor shortages,
the disruptive impact of the Covid-19 pandemic, and the imperative to meet the growing demand
for sustainable infrastructure, the field's consensus emphasizes the importance of embracing
digitization and augmenting technological capabilities [21, 22]. This overriding goal may be seen
in numerous significant topics discussed in the review article.

The most prominent of them is the expanding investigation of machine learning as a
transformational remedy to labor scarcity in the construction industry [23-26]. With the potential
to significantly increase production and efficiency, machine learning offers the promise of
optimizing resource allocation within construction projects, a capability that cannot be overstated.
A parallel industrial effort is based on the purposeful deployment of optimization techniques to
recalibrate and simplify building processes. This strategy execution guarantees that resources are
used wisely, boosting the industry's productivity efforts [27].

Simultaneously, the construction industry is witnessing amazing advances in robots that can
mitigate manual labor [22]. This technological vanguard, exemplified by innovations such as 3D
printing and exoskeletons, is essentially reducing the industry's reliance on manual labor, a
development that addresses the threat of labor shortages while also enabling efficiency in
construction processes [28].

The transformational potential of Al scheduling programmes, as strongly advocated by
industry expert Rene Morkos, deserves full recognition. It is noted that adherence to such Al-
driven programmes is expected to provide substantial benefits, including a 16% reduction in
average project length and an 11% reduction in labor expenses [29]. As a result, this technological
integration emphasizes the construction industry's dedication to increasing efficiency and cost-
effectiveness.

The imminent talent vacuum caused by the upcoming retirement of a significant portion of the
construction industry's personnel is a growing issue. Therefore, Al and machine learning
algorithms appear as vital tools for optimizing labor allocation across diverse projects, providing
a long-term solution to the skill [22, 30].

In addition, it is observed that in the construction industry, autonomous cars play a critical
role in the continuous monitoring of project progress, providing stakeholders with real-time data
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on areas at risk of slippage and needing more labor resources [31].

Despite these technical advances, a notable gap emerges: the data connectivity between
human labor and technology interfaces remains insufficient, an issue that is especially noticeable
in an industry known for its labor-intensive operations. To address this issue, efforts are being
made to promote digital solutions across the construction lifecycle. The integration of sensors and
the use of smart wearable technologies are important components of this revolutionary vision,
with the promise of a more fluidly integrated and efficient building process [32].

As is evident, these studies demonstrate that Al improves labour productivity in construction
through productivity prediction, reduced reliance on labour-intensive tasks, automation, and
workforce optimisation.

Quality Control

Quality improvement appears to be a recurring subject in construction studies; in the
construction industry's quest for perfection, the confluence of cost and quality remains a critical
factor. The prolific development of unstructured data in the form of photographs, videos, and
different reports is becoming increasingly common in the construction industry. The strategic
incorporation of this data into Building Information Modelling (BIM) systems, in conjunction with
the use of advanced Al techniques, emerges as a transformative approach to optimizing site
performance across critical domains such as planning, design, safety, quality, schedule, and cost
[27]. The urgent need for the development of holistic site analytics solutions driven by Al and
cloud-based real-time analytics is a key subject that emerges in this context. Such solutions offer
to improve quality control and match building projects with set performance goals.

Kim et al. [33] developed a multi-sensor deep-learning approach for framework-distortion
inspection, thus reducing data-acquisition time. This, at the same time, enabled maintaining an
average angular error of 0.28°. Deep-learning approaches have also been applied to visual defect
detection in construction, in particular, in buildings and infrastructure. Using this model,
Haciefendioglu et al. [34] detected masonry cracks. Similarly, applying the same model, Lee et al.
[35] and Zheng et al. [36] identified tunnel-surface defects. Zhao et al. [37] further coupled deep
learning with computer vision to investigate defect detection in additive construction and real-
time quality monitoring. In addition, Zhang et al. [38] demonstrated a UAV-based approach to
tunnel inspection. These studies show that Al can improve the speed, precision, and labour
efficiency of construction in quality control.

The integration of Al-driven chatbots suited to construction sites is a significant resource for
project managers and other stakeholders, allowing real-time information on site operations and
therefore improving situational awareness and decision-making [5, 39, 40].

The application of Internet of Things (IoT) technology reveals novel techniques to real-time
risk monitoring in construction. For example, an loT-based solution employs cloud database
services, wireless sensors, and fuzzy logic to efficiently regulate product quality and occupational
safety concerns in cold chains, highlighting the critical role of technology in improving construction
site quality management [41, 42].

Finally, Al-powered chatbots created expressly for supply chain management systems provide
a streamlined channel for getting essential information, making them a vital tool in the current
dynamic construction [43-45]. As such in the context of current construction scenario integration
of Al chatbots appears serves as driver enhancing transparency and sustainable growth of
construction industry fostering innovation in organizational culture in which the effective decision
making and quality of communication transitions into a new stage.

Eurasian Journal of Applied Engineering and Technology (EJAET) N93(156)/ 2026 47



D.0. Bazarbayev, D.K. Zhumadullaev, L.I. Ramatullaeva, S.S. Shukirova, B.T. Uakhitova

These findings demonstarte that Al strengthens and enhances construction quality control by
detecting and localising defects, automating inspection enabling faster, more precise and
consistent quality assessment.

Table 2 summarizes the principal applications discussed above and their potential
implications for construction practice in Kazakhstan.

Table 2. Thematic synthesis of selected studies — Efficiency
Note: Reference numbers correspond to the bibliography. Implications for Kazakhstan are
the authors’ analytical proposals; they are not measurements from the cited studies.

Studies and
references

Technology and
application

Synthesis from the
manuscript

Implications for
Kazakhstan

Salih & El-Adaway
(2024, 2025) [8, 9, 46]

Al and construction
technologies. Project
time, cost and

The synthesis links
technology adoption with
improved monitoring,
decision-making and

Assess schedule and cost
outcomes against a
documented project

management .. ) baseline; account for
coordination of project . .
performance. C organizational readiness.
objectives.
Optimization The studies address Define project-specific
Son & Khoi (2023) [14]; | algorithms. scheduling trade-offs. Work ob'ecti\I/)es] recé)dence
Yilmaz & Dede (2023) Construction § ' J P

[15]; Aminbakhsh &
Ahmed (2024) [16]

scheduling and
competing project
objectives.

continuity is explicitly
included in the Son and Khoi
formulation.

relationships and resource
constraints before applying
optimization.

Gopi Krishna & Dinesh
Kannaa (2024) [17];
Galeazzi & Gongalves e
Silva (2024) [18]

Robotics and Al-
assisted welding.
Automation of
repetitive
construction and
fabrication tasks.

The synthesis identifies
robotics and automated
welding as routes to more
consistent execution and
reduced reliance on
repetitive manual
operations.

Evaluate task suitability,
equipment costs, operator
skills and site safety before
deployment.

Sriram et al. (2025)

BIM, decision support
and data

The cited works concern

Check model completeness
and data exchange before

) interoperability. BIM-driven decision support . S
[19]; Du etal. (2024) Information-based and BIM/IFC data readiness selgctmg an AI. gppllcatlon,
[20] ) . : define the decision the

construction for Al integration.

- model must support.

decisions.

Construction These studies frame Measure labor hours and
Adhikari et al. (2024) digitalization. digitalization and output at task level; include
[21]; Sadeh et al. Productivity and technology adoption as training and adoption
(2024) [22] responses to labor responses to workforce requirements in pilot

shortages. constraints. evaluations.

Lim et al. (2024) [23];
Chen et al. (2025) [24]

Machine learning and
Al applications.
Activity-level
productivity and

These reviews provide
context for productivity
prediction, resource

Select a defined
construction activity and
verify the availability of
representative local data.
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infrastructure
construction.

allocation and Al
applications in construction.

Sadatnya et al. (2023)
[25]; Taha et al. (2025)
[26]

Machine learning;
explainable
prediction. Crew
productivity and
rebar-fixing
productivity.

The cited applications
concern prediction from
daily work reports and
estimation of productivity in
rebar-fixing tasks.

Standardize site records
and test predictions on
separate projects; examine
whether explanations are
useful to site managers.

Hossain et al. (2020)
[28]

Construction 3D
printing. Changes in
labor demand and
task composition.

The synthesis links
automation with reduced
reliance on some manual
tasks and with changes in
required workforce skills.

Assess changes in crew
composition, training needs
and supporting tasks; do
not equate automation with
elimination of all labor.

Kim et al. (2024) [33]

Multi-sensor fusion
and deep learning.
Inspection of
geometric distortion.

The cited work describes
automated distortion
inspection and reduced
data-acquisition effort.

Validate measurement
performance against an
independent geometric
survey under
representative site
conditions.

Haciefendioglu et al.
(2023) [34]

Deep learning with
images. Crack
detection in historical
masonry.

The cited work presents an
application of automated
visual crack detection.

Use representative images
of local masonry; retain
engineering assessment of
crack causes and structural
significance.

Lee etal. (2023) [35];
Zheng et al. (2024) [36]

Deep learning with
tunnel images.
Detection of tunnel
surface and lining
defects.

The cited applications
support automated
identification of visible
defects in tunnel inspection
imagery.

Test across lighting,
moisture and surface
conditions; distinguish
visible-defect detection
from assessment of hidden
damage.

Zhao et al. (2024) [37]

Al-based visual
monitoring. Quality
monitoring in
additive construction.

The cited work describes
real-time monitoring and
defect detection during
additive construction.

Define detectable defects
and acceptance criteria;
connect monitoring outputs
to a documented inspection
procedure.

Zhang et al. (2024) [38]

UAV-based
automated
inspection. Tunnel
surface defect
inspection.

The cited work presents
automated tunnel inspection
using an unmanned aerial
vehicle and a field test.

Assess access, image
coverage and operational
safety; require engineering
review of identified defects.

Implications for Kazakhstan

The fast growth of Al technology in the twenty-first century has had a significant influence on
different parts of industry and business. Al, in particular, has emerged as a potent tool for solving
several crucial concerns, including efficiency and cost reduction, labor and management, quality
control, and safety, as the literature suggests. The core question of this paper is about the
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revolutionary potential of Al and its influence on Kazakhstan's construction sector. It focuses on
major aspects of Efficiency, Labor and Quality Control. The findings provided here highlight the
significant consequences of incorporating Al into the Kazakhstani construction sector. Kazakhstan
ambitiously implemented industrialization policy; as a result, two programs have been developed:
Accelerated Industrial and Innovative Development Program for 2010-2014 (hereinafter referred
to as the SPFIID); Industrial and Innovative Development of the Republic of Kazakhstan for 2015-
2019 (SPIID); and BIM adoption in 2016 under the umbrella of Technology of Information
Modeling of Construction Facilities (TIMCF). Though the programmes have already been
accomplished, Kazakhstan's policy in industrialization will continue, since the industrial sector
accounts for a sizable portion of the country's Gross Domestic Product (GDP). The industrial
complex generated around 28% of Kazakhstan's GDP in 2014 [47].

In the context of industrialization policy, it becomes clear that using Al's potential is critical
for Kazakhstan's construction sector, providing a route towards increased efficiency, cost savings,
and greater quality control. Construction activity frequently increases as industrialization
proceeds. This is because the expansion of industries, manufacturing, and infrastructure
development, all of which are critical components of industrialization, requires the construction of
new buildings, factories, warehouses, and infrastructure. As such, by providing suitable
infrastructure and facilities for industrial expansion, the construction industry plays a pivotal role
in assisting the country's industrialization efforts. As a result, industrial growth has a direct and
beneficial influence on the construction industry since it produces demand for construction
projects and services. As a result, the industrial sector's dynamics have a significant impact on the
country's economic growth rate.

Efficiency

Across the reviewed literature, efficiency in construction encompasses productivity, schedule,
resource use, cost, quality, safety and decision-making. Along with process mining, optimisation,
robotics, automation, BIM, and generative Al, these reviewed studies, more specifically Salih and
El-Adaway [8, 46] addressed these aspects comprehensively. Collectively, the findings
demonstrate that Al can improve prediction, monitoring, automation, coordination, and resource
allocation. However, it is important to note that these benefits highly depend on digital
infrastructure, data quality, workforce capabilities, structural readiness and alignment between Al
tools and construction project needs.

When we explore the significance of these findings in the context of Kazakhstan, we may see
an environment suitable for an Al-driven construction industry revolution. As the global
construction sector reaps the benefits of artificial intelligence in terms of efficiency, cost reduction,
and enhanced resource management, Kazakhstan may use these technologies to its own building
projects. The capacity of Al to improve supply chain management, lower operating costs, and
assure safety and security meshes nicely with Kazakhstan's dynamic construction sector.

In an era where competition is severe and organizations are continuously looking for ways to
optimize their operations, artificial intelligence (Al) provides a promising path for attaining
unprecedented levels of efficiency and cost reduction. Predictive analytics and automation
powered by Al have transformed resource allocation, supply chain management, and production
planning. Furthermore, Al systems can analyze big data using machine learning algorithms to
provide insights that assist companies and organizations simplify operations, reduce waste and
maximize resource utilization.

[t is important to note that incorporating Al into Kazakhstan's construction sector is in line
with the country's digital transformation strategy. The government's 2013 Information
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Kazakhstan-2020 Programme lays the framework for the country's digital transformation,
concentrating on information infrastructure, open government institutions, and enhanced public
administration. Kazakhstan's Digital Kazakhstan Programme, launched in 2017, focuses on
digitalizing economic sectors and cultivating a digital state to accelerate economic development
and improve quality of life. This holistic integration of Al not only supports the Kazakhstan’s
national policy but also provides substantial benefits to the construction industry in terms of
resource management., efficiency and cost reduction. The ability of Al to improve supply chain
management, cut operational costs, and assure safety and security is a right match for Kazakhstan's
dynamic construction sector.

Kazakhstan, like many other countries, is confronted with the issue of increasing
competitiveness and the ongoing pursuit of operational excellence. Kazakhstan may put itself on
the cutting edge of innovation by implementing Al solutions in construction, leading to more
efficient, cost-effective, and sustainable building practices. For instance, in the manufacturing
industry, Al-powered predictive maintenance may dramatically minimize downtime and costly
unplanned repairs. Al-powered demand forecasting can help businesses manage inventory more
effectively, lowering carrying costs and stockouts. Al-driven demand forecasting, for example,
helps simplify material procurement, minimizing delays and cost overruns. Also, Al-powered
energy management systems can optimize resource utilization, support sustainability goals while
lowering operating costs. In summary, the article's findings open the path for Kazakhstan to
embrace Al as a revolutionary force in the construction sector, enhancing efficiency, lowering
costs, and fostering project delivery excellence.

Labor productivity

As far as labor productivity is concerned, the changing workplace landscape, significantly
affected by artificial intelligence (Al), is having a dramatic impact on the nature of work itself, and
this shiftis very relevant to Kazakhstan's context. As has been mentioned the construction industry
is one of the core sectors contributing to employment in Kazakhstan. In the construction sector
the small and medium-sized enterprises (SMEs) play a crucial role in minimizing unemployment
by creating job opportunities [48]. Al has emerged as a critical facilitator for remote work and
effective labor management, a development with significant ramifications for both domestic and
foreign workforces [49]. Al-powered solutions are critical for sustaining collaboration,
productivity, and oversight, especially as remote work becomes more common. In this
environment, Al-powered project management and collaboration solutions provide real-time
insights to teams while improving communication and enabling seamless coordination across
geographical borders. Furthermore, Al chatbots and virtual assistants contribute to greater
employee assistance, reducing the pressure on HR and IT departments, a trend that is expected to
continue.

In addition, the use of Al-powered site service management systems with such features such
as route optimization, predictive scheduling and remote diagnostics has the potential to not only
enhance field operations efficiency but also lower labor costs associated with travel time and
maintenance.

As is demonstrated the reviewed literature identifies direct mechanisms through which digital
technologies and approaches can influence labour productivity. These mechanisms include
optimising workforce allocation, automating labour-intensive tasks, predicting crew productivity
and improving coordination between digital systems and workers [21-26, 28]. More importantly,
these imply workforce transformation rather than the direct replacement of construction workers.
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This is because productivity gains depend on workers’ capacity to interpret, operate and
collaborate with Al-enabled technologies.

As the global construction landscape focuses on machine learning, optimization, robotics, and
Al scheduling, it stands to reason that Kazakhstan's construction sector can also benefit from these
advancements to address labor shortages, improve efficiency and meet rising demand for
sustainable infrastructure. The ability to optimize labor allocation within building projects using
real-time data.

However, in Kazakhstan, as in many other countries, there is a continuing need to bridge the
data gap that separates human labor from technical solutions. While Kazakhstan has achieved
tremendous progress in its digital transformation initiatives, social programmes that bridge the
data gap between human labor and technology solutions are still needed. Existing programmes,
such as those focusing on education and workforce development, should be strengthened to
achieve this aim. Therefore, at the Digital Bridge 2025 forum, President of Republic of Kazakhstan
Tokayev proposed establishing an Al university to train professionals and drive innovation [50].
These programmes can emphasize the need for digital literacy and skill development in order to
guarantee that the country's workforce is ready to capitalize on the full potential of Al and
technology in a variety of industries, including construction. This collaboration will assist not just
the building business, but also Kazakhstan's general socioeconomic growth.

This initiative emphasizes the significance of incorporating Al and digital solutions into the
construction ecosystem, opening the door for a more streamlined and efficient approach to
constructing projects. As Kazakhstan's construction industry embraces artificial intelligence and
digital transformation, it will be better positioned to meet and address the challenges of the
workforce and achieve advanced levels of efficiency and sustainability, ultimately contributing to
the country's development and competitiveness in the global arena.

Quality Control

Based on our review article results, it is clear that Al's disruptive potential extends beyond
industry-specific applications, as emphasized in many areas. According to our findings, using Al-
driven quality control methodologies has demonstrated amazing performance in improving
product quality, minimizing risks, and assuring customer satisfaction internationally.

These study findings show that Al is enhancing and, in particular, shifting construction quality
control from manual inspection towards continuous, automated monitoring. Such technologies
and approaches as deep learning, multi-sensor and UAV-based systems, and computer vision,
support more precise and timely detection of structural distortions, surface defects and cracks in
buildings and infrastructure [33-38].

While the State Programme for Industrial-Innovative Development, which ran from 2010 to
2014 and from 2015 to 2019, set the foundation for a robust industry in the state, it is critical to
recognize that certain sectors, such as quality control, are still in their infancy. According to an
international study, integrating Al technology can result in major benefits. This implies that
Kazakhstan's existing industrial strategies can benefit from Al-driven quality control
advancements, aligning with global industry standards and improving its competitiveness.

It is important to mention that Al technologies are transforming traditional quality control
methods by adding predictive and preventative approaches. Visual inspections integrated with Al
systems may detect faults and barriers in production processes quickly, substantially lowering the
risk of poor items reaching customers. Furthermore, Al-enhanced analytics can monitor and
regulate quality parameters, allowing for real-time modifications and reducing production
variances.
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Al-driven diagnostic tools and predictive analytics in healthcare aid in spotting possible
concerns before they escalate. Al algorithms, for example, may analyze patient data to anticipate
illness outcomes, improving treatment quality and lowering medical mistakes.

Conclusion

In conclusion, this review study emphasizes the revolutionary potential of Al and technology
in the construction industry. The incorporation of Al techniques into the building processes holds
the potential of improved performance in a variety of areas, including quality, safety, and efficiency.
The incorporation of real-time data analytics, 0T, and Al-powered chatbots emphasizes the
evolving landscape of construction, in which data-driven decision-making, quality optimization,
and supply chain efficiency play critical roles in shaping the industry's future.

However, it is important to not these benefits are not directly related to the automatic
outcomes of Al adoption. The realisation of these technologies and approaches depends on digital
infrastructure, workforce capabilities, reliable data, and organisational readiness. This indicates
that these conditions are relevant across different contexts, with Kazakhstan providing an
illustrative case of how rapidly developing emerging digital economy might translate
aforementioned global Al developments into construction practice.

In order to adopt Al technologies, it is critical to recognize their potential for making
companies and society more efficient, cost-effective, and safe. Due to generous government
investment in infrastructure, the construction sector in Kazakhstan is predicted to rise by 6.7% in
real terms this year, before averaging 5.5% every year by 2026 [51]. Therefore, the role of Al is
crucial to realize and implement the government’s national plan in relation to the construction
sector. The combination of real-time data analytics and Al-powered chatbots emphasizes the
construction industry's shifting landscape. Data-driven decision-making, quality optimization, and
supply chain efficiency will be critical in Kazakhstan. As the literature review demonstrates, the
potential of integrating Al is crucial in the construction sector and this demonstrates important
implications for the construction industry of Kazakhstan.

Limitations and Recommendations

However, the international practice of using Al in construction industry demonstrates high
potential integrating it in construction processes the context of Kazakhstan may make this
transition difficult. First of all, at the macro level the country has limited access to technological
resources, sustainable uncertainty, systemic fragmentation of labor market. As such the use of Al
is not without challenges, such as the high cost of advanced IT infrastructure, the lack of
standardized performance measurement frameworks, and trust and communication barriers
within organizations in Kazakhstan. Therefore, despite the attractiveness of these global cases in
effective Al use realization and feasibleness of such approaches in Kazakhstan requires holistic
approach, institutional reform and sustainable adaptation to technological environment. However,
despite the international study findings offer valuable insights for Kazakhstan, application of these
technologies and aproaches should be adapted to the country’s specific organisational,
technological and workforce conditions. Therefore the future research should compare how
Kazakhstan and different countries address common challenges in adopting Al in construction
sector. As such, ased on the literature review findings and identified limitations, three key
recommendations for Kazakhstan's construction sector are presented. Following these
recommendations, Kazakhstan's construction industry can utilize the transformative potential of
Al for enhancing efficiency, labor productivity and quality in the construction sector contributing
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to the country's construction industry development and competitiveness on a global scale. The first
recommendation includes that at a macro systems level Kazakhstan needs to adopt holistic
approach in Al integration embracing all strategic sectors. Aligning to country’s national policy, the
construction industry needs structural change to proactively use Al-powered technologies to
improve productivity, optimize resource allocation and cut costs. This involves the use of Al-
powered project management, machine learning-driven scheduling systems, predictive analytics,
digital twins and robotics to enhance operations. Secondly, Kazakhstan needs to invest in
workforce development programmes with focus on digital skills and Al competence to solve labor
shortages and skill gaps. This will mitigate the sector to use on Al breakthroughs. Finally,
Kazakhstan needs to incorporate Al-powered quality control approaches into building processes
to detect any potential flaws and manage quality standards. This will provide guarantees that
projects meet high-quality requirements while also minimizing the risks.
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Abstract. Rural revitalization in arid regions faces complex challenges
encompassing ecological fragility, resource constraints, and industrial
homogeneity. This paper adopts the framework of Human Settlements Science,
grounded in the natural ecological characteristics and multicultural context of
rural areas in Xinjiang’s arid regions, to systematically diagnose the underlying
causes of their developmental dilemmas. The study argues that breaking the
vicious cycle of “ecological fragility—economic lag—industrial homogeneity” is
a critical prerequisite for rural revitalization in arid regions. To this end, the
paper proposes a systematic strategic framework of “protection—adaptation—
empowerment—collaboration”, driven by ecological restoration, optimization
of water and land resources, cultivation of regional specialty industries, and
digital technology empowerment. This framework addresses four dimensions:
natural system restoration, adaptive renewal of settlement spaces,
establishment of specialized industrial systems, and digital collaborative
governance, aiming to explore sustainable development pathways for rural
areas in arid regions that balance ecological security, economic vitality, and
social resilience
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Introduction

Xinjiang is located in the northwest of China, covering a total area of approximately 1.6649
million square kilometers, accounting for one-sixth of the country’s land area, making it the largest
provincial-level administrative region in China by area. Arid zones constitute about 43% of the
region, including 420,000 square kilometers of desert and 290,000 square kilometers of Gobi
Desert. The extremely arid zone (with annual precipitation <200 mm) dominates areas such as the
Tarim Basin, Junggar Basin, and Turpan Basin. As a vital ecological barrier and strategic stronghold
in northwestern China, the sustainable development of Xinjiang’s rural areas not only concerns
regional stability and public welfare but also serves as a critical implementation site where China’s
two major strategies—“Rural Revitalization” and “Ecological Civilization Construction” —intersect
in this unique frontier region.

The Rural Revitalization Strategy, serving as the overarching approach for China’s “agriculture,
rural areas, and farmers” work in the new era, is a crucial pathway to addressing issues of
unbalanced and inadequate development and achieving common prosperity [1]. As a national
strategy, its theoretical framework and implementation approach are grounded in the natural and
cultural systems of specific regions, closely aligned with their respective developmental stages.

The region generally faces a contradiction between the national strategic requirement for
high-quality development and its fragile local ecology. On one hand, the national strategy demands
thriving industries, an eco-friendly living environment, and prosperous livelihoods; on the other
hand, natural conditions such as drought, water scarcity, ecological fragility, and limited resource
and environmental carrying capacity constrain economic development. The traditional extensive
development model is no longer sustainable and may even exacerbate the vicious cycle of
ecological degradation and poverty. To resolve this contradiction, it is necessary to establish a
theoretical framework and practical approach that systematically balances nature conservation,
economic development, and social progress.

In 1993, Wu Liangyong first proposed the concept of “Human Settlement Environment
Science”, developing a systematic theory that emphasizes studying the objective principles
governing human living environments from an integrated and interdisciplinary perspective. This
groundbreaking theory establishes a research framework for rural human settlement
environments, comprising five subsystems: natural, human, social, residential, and supporting [2].
Conduct a comprehensive and integrated study of rural society.

This study adopts a systematic perspective from the field of human settlement science. By
identifying the root causes of systemic imbalances, it clarifies the core principles for revitalization
and proposes a tiered, actionable strategy framework. The aim is to provide theoretical references
and practical guidance for sustainable development in such regions, while exploring a sustainable
path that integrates ecological safety, spatial adaptability, cultural continuity, and economic
viability.

The methodology

Water resources are a critical component of natural systems. The annual average precipitation
in Xinjiang is significantly lower than the evaporation rate, leading to intense competition for
agricultural, ecological, and domestic water use. This is accompanied by risks of land
desertification and salinization. The area of desertified land in Xinjiang amounts to 746,800 km?,
accounting for 44.86% of the region’s total land area [3] (Figure 1). Xinjiang is also the region with
the most extensive distribution of saline-alkali land in China, where the area of salinized soil
accounts for approximately 30% of the national total [4] (Figure 2). The ecosystem exhibits poor
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stability and weak self-repair capacity. Coupled with harsh climatic conditions such as wind-blown
sand, intense sunlight, and significant temperature fluctuations, it constitutes an ecosystem with
low carrying capacity and high sensitivity. Inappropriate human interventions can readily trigger
ecological degradation, lead to environmental pollution, and create a vicious cycle of “resource
constraints —development limitations — ecological deterioration”, resulting in frequent
occurrences of poverty.

Figure 1- Land Desertification.Image Figure 2- Land salinization and
source: Internet. alkalinization.Image source: Internet.

The Diversity and Lagging Nature of Human and Social Systems

Under the harsh constraints of nature, the human and social systems of Xinjiang are unique
and complex. Since Zhang Qian’s mission to the Western Regions during the Han Dynasty, the
Central Plains dynasties governed the region by implementing military strategies such as garrison
farming and border defense. Diverse ethnic cultures interacted, exchanged, and integrated here,
giving rise to rich livelihood patterns, living customs, social norms, and spatial perceptions. The
coexistence of these diverse ethnic cultures has generated differentiated needs and corresponding
governance challenges.

At the economic level, rural areas in Xinjiang currently face challenges such as insufficient
growth momentum, severe homogenization of development models, and inadequate development
of characteristic industries [5]. Although adjustments and optimizations have been made to the
industrial structure, the agricultural foundation remains weak, still dominated by low-level crop
farming and animal husbandry. The primary agricultural products consist mainly of raw
commodities such as cotton and fruit trees, with low added value [6]. The agricultural and livestock
sectors are still in the transition phase from traditional to modern practices [7]. The intertwined
challenges of a homogeneous traditional industrial structure and a lack of endogenous growth
drivers have resulted in sluggish regional economic growth, coupled with insufficient resilience
against external market fluctuations and natural risk shocks. The outflow of young and middle-
aged laborers has led to a pronounced phenomenon of rural hollowing-out [8]. Under the impact
of modernization, the self-organizing capacity of rural areas also faces an urgent need for
restructuring and enhancement.

Incompatibility between the residential system and the supporting system
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As the physical foundation for housing and support systems, these structures fail to meet the
actual spatial demands of daily life and production during the transition between traditional and
modern lifestyles. Villages in arid regions generally adhere to the principle of “settling near water
sources” when selecting their locations [9]. However, under the impact of modern production and
lifestyle patterns, issues such as fragmented land use, mixed functions, or partial regional decline
have emerged; Traditional rammed-earth buildings that embody climate adaptation wisdom, such
as Aiywang and yurt-style structures, have gradually been phased out due to their inadequate
comfort and incompatibility with modern living habits.

The construction of farmland irrigation facilities has progressed slowly, with some irrigation
equipment being outdated and water resource utilization efficiency being low, failing to meet the
demands of high-efficiency agriculture [10]; The deployment density of new information
infrastructure such as 5G base stations is significantly lower than the national average. The
deployment density of new information infrastructure such as 5G base stations is significantly
lower than the national average. In some remote villages of Xinjiang, communication networks
have not achieved full coverage, leaving rural and pastoral areas facing the “last mile” access
challenge [11], making it difficult to meet the demands of sustainable economic development.

Analysis of the interaction mechanisms between systems

The scarcity of water resources and weak self-repair capabilities in natural systems directly
constrain the stability of rural industrial development, resulting in low economic output with
significant volatility. To sustain their livelihoods, farmers often engage in short-term practices such
as excessive land cultivation and overgrazing, further exacerbating land degradation and water
resource depletion. Limited incomes prevent them from investing in water-saving technologies or
ecological conservation, hindering economic growth. The lack of economic opportunities leads to
the outflow of young and able-bodied labor, causing rural “hollowing out”. This not only
undermines rural vitality and development momentum but also hinders the organization of
effective collective actions to drive industrial upgrading, thereby perpetuating the state of

economic backwardness.
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Inadequate spatial planning and weak infrastructure exacerbate resource consumption,
hinder the upgrading of specialized industries, and lead to excessive exploitation of natural
resources and improper development practices, which in turn suppress economic growth and
population return. From the perspective of the Human Settlements System Theory, the failure to
establish positive synergies among systems results in a complex vicious cycle (Figure 3), creating
a self-reinforcing negative feedback loop.

The principles of rural revitalization derived from the human settlement system

Revitalization Principle

The complex and interwoven characteristics and challenges of rural areas in the Xinjiang arid
region often render fragmented, one-dimensional response strategies largely ineffective, and may
even give rise to new systemic issues. Within the specific geographical context of Xinjiang, the
relationships among the five major systems—natural, human, social, residential, and support
systems—exhibit distinct hierarchical and constraining patterns, leading to the formulation of four
core revitalization principles as illustrated in Table 1.

Table 1. The Four Major Revitalization Principles

Ecological Regional Cultural Empowerment | System Synergy
Conservation Adaptation
1. Determine urban planning, | 1. Smart Response 1. The Living 1. Digital
land use, population to Natural Transmission and empowerment of
distribution, and industrial Ecosystems Innovative Expression of | rural governance
development based on water National Culture
resources.
2. Strictly adhere to the 2. Advocating |2. Avoid homogenization 2. Accurate
ecological protection red line | adaptive design implementation of
resource allocation
3. Protection of key ecological | 3. Uncover the 3. Enhance a sense of | 3. Enhanced System
elements wisdom of identity, product appeal, Forward Cycle
traditional ecology and added value

Overall Goal: Enhance the operational efficiency of rural living systems

Ecological Protection

Consider ecosystem integrity as a critical constraint for land development [12]. Water
resources are vital national assets that underpin urban development and economic growth, yet
they also represent the most significant constraint. The principles of “planning cities, allocating
land, determining population size, and regulating industries based on water availability” constitute
fundamental planning guidelines [13]. In practical production and daily life activities, strict
controls must be implemented to prevent damage to spatial boundaries such as ecological
protection red lines and permanent basic farmland, with priority given to the protection and
restoration of critical ecosystems including oases, rivers, and wetlands.

The traditional development model, oriented toward economic growth and spatial expansion,
must be grounded in the fundamental principles of ecological security and sustainable resource
utilization. Planning and construction activities should establish a mandatory ecological impact
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assessment mechanism to ensure that developmental activities remain within the ecological
carrying capacity threshold.

Regional Adaptation

Residential and supporting systems must adhere to the core principle of “regional adaptation”
to address ecosystem vulnerabilities. Regional design emphasizes adaptability to the natural
environment; planning should not deviate from local natural conditions but rather utilize and
protect these resources in a context-specific manner while respecting nature, thereby achieving
harmonious coexistence between humans and nature [14]. It is essential to thoroughly explore and
scientifically translate the construction wisdom accumulated by local residents through their long-
term adaptation to drought, sandstorms, and temperature variations.

Cultural Empowerment

The principle of “cultural empowerment”, which centers on human and social systems as its
core values, seeks to integrate regional characteristics into the dynamic inheritance and innovative
expression of multi-ethnic cultures. By leveraging Xinjiang’s rich historical and cultural heritage, it
aims to prevent severe homogenization. This approach respects, protects, and creatively
transforms the historical memories, modes of production and lifestyle, and aesthetic concepts of
various ethnic groups, enabling traditional culture to rejuvenate in contemporary life.
Consequently, it enhances residents’sense of identity, increases product appeal, and elevates
industrial added value.

System Synergy

By applying the principle of digital system collaboration, digital technologies empower rural
governance, enabling precise allocation of resources and services, targeted policy implementation,
and refined management control. This approach overcomes spatial barriers and resource
management challenges with greater precision and efficiency. It strengthens positive
interconnections and feedback loops between systems, breaks the vicious cycle, enhances overall
efficiency, and improves the operational effectiveness and resilience of the entire rural living
system.

Sustainable Pathways for Rural Revitalization in Xinjiang

Guided by the four principles of “ecological protection, spatial adaptation, cultural
empowerment, and systemic synergy,” an integrated implementation framework encompassing
protection, adaptation, empowerment, and synergy was established (Figure 4). Aiming to break
the vicious cycle of “ecological degradation-economic poverty-social stagnation-improper
development - systemic imbalance - ecological deterioration”, the framework comprises a
mutually interconnected and progressively layered strategy system across four dimensions:
natural system restoration, adaptation of residential support systems, activation of human social
systems, and integration of technological synergy systems.

Regional Ecological Restoration and the Safety Bottom Line

National land ecological restoration is a systematic project [15]. It requires a comprehensive
spatial intervention framework spanning from macro-level baseline management to micro-level
ecological enhancement. The goal is not only to curb ecological degradation but also to create a
more resilient, safe, and healthy ecosystem capable of continuously providing ecological products
and services—thereby ensuring the sound development of other human settlement systems and
achieving “ecological restoration and green development.”

Conduct systematic planning based on natural geographical units such as river basins and
oases. Scientifically identify, strictly delineate, and rigorously adhere to ecological protection red
lines, incorporating key ecological function zones and sensitive, vulnerable areas into mandatory
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protection zones. Embrace the systemic concept that “mountains, rivers, forests, farmlands, lakes,
grasslands, and deserts form an integrated community of life.” Considering the diversity of
ecological types in border regions, establish three control lines: ecological protection red lines,
environmental quality baselines, and resource utilization ceilings. Implement key ecological
projects in border regions to advance integrated ecological protection and systematic governance
[16]. Establish a structurally complete and functionally stable regional ecological security network,
setting a baseline for rural development.

Dimension 1: Ecological Protection

natural system ¥ ; !

Regional Ecological Restoration
and the Safety Bottom Line

Systematic Land water resources
Consolidation management

‘ Dimension 2: Spatial Adaptation

Residential |
Support System 1 L *,
Settlement Space Integrated and coordinated Rural Environment
Renewal protection efforts Improvement
Dimension 3: Cultural
Empowerment
Human Social
System - v L
Cultural and Tourism ‘ . .
Create a cultural IP [Ecological agriculture
Integration
Dimension 4: Digital Collaboration
Technical I
Collaboration Y L] . (]
Precision Digital Service
Smart Governance .
Management Adaptation

Figure 4. Schematic diagram of sustainable practice pathways. Drawn by the author.

Results and Discussion

Systematic Land Consolidation and Water Resource Management

Systematic Land Consolidation

Conduct comprehensive land consolidation across the entire territory to optimize and adjust
the spatial layout of production, living, and ecological areas, achieving efficient land use and
enhanced ecological functions. Establish water resource carrying capacity as the core parameter
in spatial planning to determine the appropriate scale and distribution of population, industries,
and construction land, guiding settlements to concentrate in areas with relatively superior water
resources or high-water efficiency.

We will advance ecological land remediation by systematically restoring and adapting
mechanization to fragmented farmland, saline-affected areas, and marginal abandoned farmland
resulting from over-development. Employing a community-based participatory approach under
integrated ecosystem management, we will intensify efforts to mitigate degradation in saline-
affected land restoration, desertification control, land rehabilitation, ecological conservation, and
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afforestation, thereby achieving optimal overall ecological balance [17]. Concurrently, we will
establish farmland shelter-belt networks to improve micro-climates (Figure 5), promote ecological
space integration through village consolidation and construction land reclamation, gradually
phase out human activities in ecologically sensitive zones, and connect fragmented forest and
grassland patches into a cohesive green infrastructure network that encircles or interconnects
rural areas.

L VR

Mechamzatl'on Disertifioation Cointiol T Agricultural field protection
Transformation net

Figure 5. Systematic land consolidation. Image source: Internet.

Water Resources Management

At the basin level, establish and strictly adhere to the upper limits for water resource
development and utilization, then break them down progressively to prefectures, counties, cities,
and even townships, thereby forming a comprehensive total water use control indicator system
covering the entire society. The approach should shift from simply determining water supply
based on demand to a strategy of balancing water supply and demand grounded in enhanced
demand management [18]. Priority should be given to safeguarding river ecosystems and ensuring
drinking water safety for urban and rural residents; on this basis, agricultural and industrial water
quotas should be dynamically optimized according to each prefecture’s primary functional
positioning, resource endowment, and efficiency levels.

Promote water-saving agricultural practices such as drip irrigation and sprinkler irrigation to
enhance agricultural water utilization efficiency [19]. Concurrently, implement modernization
upgrades to farmland water conservancy projects. Establish a corresponding precision water
management system—including smart metering, quota management, and water rights trading—
to ensure that water-saving technologies translate into actual water conservation, preventing the
“water-saving effect” from being offset by expanded irrigation areas.

Leveraging modern information technology, we enhance the precision, intelligence, and
coordination of water resource management. By integrating multi-source data from meteorology,
hydrology, agriculture, and municipal sectors, we establish digital twin river basins and smart
water networks to achieve comprehensive intelligent monitoring, forecasting, early warning,
optimized scheduling, and emergency management across the entire water supply chain from
source to end-user. A transparent platform for water rights confirmation, registration, and trading
is established to facilitate inter-regional, inter-industry, and inter-user water rights transactions.
Through mobile applications and other channels, water condition information is made public,
water conservation services are provided, and public participation and oversight channels are
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expanded, fostering a collaborative water governance framework involving the government,
market, and society.

Adaptive Renovation of Settlement Spaces

The adaptive renewal of settlements must address the current inefficiencies in residential and
support systems and their incompatibility with modern production and lifestyle practices.
Through rational planning and design, the natural environmental foundation and regional cultural
characteristics should be transformed into efficient spatial configurations and rural landscapes,
shifting from passive adaptation to active integration with the environment to achieve harmonious
coexistence between humans and nature. A resilient residential and support system that responds
to climate change, conserves resources, and preserves cultural continuity should be proactively
established.

Coordinated and Contiguous Layout of Rural Spaces

The village has transitioned from a traditional layout pattern constrained by water resources
to an intensive model based on modern, efficient water resource allocation and ecological security.
Guided by the principle of “land use determined by water availability,” this transformation
integrates comprehensive land consolidation, defines village construction boundaries, and
restricts the uncontrolled expansion of residential activities within ecologically sensitive zones.
Population and development activities are directed toward central villages or communities with
well-developed infrastructure and relatively superior water resources, forming integrated clusters
with mixed functions and shared services to achieve coordinated, contiguous conservation.

The village’s spatial structure has been optimized by drawing on the wisdom of traditional
settlements in mitigating wind, sand, and sunlight exposure. A clustered, enclosed layout has been
adopted, where building clusters provide mutual shading, creating an effective microclimate zone
that protects against wind and sand. The streets and alleys between buildings also account for the
prevailing summer wind direction to enhance ventilation while avoiding winter wind directions,
ensuring a comfortable living environment for residents.

Rural Environment Improvement

Waste management constitutes a fundamental project for rural environmental improvement,
aimed at enhancing village aesthetics, ensuring ecological security, and elevating public health
standards. Establishing a waste transfer system tailored to regional characteristics represents a
systematic endeavor that integrates spatial adaptability, technological suitability, economic
feasibility, and coordinated management, thereby controlling domestic pollution at its source and
preventing secondary damage to soil and water bodies.

Following the “household sorting-village collection-township transfer-county processing”
model [20], a scientific and efficient waste collection and transportation system will be established.
Pilot programs will implement source sorting and reduction of recyclable and organic waste to
achieve resource recovery. Transfer stations will be designed to meet the temporary storage and
compression transfer needs of their service areas. In arid regions, low-cost, low-maintenance sun
composting technology will be actively explored for organic waste treatment; in areas with high
fuel costs, low-temperature pyrolysis or carbonization technologies suitable for small-scale waste
can be piloted to achieve both waste reduction and resource recovery. Currently, the Xinjiang
region has implemented various efficient waste disposal methods (Table 2).

By adopting the sponge village concept to harness natural drainage forces and employing Low
Impact Development (LID) technologies for decentralized treatment of non-point source
wastewater at its source, water quality is purified [21]. Ecological restoration techniques are
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integrated into rural development to enhance ecological resilience, with efforts to establish
rainwater management and microclimate regulation systems. Leveraging topographic elevation
differences, facilities such as ecological ditches, infiltration ponds, and reservoirs are designed to
collect and store rainwater and snowmelt for landscaping and sanitation purposes. Additionally,
drought-resistant plants are used for village greening, while some roads are replaced with
permeable surfaces instead of hard pavements.

Table 2. Xinjiang's efficient waste disposal model
Governance Representative .
Model Core Ideology Case Key Achievements
. The wastewater
Reduction Ruogiang Count resource utilization
through “The trash doesn’t diang Y . .
: ” (Intelligent rate in Ruogiang
source-based leave the village. ;
e Recycling) County has reached
classification
80%.
Process 200 tons of
Medmalom- fpphcatlons of Baojiadian Village, waste to prodgce 1
) Low- Manas County ton of magnetized
Driven . .
Processing Temperature (Enterprise ash suitable for
Magnetization” Operation) landscaping
applications.
A three-level - . With a daily
coordination Jiujianlou Township, rocessing capacity
Professional . Wusu City, Tacheng p gcap
. mechanism . of 10 tons, it
Centralized . . Region (Integrated .
. involving effectively addresses
Processing p Urban and Rural .
Household, Sanitation System) waste collection
Village, and City” y challenges.
Er Gong Town, Dashi Tou Township
Institutional “Small Points” Jimusaer County; generates an annual
innovation Drive Jinhua New Village, revenue of one
activates Comprehensive Wensu County; million yuan through
progress. Governance Awati County (point services provided to
redemption) surrounding areas.
The 9th Division
The 6th Division of converts h}mdreds
of tons of livestock
the Corps and the . .
. . manure into high-
Cycling of « . 12th Regiment of . .
. Turning Waste L quality organic
Agricultural . " Southern Xinjiang e .
into Gold o fertilizer, while
Resources (drip irrigation , .
i ) processing residual
tapes, residual film L .
recovery) plastic films into
recycled plastic
pellets.

Cultivation of Regional Characteristic Industries

Scientifically cultivate leading industries

At the 2026 China Two Sessions, the government work report proposed “promoting high-
quality development of the cultural and tourism industry and enriching integrated sectors such as
culture, tourism, sports, and commerce,” providing crucial policy guidance and strategic
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opportunities for rural development in the arid regions of Xinjiang. It is essential to establish a
vibrant, sustainable, and inclusive endogenous economic system to address long-standing
challenges including a single industrial structure, low added value, and insufficient endogenous
momentum. This involves transforming ecological constraints into quality advantages and
converting cultural resources into core product strengths.

Based on a profound understanding and scientific assessment of regional resources, the
industrial system is established in accordance with the dual principles of “ecological suitability”
and “cultural uniqueness”, strictly adhering to water resource red lines and ecological carrying
capacities, with a focus on developing distinctive ecological agriculture characterized by high
water productivity, high added value, and environmental sustainability.

Xinjiang proposed the overall agricultural development strategy of “stabilizing grain
production, adjusting cotton cultivation, optimizing fruit cultivation, and promoting animal
husbandry” [22]. By adjusting the path of industrial upgrading, expanding the planting areas of
coarse grains, specialty crops, and forage grasses, strengthening the regional specialization
advantages of cotton and specialty forestry and fruit industries, and advancing the development of
agricultural functional zones and advantageous production areas.

Governance

Model

guarantee

Digital
Village

Figure 6. Digital Village Analysis Map. Drawn by the author.

Digital technology enables system collaboration

Building a new type of digital countryside represents an innovative model for social
management under current circumstances. By fully leveraging the integrated application of next-
generation information technologies such as the Internet of Things, cloud computing, and the
internet, we aim to create a digital countryside that integrates security, management, services, and
cultural elements. Essentially, this involves the deep integration of digital technologies into rural
socio-economic systems, driving systemic transformations in governance models, production
methods, and public service frameworks. This process follows an evolutionary trajectory from data
resource utilization to intelligent resource management (Figure 6).

Confronted with inherent challenges such as vast geographical expanses, dispersed resources,
extensive management coverage, and information asymmetry, traditional rural governance
approaches have proven inadequate. As a core element of new-quality productive forces, digital
technology offers systematic and precise solutions by deeply integrating it into all subsystems of
the rural living environment. This enhances governance accuracy, service efficiency, and
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development resilience, facilitating the transition from traditional management to modern “smart
governance.”

For instance, promote the application of data in planning and management by leveraging the
GIS platform to centrally manage ecological protection red lines, village planning, construction
projects, and industrial layouts, enabling precise spatial control and dynamic assessment. The
planning framework incorporates promptly updated land use status data, ownership information,
and a comprehensive GIS “single map” management system [23].

In cultural and tourism development, real-time monitoring of visitor flow density at scenic
spots can be achieved by integrating data from surveillance cameras and mobile signaling systems,
enabling dynamic crowd management to prevent ecological overload and safety incidents, thereby
realizing “smart visitor flow management.” Regarding technological tool development, “age-
friendly” applications incorporating voice interaction, video guidance, and large-font displays
should be promoted to lower usage barriers. In multi-ethnic regions, the provision of bilingual
digital content and interface design must be enhanced to ensure cultural compatibility of digital
services. By integrating digital skills training with industries requiring digitalization—such as e-
commerce operations and tourism services—villagers can transition from mere “spectators” to
active “participants” and “beneficiaries” of the digital era.

Conclusion

This study adopts the framework of Human Settlements Science to systematically examine the
practical challenges and potential solutions for sustainable rural development in the arid regions
of Xinjiang. The research reveals that the core obstacle to rural revitalization in these arid areas
lies in the “structural imbalance” among five subsystems—natural, human, social, residential, and
supportive—and the resulting complex vicious cycle. To address this challenge, the paper proposes
a revitalization approach guided by the principles of “ecological protection, regional adaptation,
cultural empowerment, and systemic synergy,” and establishes an integrated implementation
strategy encompassing protection, adaptation, empowerment, and collaboration.

First, based on regional ecological restoration and the bottom-line management of water and
soil resources, establish a solid natural foundation for rural development in arid areas by
delineating ecological red lines, advancing comprehensive land consolidation across the region,
and implementing refined water resource management in river basins. Second, leverage adaptive
renewal of settlement spaces, promote integrated and contiguous village protection alongside the
deployment of modern green infrastructure to create resilient living environments adapted to arid
climates. Third, driven by the development of regional characteristic industries, transform
multicultural ethnic resources and ecological conditions into distinctive industrial IP, fostering an
inclusive and mutually beneficial endogenous economic system. Fourth, supported by digital
technology-enabled system collaboration, establish a smart governance platform to overcome
geographical barriers and information asymmetry, ensuring precise implementation and dynamic
adjustment of various strategies.

The aforementioned strategic framework aims to break the vicious cycle of “ecological
degradation—economic stagnation—social weakening” in rural areas of arid regions, exploring a
sustainable revitalization path that balances ecological security, cultural continuity, economic
viability, and efficient governance. It also serves as a valuable reference for rural development in
other ecologically fragile areas.
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AHHOTanmA. ExxeroZiHbIN pOCT YUCAEHHOCTH HaceJeHUs B KPYNHBIX ropojax
KazaxcTaHa yBeJMYMBaeT CIPOC Ha JKWJbe. IJTO COMNPOBOXKJIAETCS
NPOEeKTUPOBAHUEM U BO3BeJleHHUEM HOBbIX MUKPOPaloHOB. O/ JHOBPEMEHHO C
3TUM CTAHOBUTCS HEOOXOJMMO pelleHUue BOMNPOCOB IO 0O6eclneyeHuto
HaceJeHHUs] OOBbEKTaMM  COIMAJbHOM  HHOPPACTPYKTyphbl. Mepbl 1O
obecrieyeHHUI0 BO3pacCTalollero HacejeHUss HeOO6XOAMMbIMHU YCJOBUAMU [Jis
IPO>KMBaHUS B ropo/ie TpeOYIOT pacliupeHUsI TEPPUTOPUH FOPO/A, YTO B CBOIO
ouepeJb IOJAYEPKUBAET BAXXHOCTb TIPAMOTHOTO I[JIAHUPOBAHUS  €ro
CTPYKTYpHbIX eAuHML. Llenbo wucciefoBaHUsA  SBJSETCA  U3y4eHHUe
ocobeHHOCTeH (opMUpPOBaHUS OOBEKTOB COLMAJbHOW HHPPACTPYKTYpPhI
ropoja ActaHbl. PaccMoTpeHHMe aJMHUHHUCTPATUBHO-TEPPUTOPHUATbHBIX
pailoHOB ropoja MpeAcTaB/seT CO60M MNpouecc HU3yYeHUs] MPUHIUIIOB
C/IOKUBILUXCS ~ YYPEXKAEHUHW OOCAY)KUBAHMM 1O JJaHHBIM HATYpPHBIX
UCC/eJOBaHUM, HCTOPUYECKHUX OCOGEHHOCTEH, a TakKXe CTaTUCTUYECKUX
JlaHHbIX. [I[pM 3TOM BaXXHO pPacCMOTpPEHUE MepPCIEeKTUBbl CTPOUTENbCTBA
HOBBIX YYpEXJEeHUH TMpU pPa3BUTHU TOPOACKHUX pAWOHOB Ha OCHOBe
BbISIBJIEHHbIX 0COOEHHOCTeW. Pe3ysbTaToM HcCC/IeOBaHUS  SIBJSIETCS
BbIsIBJIEHUEe  0cOoOeHHOCTed  (POpMHpPOBaHUS  OOBEKTOB  COLIMAJbHOM
MHPPACTPYKTYPhl B IJIAHUPOBOYHOU CTPYKTYpe ropoja ActaHbl. Pe3yibTaThl
MCC/Ie/JOBaHUSI BaXXKHO YYUTHIBATh B IJIAHUPOBAHUM aJMHUHHUCTPATUBHO-
TEPPUTOPHUATBHBIX PAHOHOB MPH pa3MelleHUHU YYpexAeHUH 06CayKUBaHUS.
AJIMUHUCTPAaTUBHO-TEPPUTOpPUAJIbHbIE  palOHbl  Tropoja  Heo6X0AUMO
paccMaTpuBaTh KaK BO3MOXHOCTb YJY4YLIEHUS YCJOBUU MNPOKUBAHUS
HaceJIeHUS] B KOMIIAKTHOU CTPYKTYPHOU eIUHHUIIE.

KiroueBble C/I0Ba: 4YMCJIEHHOCTh HaceJIeHusl, YYpeXx/1eHHus1 00CTyKUBaHUS,
CTPYKTYpHbIE €/JUHUIIbI, CETUTEOHAsI TEPPUTOPHS, IIJIAHUPOBOYHAS

CTPYKTypa ropoja.
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BBeageHue

PocCT 4uCc/IeHHOCTH HacesJleHUsl NIPUBOJUT K YBEJMYEHHUIO IOTPEOHOCTH B XKUJIbE, 00'beKTaxX
CoLMaJbHOW UHQPACTPYKTYphl ropoja. [Ipu 3ToOM BaXKHO pacCMOTpPeThb NPUYHMHBI,
CONMYTCTBYIOLHE IOCTOSTHHOMY POCTY YUCJIEHHOCTH HaceJsieHUs B ropoge. ['opoj ActaHa
3aHUMaeT 79 733 ra TeppUTOPUH U NIOJjeJieHa Ha LIeCTb aMUHUCTPATUBHO-TEPPUTOPHUAIbHBIX
panoHna: Capblapka, balikonyp, Anmarel, Ecunp, Hypa n Capanmbik.

B ycnoBusx pbpIHOYHOM 3KOHOMUMKHM 1991 r. — mo Hacrosmee BpeMms ropon AcraHa
npeTeprneBaeT U3MeHEHHs, CBfI3aHHble C 4YHCJEHHOCTbIO HaceJieHUsl U pacUulMpeHHUeM ero
TeppuTopuu. [IpucBoeHMe cTaTyca CTOJIMLbl 3HAYUTEJNbHO YBEJWYWUJIO BHYTPEHHHUMU
MUTPaLMOHHBIN NpoLecc B cTpaHe (Tabsanna 1).

B HacTosillee BpeMs H3MEHMWJIOCb KOJMYECTBO 3aHATOrO0 HACeJeHUsI B TAXKeJbIX
NpOM3BOJCTBaX. B MeHbllell cTemeHU TsKesible BU/bl NMPOU3BOJCTBA BBICTYNAT B POJIU
rpaZioo6pasywiiux npeanpusaTUil. boJjbliag poJsib B 3aHATOCTH HacejieHUS TOpOJOB
IpUHAJJIEXUT 06J1aCTH 06pa30BaHus, KyJIbTYPbl, yIpaBJieHUs, UCKyccTBa. [lo JaHHBIM KOMUTETa
CTATUCTHUKH, oJis chepnl yeayr B Kazaxcrane 3a nepuoj ¢ 2010 no 2017 rog Beipoca ¢ 52 10
58% [1,3]. B kpynHbIX ropoiax JaHHbIM TOKa3aTeJ b Bbille. PA6oTa HaceseHHs cCOCpefjoTOUYeHA HA
TEPPUTOPHU TopoJia B 06beKTaX COLMaJbHON UHPPACTPYKTYPHI, YTO ABASAETCA CHelUPUIHBIM
CEKTOPOM 3KOHOMHUKH.

Tab6sauual. YucieHHOCTb HaceseHUs roposa Actansl [1-7].

Ne I'onx YucaeHHOCThb

1 1989 281 ThIC.UeJIOBEK

2 1990 287 ThIC.UEN0BEK

3 1992 298 ThIC.UeNI0BEK

4 1999 327 ThIC.UEN0BEK

5 2005 529 ThIC.ue/JI0OBEK

6 2019 1127 238 ThIic.ues0BeK
7 2021 1 184 469 ThIiCc.ue/IOBEK
8 2023 1389 141 ThIC.yeJIOBEK

[IpruMedaHue: COCTaB/JIE€HO HAa OCHOBAaHUHM JaHHbIX [1-7].

B MUpOBOM CcTaTUCTHKE BbIAENAT 4 CEKTOpa 3KOHOMHKHU, Cpeud KOTOPbIX MepPBUYHBIN
(moOBbIBaOIIMK MPUPOAHbIE PECYPChl), BTOPUYHbIN (MepepabaThbiBalOIIMU CbIpbe), TPETUYHbBIN
(cdepa ycayr) u yeTBepTUYHBIK (IPOU3BOJCTBO U 06paboTka MHbopMalnuu). bosblas yacTb
HaceJIeHUS Pa3BUTBIX CTPAH 3aHSATA B TPY/le TPETUYHOI'O K YeTBEPTUUHOTO CEKTOPA IKOHOMHUKH.
B JaHHBIX CTpaHax HaceJieHHe MeHblIe 3aHSATO B TsKeJIOM MPOMBILLJIEHHOCTH, U paboTa
HaxO0/AUTCS B 00'bEKTAX COLMATbHON UHPPACTPYKTYpHhI. BeiecTBYE OTTOKA HaceJeHUsI U3 MaJIbIX
rOpo/IOB €XEeroZHO YBeJUUYUBAETCsl HaceJeHUe KPYNHbIX U KPYyIMHEeUIIUX ropo/ioB Pecny6inku
KazaxcTtaH. BMecTe ¢ 3TUM yBeJIMYMBAETCsl HAarpy3Ka Ha 06'beKThI COLMaIbHOU HHPPACTPYKTYPHI.

M3MeHeHHs MIoLa/lel TEPPUTOPUM a[MUHUCTPATHBHO-TEPPUTOPHUAIbHBIX €IMHUI] TOpOia
CBsI3aHbI C YBeJIMYEHUEM YUCJIEHHOCTH HacesJeHHsl. ACTaHa BBICTYNAET rOPO/IOM, I'/le 06'beKThI
COLIMAJIbHOM MHOPACTPYKTYPbl aKTUBHO CTPOSITCS B COOTBETCTBUM C YBEJIMUEHUEM UX CIIPOCA.

O6bEKTHI COLMANBHON MHPPACTPYKTYPhl B CTPYKTYPHBIX €JUHHUIIAX TOPO/ia pa3MelalTCs
BOJIM3M KPYNHBbIX Marucrpasjied, Ha MepeKpecTKax JOpor, o6pa3ys LEeHTPhbl COLHAJbHOU
aKTUBHOCTH. JlJaHHbIEe I'PaJIOCTPOUTEJIbHbIE Y3JIbl MOXKHO pPa3BUBaTh, YUUTHIBAsA MOTPEGHOCTH
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AcTtaHbl (110 JAHHBIM HATYPHBIX UCCJIE€0BAHUN)

KaXX10TO a[]MUHUCTPATUBHO-TEPPUTOPHUAJIBHOTO pailoHa B COLMaTIbHBIX U UHPPACTPYKTYPHBIX
00'beKTax.

AcTaHa TeppUTOPHAJILHO COCTOUT U3 HECKOJbKUX aJMUHHCTPATUBHO-TEPPUTOPHUATBHBIX
parioHoB: Capblapka, bakkonyp, Asmartel, Ecuab, Hypa, Capaunmbik. Parion AsmMatbl —
aIMMHUCTPAaTUBHO-TepPUTOpUAJIbHAsA eJUHULA ropoa AcTaHbl, 06pa3oBaHHas 6 Mas 1998 rona
[2].

16 mapta 2018 roza U3 yacTu TEPPUTOPUN pailloHOB AnMaThl U Capblapka 6bL1 06pa3oBaH
yeTBEPTHIM paloH balikoHyp. B 2022 roay ObLiM 03BydyeHbl NpPOEKTHble MpeAJIOXKEHUS IO
Bbl/leJIeHUI0 U3 paiioHa Ecuib emé ogHoro HypuHckoro paiioHa [4]. Takxe B Mae 2024 rosa Ha
3acelaHMU MacauxaTa AcTaHbl IPOTOJIOCOBAIM 3a CO3JaHHe IecToro parvoHa (CapaWIUbIK,
pasjesiuB pakoH AJiMaThbl Ha JiBe YacTH.

AKTya/JIbHOCTb  MCCJ€[JOBaHUS  OO'bEKTOB  COLMAJbHOM  HUHQPACTPYKTypbl B
aIMMHUCTPAaTUBHO-TEPPUTOPUAJIbHBIX palOHaX COCTOUMT B HEOOXOJAMMOCTH pPacCMOTpPEHUS
HalnpaBJeHUH OOCAY)KMBaHUS B TOpPOJE, HX PACHOJIOKEHUs MNpPU aHa/lM3e HaTypHOTo
o6cseJloBaHUA.

llesib JaHHOW pabOThl — U3YYUTDb U ONpPeAEeJUTb 0COGeHHOCTH GOPMUPOBAHUS 06'BEKTOB
couMaJbHOM HHOPpPACTPYKTYypbl ropoja ActaHa. B xoze paboThl paccMaTpUBAOTCA
aIMUHUCTPAaTUBHO-TEPPUTOpPUAJIbHBIE  PalOHbl,  M3y4yalTCcd  OO'BbEKTbl  COLMAJbHOU
MHPPaACTPYKTYphl B ropojie AcTaHe.

Ocoboe 3HayeHUMe B  HCCI€JOBAaHUMU  OTBOJUTCA  M3YyUYEHHUI  OCOGEHHOCTeH
IPOEKTUPOBAHUA 06BEKTOB COLUAIbHON MHPPACTPYKTYPhI U UX pa3MeleHHUIO.

TemaTuka wuccienoBaHUs NpezloJiaraeT aHaJlM3 COBPEMEHHOrO TreHepaJbHOrO IJIaHa
Actanbl. TakKe 60J/1b110€ BHUMaHHE y/ieJIEHO U3yYeHHUIO CYLeCTBYIOLIEro COCTOAHUSA 0O'bEKTOB
CoLMa/JIbHOU UHPACTPYKTYpPbl aAMUHUCTPATUBHO-TEPPUTOPHAIbHBIX PAlOHOB.

Hay4Hble paboThl 10 pacCCMOTPEHUI0 0COOEHHOCTEN COLaIbHON HHPPACTPYKTYPhl BEJUCH
TaK)Ke TaKUMU ydyeHbIMH, Kak KopHusioBon A.A., XopoBeukol E.M., JlanteBbiM B.A., J/lanTeBou
U.B., MamegoBbiM C., OcnanoBbiM T., CapcembaeBoi /l. [5,12-14], Tockunou B.B. [1].

AHa13 OCHOBHBIX CTaTUCTHUYECKUX MaTepHaJioB NPeACTaBASAIT BO3MOKHOCTb PaCCMOTpPETh
pPOCT YUCJIEHHOCTH HaceJsieHUs [2,4]. 3HauMTesbHAs 4acTh IO NMPOLECCY BO3BeJEHUS 00bEKTOB
COLMAJIbHOU MHOPACTPYKTYpbl onvcaHa B Tpyaax Jlyounkoro A.®. [6], TockuHoi B.B. [1].

B coBpeMeHHOM COCTOSIHUM 0OOJIbLIOW UHTepec NpeACTaBJSAIT MyOJWKALUU O MPUHATBIX
rpaHulLlaX TropoJa U 0O6CyKJeHUue BOINpPOCOB, CBA3aHHbIX C GOPMHPOBAHUEM pPeTUOHAJIBbHOU
apXUTEKTYpbl U 00'bEKTOB COLMAJIbHON UHPPACTPYKTyphbl [7-11]. BaxkHble rpaZjocTpOUTENbHBIE
acneKThl BJUSHHUSA paccCMOTpeHbI B TpyAax Kapakosoi T.B. [14-15].

B pa3paboTke cTraTbM NPUHATBI BO BHHMaHHWE COBPEMEHHble TMOAXOJbl B
rpaZloCTPOUTEbCTBE 3apyOeXKHBIX CTPaH.

[Ipy nNOArOTOBKE CTaTbM pacCMOTPEH BONPOC pPa3BUTUA OOBEKTOB COLMAJbHOU
MHQPACTPYKTYpPbl B CTPYKTYPHBbIX eJUHULAX ropoja. llenp JaHHOW paboThl BBIABHUTH
XapaKTepHble 0COOEHHOCTH 00'bEKTOB COLHMAJIbHOU MHPPACTPYKTYPhI FOPOAA.

MeToao10ruA.

M3yyeHure faHHOM NpO6GIEMAaTUKU IOCTPOEHO HA OCHOBE aHa/IM3a COBPEMEHHOTO COCTOSIHUSA
pa3BUTHSA Topoja AcTaHa, aHa/Ju3e JIMTepaTypHbIX MCTOYHUKOB. HaTypHble o6ciiefnoBaHus
COLMAJIbHOW MHPPACTPYKTYPbl a/IMUHUCTPATUBHBIX PAOHOB ropojia ACTaHbl, COCTaBJIEHHbIE C
y4eTOM UX UCTOPUYECKOTO PA3BUTHUSI.
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J.E. CapceMbaeBa

HaTtypHble uccienoBaHWs aJAMHUHHUCTPAaTUBHBIX paloHOB ropoga Capblapka, baukoHnyp,
Anmarsl, Ecunb, Hypa, CapalliblK O3BOJIMJIA BBIABUTD NIPUHIMIIBI Pa3MelleHUs yYpexJeHUN
00C1y>KMBaHUS1, yCTAHOBUTb HaJIMYMe 0ObEKTOB COLMAJIbHON HHPPACTPYKTYPHI.

M3y4yeHre CTaTUCTUYECKUX JAHHBIX O YMCJEHHOCTU HacCeJeHHUs I03BOJIMJIO YCTAaHOBUTb
yBeJIMUeHUe YYpexJeHUU OoOCayKMBaHUS B pe3yJbTaTe yBeJUWYeHUsl HacesJeHUs. Takxke
MaTepua/bl BKJKYAKT JaHHble TOPOACKHUX M PErvOHAJIbHBIX OTYETOB, apXUBHbIE JaHHBIE,
MaTepHaJ/ibl IPOEKTHBIX OpraHu3aLyi.

AHanu3 TeKylero COCTOSHUSA COLMAJbHOM UHPPACTPYKTYPhl MO3BOJISIET OLEHUTD yCA0BUSA
IPO>KUBaHUS TOPOJCKOr0 HaceseHUsl, QyHKLUMU YIpexJeHUuH, MacimTab u npo6seMbl. ITO JaeT
BO3MOXXHOCTb pa3paboTaTh JajibHelllMe peKOMeH/JaluH.

Pe3ysibTaThl M OGCYyKAeHUe

B pesysbTaTe HaTypHOro 06cC/ie[j0BaHUS aJMUHUCTPATUBHBIX pallOHOB ropoja AcTaHa
(Capblapka, Baitkonyp, Anmatel, Ecusb, Hypa, Capailuiblk) O6bJIO pacCMOTPEHO Hajlhyue
00'bEKTOB COI[MAJILHOU UHPPACTPYKTYPhI U UX XapaKTepHble 0COOEHHOCTH.

AJJMUHUCTPATUBHBIN rOPo/icCKOU palloH «CapblapKa» SABJSETCS TEPPUTOPHUEN, 06pa30BaHHOM
B pe3yJbTaTe [AJATEJbHOTO HCTOPUYECKOTro mpolecca. 3acTpoOWKy padoHa OTJIAYaeT
KOMNAKTHOCTb, €IMUHbIM MaclTabd y/ul, cCOpa3MEpPHOCTb 3/laHWM, YTO NMOKa3blBAae€T BAXKHOCTH
CO6JII0/IEHUS IaHHbIX KPUTEPHEB NIPU pa3MelleHUH 00'beKTOB COLlMaJIbHOW UHPPACTPYyKTyphl. B
JIAaHHOM 4acTU ropo/ia OTMedaeTcsl HaJluuue HeoO6X0MMbIX yupexZeHul. YacTb ropoja 6yaydu
UCTOPUYECKUM LEHTPOM HMeeT YuYpexJeHUs1 O0OCAyKMBaHUsI PA3HOTO Ha3HA4YeHUs: GaHKH,
nocoJsibcTBa, yHuBepcuTeThl (KasATUY umM. C.CelipynnnHa, MeAULMHCKUN yHUBEPCUTET ACTaHa,
TypaH), KoJ//JeaXH, CHOPTKOMIUIEKCHI, IOJUKJIWHUKYM, UWIKOJbI, YYpPeXJeHUs MUTaHUA U
TOPTOBJIY, KYJbTYphl (My3eH, BbICTAaBOYHbIE LIEHTPbI).

PucyHok 1. 34aHUsI MCTOPUYECKOM YAaCTU ropoJa ACTaHbI
[Ipumeuanue: poto aBTOopa (Capcembaena /I.E.).

Ha npumepe paitona "Capblapka” B pe3yJsibTaTe MCCJe[0BaHUs BBISBJIEHO, YTO B ropo/e
CYyLeCTBYeT HeXBaTKa COLMAJbHOW MHOPACTPYKTYPHI CAeAYIOIIUX OOBEKTOB: AETCKUE Cajlbl,
IIKOJIbI, TOJIMKJIMHUKH, TOPTOBO-pa3BJieKaTebHble EHTPbI, CHOPTUBHbIE KOMILJIEKCHL. [Ipy aTOM
OTMeYaeTcsl He TOJIbKO KX MaJjioe MPUCYTCTBUEe B paloOHe, HO W HEBBICOKOE KaieCcTBO
06CIy>XUBaHMs, YTO BbIHY>K/IAeT BCe HaceJleHWe JJaHHOTO paloHa Npeo/0JieBaTh 3HaYUTE/bHbIe
pacCcTossHUS K APYyruM yupexeHusaM. [lo cpaBHeHUIO ¢ JaHHOW cUTyauuen paiioH "baiikonyp"
ABJIIeTCS HanboJiee OTAAJEHHbIM OT TaKUX YUpeX/JeHHH, KaK CIOPTKOMILJIEKCh], TeaTPhl, YTO
MHOTOKPATHO YCUJIMBAET NOTEPU BPEMEHU MO MYTHU K 00'bEKTaM KyJIbTYPHO-OBITOBOTO
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006CIy>KUBaHUS.

Ha pucyHke 1 mpezacTaBieHa UCTOpUYECKasi 4acTb ropojia — 3JjaHUsl aIMUHUCTPATUBHBIX
paiioHoB "Caprlapka” 1 "balikonyp".

AJMUHUCTpPaTUBHBIN paloH "BallkoHyp" OTJ/IMYaeTCs 3HAYMTEeNbHbIM YHUCJIOM YYpexAeHU!
TOPrOBJM U OGLIECTBEHHOro nMuTaHusA. OHAKO B palOHe CylLIeCTBYeT HeXBaTKa KyJbTYPHO-
JIOCYTOBBIX U CIIOPTHUBHBIX YUYPEX/JEHHUH, a TaKKe peKkpealuid. [Ipy 3ToM yupexxeHus AoCyra He
YYUTBIBAIOT KJIMMaTU4YeCKHMe 0COOEHHOCTH PErMoHa, J0CTaTOYHO CUJIbHO OTZAAJIeHbl YYpeXx1eHUus
BbIClIero obpa3oBaHUA. B pailoHe oco6o BujAHA npob6seMa pa30ObIIEHHOCTH YUYpPEXJEHUH,
HexBaTKa JeTCKUX CaZloB, OTCyTCTBHE 06JIaroyCTPOMCTBA ABOPOB, OTCYTCTBUE OpraHU3aluu
e/JMHOTO LieHTpa.

PucyHok 2. Kazaxckuii HaMOHaJ/IbHbII My3bIKa/JIbHO-APaMaTU4YeCKUIl TeaTp UMEHH
Kaym6eka Kyanbimo6aeBa, Kazaxckuii HAllMOHa/IbHbIN YHUBEPCUTET UCKYCCTB.
[Ipumevanue: poto aBTopa (Capcembaena /I.E.).

HoBbli paiioH Capai1lbIK peAcTaBJIeH yupexaeHusiMu chepbl TpaHcnopTa (Boksan "Hypiibl
»KOJI", JIOTUCTUYECKUN IeHTp), chepbl KyabTypbl (/[Bopel] He3aBUCHMOCTH, JlBopel, MuUpa U
corsacus, HanuoHanbHbl Mys3ed, Kazaxckuil HallMOHa/IbHbIM My3bIKaJbHO-ApaMaTHU4YeCKUN
TeaTp MMeHU Kanubeka KyaHbpimbaeBa, Kaszaxckuil HalMOHa/bHbIM YHUBEPCUTET HCKYCCTB).
[locTpoeHHble 00bEeKThl yHnpaBJeHUs W KWJble 3[JaHUS CTPYNIHUPOBaHbI IO OCH, BeAylled OT
HOBOT'0 BOK3aJa Z1o /IBopua Mupa U corsiacus. CocpefjoToueHUe yYpexJeHn palioHa ob6pasyeT
rpaZloCTPOUTE/bHbIE Y3J/Ibl. JTO MO3BOJISIET OPTaHU30BaTh AOCTYIIHOE 0OCAy:KMBaHHWE BHYTPHU
aJIMAHUCTPAaTUBHOrO pakoHa. /JlaHHaga dQopMupywllasg o0Cb Y4YacTByeT B OpraHu3aluu
3QdeKTUBHOrO TPAHCIIOPTHOTO COOOLIeHUS A/ APYTUX TeppuTopui ropoga. Ha pucyHke 2
NPUCYTCTBYIOT 3JaHUsA CPepbl KyJbTYpbl, KOTOpbIe IO PACHOJIOKEHUI0 00pa3ylT OOIIUpPHOE
NPOCTPAHCTBO B a/IMUHUCTPATUBHOM pakoHe "CapallibiK".

AnMaTHUHCKUI palioH NpeJicTaBjeH pa3BUTOMN chepolt obpaszoBanus (EHY um.JI.H.I'ymuiesna,
kosutemx EATY, nepgarornyeckuil Kosiex Mex/iyHapoJHOTo YyHUBepcuTeTa ACcTaHa).

Biarogapsi akTUBHOMY CTPOUTEJBLCTBY TeppuTopus JleBobepexbsi, aAMUHUCTPATHBHOTO
ropoackoro panoHa «Ecusib», o6pa3oBaHa COBpeMEHHBIMM OOBbEKTAMH COLMAJbHOMN
MHOpacTpyKTyphl. Pacimivpenue »xunuuHoro ¢GoHJa, yBeJIWYeHHE OOBEKTOB COLHAJbHOU
MHQPPACTPYKTYpPhl NMOCTOSHHO YBEJHWYMBAEeT UYMCJIEHHOCTb HacesieHUs1 B paloHe. OTpeseHue
paiiona "Hypa" Ha ocHoBe pailioHa "Ecunp" mno3BoJsisieT 06oJsiee [eTajJbHO pa3BUBATh
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apXUTEKTYPHO-IIJIAHUPOBOYHbIE pelleHUsA. YBeJUYeHHe HaceJeHWs U TIpaHUL, 3aCTPOUKHU
00yC/JIOBJIUBAOT HEOOXOAUMOCTD JJOCTYIIHOCTH OO’ bEKTOB COLlMAJIbHON HHPACTPYKTYPHI.

PucyHok 3. Tepputopus "Ikcno-2017", 6o0TaHUYECKU caj,.
[Ipumevanue: poto aBTopa (Capcembaena /I.E.).

Paiion "Ecusp" pacnosiaraet yupexjaeHUsMH cdepbl yIpaBjieHHUs, KyJbTypbl ([om
MHUHHUCTEPCTB, My3eH, OMOJMOTEKH, BbICTAaBOYHbIE LIEHTPbI). bBosibiiasg 4acTh pa6oynx MecT
rOCCIyKallMX HAaxXOJAWTCS HAa JAHHOM yd4acTke. Takke B paloOHe HaXOZSATCS PeKpealdoOHHbIE
IPOCTPAHCTBA, Kak BogHo-3esieHbI OysnbBap, OOTAaHWYECKHMU cajl. 3HAYUTesJbHasd 4YacThb

TEPPUTOPUH paiiona «Hypa», oTaeneHHas oT padoHa «Ecuib, COCpe/JI0TOYMBaET
06LIeCTBEHHbIE YYPEXJEHUS HaApsAy C JKUJIbIMH 3JaHUAMUA. Ha pucyHke 3 u300pakeHbl
NpPOCTPAaHCTBA aJMHHHUCTpAaTUBHOro paioHa "Ecuap" — Tepputopussi "Ikcno-2017" wu

0O0TaHUYECKUH caf,.

Hypa Capplapka baifikonyp Aavatsl  Ecwis  Capafimsix

=

PucyHok 4. Pacnojio:xxkeHue 0611eropoJCKOro eHTpa OTHOCUTE/IbHO
a/IMUHUCTPAaTUBHO-TePPUTOPHAJILHBIX €AUHUI ropoAa AcTaHa
[IpuMeyaHue: coCTaB/IeHO HA OCHOBAaHUH JJaHHBIX [2-4, 12]
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B agMuHHCTpaTHUBHOM pailoHe «Hypa» pacmnosiokeHbl KpyNnHble Y4YpexJeHUs CnopTa U
obpasoBaHusa. UHpacTpyKTypa cnopTa npejcraBieHa 3AaHUsAMU: «bapbic ApeHa», cTajuoH
«Anay», Benotpek «Colpblapka», [lBopen exumHo6opcTB MM.JK.YiikemnupoBa («XKekme-xek»
capaiibl), PUTHec-UeHTpbl. /laHHble 3/lJaHHSI CKOHIIEHTPUPOBAHbI BAO0Jb mpocnekTa KabaHbait
6aTeipa. Kpome Toro mo yaune TypaH pa3MelleHbl 00'bEKTbl COLMAJbHOW MHPPACTPYKTYpPhI
chepbl TOProB/IM U OOLIECTBEHHOTO NMTAHUS: PeCTOPaHbl, TOPrOBO-pa3BJjeKaTe/bHble LJeHTPhI
«Xan Ilateip», «Capplapka», «J/lymMaH», aBTOCAJOHBl Ppa3JMYHBIX MapokK. Beicuine
obpa3oBaTe/ibHble YUYpPEXJEHUs], pacloJiokeHHble Ha JaHHOM y4acTtke: Kas[HOY wum.
M.C.Hapuko6aeBa, KazYTB, Hazap6aeB yHHBEPCHUTET.

Ha pucyHke 4 mnpejcTaB/eHO pacloJIOKeHHe OOLeropo/iCKOro LieHTpPa OTHOCHUTEJbHO
aJIMAHHACTPAaTUBHO-TEPPUTOPHAJIbHBIX €IUHUL, roposia ACTaHa, 10 KOTOPOMY MOXXHO BBbISIBUTb
3HAYUTEJbHOE OT/laJIeHHe 00'bEKTOB COLMA/IbHOM HHPPACTPYKTYpPbl OT HaceJeHHUs.

Ocoboro BHUMaHUs 3acJyKMBaeT BHOBb 00pa3oBaHHbIA paloH «Hypa» ropoga AcraHa. B
palioHe MpeJCTaBJIeHbl YYpeXJeHUS CIIOPTUBHOTO, TOPrOBOr0 Ha3HAa4deHHs, KOTOpble B CBOIO
ouepe/b IPeJCTaBJASAIT OTPOMHYI0 YacTh 0011[eCTBEHHbIX 3/JlaHU M. /laHHble 3/JaH1s 06palleHbl Ha
[JIaBHYK0 Marucrpaab — npocnekT TypaH, 4YTO TMO3BOJISeT BBbIJEJIWTb KpPYNHBIA Yy3el
obuecTBeHHbIX QyHKIMU. KpoMme Toro, KopramxblHCKOe LIOCCE SIBJASIETCS OPUEHTUPOM AJs
TaKMX OOBEKTOB, KaK YHUBEPCUTET, KpylHble MarasuHbl Mebesd, pecTopaHbl. [loaTomy
Bbl/leJIeHH e 3TOT0 pallOHa N03BOJIMT LieJleHalpaBJeHHO pa3BUBaTh YKa3aHHbIe chepbl

CpaBHuBag paiioH «Ecusb» g0 2023 roja c ero coBpeMeHHbIM 06JIMKOM, MO>KHO 3aMETUTD,
YTO MPEXHASA CKYyYEeHHOCTb KJIIOUEBbIX YUpeX/JeHUU Melllasia pa3BUBaTh OT/eJibHble chepbl. B
CBA3M C I3TUM pas/ie/leHMe Ha JBa paloHa JaeT BO3MOXHOCTb 0o0Jiee BHHMMATEJbHO
CKOHLIEHTPHUPOBATbCA HAa Pa3BUTHHU JJaHHBIX QYHKLHUH U, c/1e0BaTeIbHO, PAOHOB.

[Ipy paccMoTpeHHMHM OTpac/ed YCIyr BCeX pPalOHOB BBIBJIEHO CJeAyollee: YYpexJAeHUs
pacrnoJiaraloTcsl Ha IVIaBHBIX MarucTpasisx; yupexJeHnus oqHoN chepbl yCayT IPyNNUPYIOTCS Ha
OJHOM TeppUTOPHH; HeXBaTKa yYPeXJEeHUN C KOMILIEKCHbIM apXUTeKTYPHO-IJIAHUPOBOYHBIM
pelleHreM, OTCYyTCTBHE NeLIeX0HbIX CBA3eN MeX/y 3JaHUAMH.

B xozme uccnenoBaHHUsA OTMedaeTCsl HalM4yvMe B TOPOJACKUX palOHax pAfa y4acTKOB, Te
IPUCYTCTBYET CBSA3b HECKOJIbKUX Cep YCIYT, TAKUX KaK YYpexJeHHUsd CIIopTa U 00pa3oBaHu4,
y4pex/JieHUs1 TOProBJU U NUTaHUA. B CTpyKType ropoACKOl TeppUTOPHUH 3[4aHU GOPMUPYIOT
rpaZloCTPOUTE/IbHBIE Y3JIbl, COBMellallide B cebe HeCKOJbKO QYHKLUMW. /JlaHHble coYeTaHUs
GYHKIMU MOTYT pa3BUBaTh y4YpexJeHWs, yaydllas KadecTBO 0OcCayxuBaHUA. TeppuTopus
ropo/ia, Irie NpUCyTCTBYIOT yYpeXJeHHUs CIopTa, 00pa3oBaHUA U 06sA3aTeJIbHbIA KOMIIOHEHT —
TOPTIOBJIfA, IOKa3bIBaeT XOPOIIUHN YPOBEHb 006CAyKUBaHUA. Tak, Ha 3Ty TEPPUTOPHUIO IPUXOAUTCS
NOBBILIEHHBIM CNPOC [Ji YacTHBIX MHBeCTULMH. [loMrMO ob6ecrneyeHHs KOMQOPTHOCTH
NPOXUBAHUSA, YYPEXJEHUA OOCAY>KMBAaHMWA 3aHUMMAIOT pOJIb IPeJOCTaBJEHUsS HaceJeHHUI0
pabo4yrx MecT caMopeaJlu3aLuH.

llesiecoo6pa3sHO BbIAENATH TOPOJCKHME aJMHUHUCTpPAaTHBHble PpPaWOHbl M IIJIAHUPOBATH
CTPYKTYpy OOBEKTOB COLMAaJIbBHOW WHQPPACTPyKTyphbl. I[lpy 3TOM HYXHO Y4YUTBIBATH
CJIOKMBIIYIOC CUCTEMY OOCJY>KMBaHHUSl U OCOOEHHOCTH y4pexJeHUW. B KaXJoM ropojckom
a/IMMHUCTPAaTUBHOM paliOHe HE0OXOJAMMO pa3BUBaTh yYpeX/JeHHUs B COCTaBe LEHTPa, KOTOpble
SBJIIIOTCA BeAyLIMMU Ha IaHHOM y4acTKe Topo/a.

B ctaTbe paccMaTpuBaeTcs GOpMHUPOBaHHE OOLIECTBEHHBIX [IEHTPOB B a/IMMHUCTPATUBHO-
TEPPUTOPHUAJIbHBIX eJUHULAX ropoja AcTaHbl. JTHM (GAKTOPbl BaXXHO YYUTHIBATH IpPH
pacroJioKeHU U 00'beKTOB COLMAJIbHOW HHPACTPYKTYPhI B CTPYKTYPHBIX €JUHULIAX CTOJIMILBL.
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B pesysibTaTe cocpejoTOYeHUs 60OJIbBLIOTO KOJIUYECTBA yUYpeXJeHUNH 0JJHOr0 HallpaBJIeHUs
BO3HUKAIOT KOHKYpPEHLHUS YaCTHbIX NPeANpUATUH, YTO CTUMYJHMpPyeT OOBbeKThbl COLMalbHOM
MHPPACTPYKTYpPhI yJIy4lIaTh YPOBEHb 006CIYyKUBaHU, 3CTETUUECKUE KayeCTBa 3aCTPOMKHU. 30HbI
BJIUSIHUSA JJaHHBIX OOIeCTBEHHbIX LIeHTPOB M03BOJIAIOT pa3BUBaTh rOpPO/, Ha pa3HbIX y4acTKax
IIOMHUMO 06LIeropoACKOro LeHTpa. JlaHHble rpaZjoCTPOUTENbHbIE Y3J1bl FADMOHUYHO Pa3BUBAIOT
TEPPUTOPHUIO CTPYKTYPHBIX €AUHUL, TOPOJa.

ConyanbHoe 3HadeHHe GOPMUPYIOIIUXCA OOIIECTBEHHbIX LEHTPOB TOpPOJOB IMOCTOSHHO
BO3pacTaeT B Npoliecce MPOrpecCHBHOTO pa3BUTHsA o6LiecTBa. B cBA3M € 3TUM 1ies1ec006pa3Ho
OpraHHYecKoe CO4YeTaHHWe COBPEMEHHOIO JKWJMLIA C YYpPeXJeHUSIMHU OOLeCTBEHHOIO
006C/y>KMBaHUS, CO3/laHHE BO BCeX rOpoJiax €AUHOU CUCTeMbl OOCAYKUBAMOLIUX YUPEXKAEHUH,
obecrneyuBawIUX KOMGQOPTHbIE YCA0BHUA /11 NPOKMBAIOILETr0 HaceeHHUsl.

B xoje  HaTypHOTrO HcCCJIe[OBaHUA aJMUHUCTPATUBHBIX pallOHOB Oblia BbIsIBJEHA
HEpPaBHOMEPHOCTb O0O'bEKTOB COLMAIbHON MHPPACTPYKTYpbl B HOBBIX pahoHax. Heo6xoaumo
OTMETUTb, UYTO B TrOpoOJie BaXKHO QOPMHUPOBAThb OOIECTBEHHble LEHTPbl C COLHAJIbHO-
KyJIbTYPHbIMHU 0O6'b€KTaMHU.

B nmpolecce NpoeKTHPOBaHUS HOBBIX aJMUHUCTPATHBHO-TEPPUTOPUAIBbHBIX PallOHOB
rOpo/ioB BXKHO YYUTBIBATh CYLIECTBYIOLIME YUPEXKAEHUSA 00CAYKUBAHU S, TPAHCIIOPTHBIE CBSA3HY,
3K0JIOTUYEeCKHe cocTaBJsplue. Takxke JaHHble MOMEHTbI BaXKHO BBISIBJASTH MPHU 006CYKJEHUU
reHepasibHbIX IIJIAHOB C HaceJ€eHUEM ropo/ia U cneyuaavcraMu. OJHOBpeMEHHO C COLMa/IbHBIMU
3aJlayaMyd BaXXHYI0 pOJib B BbIOOpe HaNpaBJieHUS Pa3BUTHS  apXUTEKTYpbl COLMAbHOMN
MHPPACTPYKTYpbl UIPalOT MNOTPEOHOCTU U OLEHKU HacejeHUs. YUYeT TaKUX HHTepecoB NpHU
BbIpabOTKe HallpaBJIeHUSl Pa3BUTHS apPXUTEKTYpPbl COLMAJbHON HMHQPPACTPYKTYpPhbl [JOJDKEH
00ecrne4yuTh epCcleKTUBHOE BUIEHHUE.

Poct HaceseHMsa oTpaxaeT yBeJHMYEHHE HArpys3KkM Ha OOBEKTbl COLMAJIbHOMU
MHOpacTpyKTyphl. [losiBIeHrMe HOBBIX FOPOJACKHUX PallOHOB CONPOBOX/AAETCS pacnpejesieHueM
001 eCTBEHHBIX 3/jlaHU M. [l/1aHMpOBOYHAA CTPYKTypa ropojia NpuodbpeTaeT HOBbIE CTPYKTYypHBIE
eZJMHULBI C 3JaHUSIMU OTNpeZie/IeHHOr0 QyHKIMOHA/IbHOT'O HallpaBJIeHUs.

3aK/IloyeHue

B pesysbTaTe u3ydyeHUs HUCTOPUU rOpoJa U CyLIEeCTBYIOILEro IMOJIOXKEHUS COLUAJIbHOMN
MHOPACTPYKTYpbl  YCTAHOBJEHO: C  yBeJWYeHHWEM  HaceJleHUs  aJMUHUCTPATHUBHO-
TeppUTOpHa/bHble eAWHHUIBI Topoja (paloHbl) HCOBITHIBAOT YBeJWYeHHEe Harpy3kd Ha
yupexaeHUs1 00CIy>KMBaHHUSA; POCT HAceJ€HUS U TeppPUTOPHUMU ropojia TpebyeT oO6pa3oBaHHUA
HOBBIX PallOHOB; a/IMUHUCTPAaTHUBHbIE PAOHBI UMEIOT CYLLleCTBEHHbIE PAa3JIMYUS M0 KOJIUYECTBY
U [lepeyH0 00'bEKTOB 00C/Iy:KMBaHUS; HEOOXOJUMO pa3BUTHE IPaZ0CTPOUTEJbHBIX LIEHTPOB U
TPAHCHOPTHOU CBA3U MEXJY HUMM.

[Ipu 3TOM B aAIMUHUCTPATUBHBIX PallOHaX BbIJe/eTCSA pa3BUTHE CAeAYIOLUX YUpeXJeHUM:
B paiioHe «Ecuib» — aJMUHUCTPAaTUBHBIX U TOPrOBBIX yYpPEXJEHUH; B paloHe «AJMaTbl» —
y4€eOHbIX; KYJbTYyPHO-NIPOCBETHUTEJNbHBIX U TPAHCIOPTHBIX — B paloHe "CapallllibiK'; B palioHe
«Hypa» — cnopTHBHO-3pe/IMILIHBIX U yYeOHBIX YYpexJeHUU; B paioHe «ballkoHyp» — TOpProBbIX
y4pexJeHNUH.

B pesysnbTaTe wucciefoBaHUs CyUIECTBYIOLUX aJMUHUCTPATUBHO-TEPPUTOPHUATbHBIX
palloHOB BBISIBJIEHO:

1. HeobxoauMo panyoHaJbHOE Je/leHUe TeppPpUTOPUM TOpPOJIOB HAa aJMUHHUCTPATUBHO-
TeppUTOpHAJIbHbIE eJUHULbl — PAWOHbI, UCXO/JSl U3 YUCJAEHHOCTH U MJOIIAAU, YTO MO3BOJIAT
y4ecTb 3Ha4MMble QYHKIIMU B TOPOJE.
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2. [laHHble (QYHKIMHA OOBEKTOB COLMAIbHOM HHQPPACTPYKTYPbl BbIJENATCH U3
9KOHOMUYECKHU Pa3BUTBIX TEPPUTOPHUM.

3. Ilmomaab TropoJCKOrO pailloHa HYXHO NPUHHUMATh B 3aBUCUMOCTH OT €CTECTBEHHBIX
pybexxel, a Takxe 1esecooO6pa3sHOCTH (HampaBJieHHWs1) apXUTEKTYypbl COLMaJIbHOM
MHPPACTPYKTYPHIL.

JlaHHbIe YUpex/AeHUs CIA0XKUJIKCh B pe3yJibTaTe pa3BUTHUSA €AUHOT0 ropoJa, YTO BbIJEJUJIO0
pasindusg B KaxJoM padoHe. B pe3yibTaTe HCCAeA0BaHUS UCTOPUM COLMAJIBbHOU
MHPPACTPYKTYpbl YCTAaHOBJEHO, YTO pasauyus cdepbl YCAYr CTald leJeHanpaBJaeHHO
pa3BUBATbLCA NPHU pa3/ieieHUH ropoJia Ha afMUHUCTPAaTUBHbIE palloHblL. B coBpeMeHHOe BpeMs
B&)KHO MCI0JIb30BaTh JlaHHbIe OTJIMYMSA KaK MPEeMMYLIeCTBa U ClleljMaJIu3UpOBaThbCs palioOHy Ha
KaXXJ0M U3 3TUX OTJIMYUTEJIbHBIX Pa3JIUYUH.

[Ipy u3yyeHHU OOBEKTOB COLMAJbHOM HHOPACTPYKTYypbl PAallOHOB BBIIBJIEHO UX He
paBHOMepHoe pa3BuTHe. McxoAsd M3 3TOro, BaXKHO AONOJHUTH CYIIECTBYIOIIYI0 COLMAIBbHYIO
MHPPACTPYKTYpPy B aAMUHUCTPATUBHbIX FOPOJCKUX pallOHAX, YTOOBI CIOCOOCTBOBATh PAa3BUTUIO
UX OOIIeCTBEHHbIX LEeHTPOB. /JlaHHOe wuccaejoBaHUe MO03BOJIMJIO OTCJeAUTb H3MeHeHUe
YHCJIEHHOCTH HaceJieHHUsl, TEpPUTOPHUU ropozia. B cBsA3U ¢ 3TUM conuasnbHasg UHQPACTPYKTypa

JlaHHOe uccae0BaHMe MO3BOJIUJIO OTCAeJUTh U3MEeHeHUe YUCIEeHHOCTH HaceJleHUs, poCT
KOTOPOTO TMpUBEJ K YyBEJUMYEHUI0O TEpPPUTOPUM ropoja. B ¢BS3M C 3TUM coluasnbHas
MHPPaACTPYKTypa KPyIHOI0 ropozia npuobpesia cnequpruieckre CTPyKTypHble 0COGEHHOCTH.
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Social infrastructure facilities in the structural units of the city of Astana
(based on field studies)

Abstract. The annual population growth in major cities of Kazakhstan is accompanied by
increased demand for housing. This is accompanied by the design and construction of new
microdistricts. At the same time, it becomes necessary to address issues related to providing the
population with social infrastructure. Providing the growing population with the necessary living
conditions in the city requires expansion of the city's territory, which in turn highlights the
importance of structural units in the city's planning structure. The aim of this study is to examine
the development of social infrastructure facilities in Astana. The examination of the city's
administrative-territorial districts involves examining the principles of existing service
institutions based on field surveys, historical features, and statistical data. It is also important to
consider the prospects for constructing new institutions based on these identified characteristics.
The study reveals the development of social infrastructure facilities within the planning structure
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of Astana. These findings are important to consider when planning administrative-territorial
districts and locating service institutions. Administrative-territorial districts of the city should be
considered as an opportunity to improve living conditions.

Keywords: population, service institutions, structural units, residential area, city planning
structure.
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Abstract. The article is devoted to an analytical analysis of the key principles of
designing medical and wellness facilities in accordance with current
international standards and requirements (JCI - Joint Commission
International, FGI - Facility Guidelines Institute, iHFG - International Health
Facility Guidelines). The study examines approaches to the formation of
architectural and planning solutions that affect the safety, efficiency, and
manufacturability of healthcare facilities. Special attention is paid to the
influence of medical technologies, sanitary and epidemiological requirements,
and socio-economic factors on the design. The article also shows the difference
between national and international approaches. In national practice, a medical
institution is more often considered as a civilian building with an established
list of regulatory requirements. International standards, on the contrary,
proceed from a comprehensive understanding of the hospital as a high-tech
facility, where the planning structure is directly related to medical processes.
The research results can be used both by design organizations for a more
accurate understanding of the process of developing architectural and planning
solutions, and by government agencies for making changes and additions to
existing norms and rules due to their inconsistency with modern high-tech
processes.

Keywords: design of healthcare facilities, international standards, functional
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Introduction

The Republic of Kazakhstan has entered an active period of globalization and cooperation in
the international arena, and accordingly, this implies the need to review approaches to the design
of healthcare facilities.

The rules and regulations for the design of medical infrastructure facilities must comply not
only with national but also with international standards that can ensure a high level of safety,
energy efficiency, and ergonomics. During the implementation of national healthcare projects, the
architectural design of perinatal centers becomes crucial: after all, it is here that the fundamental
demographic development and health of the future nation are formed.

Modern challenges in the design of healthcare facilities in Kazakhstan

The Decree of the Government of the Republic of Kazakhstan dated November 24, 2022 [1]
exposes the key problems of the medical infrastructure:

- unsatisfactory state of the material and technical base, including the organization of obstetric
care (in 2021 - 76.9%);

- 40% of the buildings of the SES (sanitary and epidemiological service) do not meet the
requirements and standards; - low level of material and technical condition of obstetric
institutions, their non-compliance with modern requirements, insufficient medical equipment,
understaffing, including specialized specialists (obstetrician-gynecologists, anesthesiologist-
resuscitators, neonatologists) of maternity organizations;

- insufficient level of integration of PHC (primary health care), maternity and specialized
hospitals.

These and many other factors directly affect the quality of medical services, which require
advanced and high-tech solutions, infection control, and flexible architectural and planning
solutions.

The relevance of the research topic lies in the rapid development of the healthcare system,
which is caused by the advent of modern medical technologies, changes in the epidemiological
situation in the regions, and increasing demands on the safety of patients and staff. In modern
architectural practice, the design of healthcare facilities has ceased to be considered only as the
creation of a "civil purpose” framework to accommodate offices that strictly meet the requirements
of norms and regulations. Today, the process of designing medical facilities is considered a high-
tech process, where spatial solutions directly affect the effectiveness of medical treatment, the
psycho-emotional state of patients, and the reliable functioning of the organization.

In the international arena, standards and norms in the field of design, such as JCI - Joint
Commission International, FGI - Facility Guidelines Institute, and iHFG - International Health
Facility Guidelines, set the direction of the approach from strict subordination to national
standards and requirements for Evidence-Based Design (EBD). This method allows you to create
architectural and planning solutions based on scientifically proven data on how the environment
affects the recovery of patients, the effectiveness of staff, and their safety. At the same time, strict
norms and rules in the field of design are in force in the Republic of Kazakhstan, which impose
strict restrictions that limit designers in flexible approaches to solving a particular task.

The purpose of this article is to analyze and systematize international experience in the design
of medical facilities. The article considers three main directions of development in the field of
medical design. The first is related to the transition from traditional divisions of infectious
pathways due to the construction of complex corridors to infection control due to modern
engineering systems that control airflow and pressure. The second direction concerns the planning
structure - instead of rigidly limited areas, it is necessary to apply functional planning solutions
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that are formed around the patient's area of activity. The third is the introduction of patient safety
principles into the architecture of the building, which are formed according to the analysis of their
routes inside the premises.

The results of this analysis can be used to form a further process of improving existing
regulatory legal acts in the field of technical regulation of the design processes of healthcare
facilities. The company considers the creation of medical facilities not just as civil engineering, but
as a way to reduce technological risks during operation.

The methodology

This paper is based on the assumption that the architectural and spatial model of healthcare
facilities can have a direct impact on the quality of medical care. When designing hospitals in
accordance with international standards, the environment can not only support the medical
component of the process, but also reduce the technological risks associated with the operation
and maintenance of the building. At the same time, the existing reality of design in Kazakhstan,
which is based on a regulatory approach and strict adherence to construction and sanitary-
epidemiological norms and rules, often creates limitations in the field of scientific evidence-based
design method. It is assumed that the process of transition from fixed limitations in regulatory
indicators to adaptive functional modeling, which is used in the Joint Commission International
(JCI) standards, will make it possible to adapt modern high-tech standards to the national
regulatory framework without compromising the quality of medical care.

To verify this assumption, a comparative analysis of two alternative systems of norms and
standards was used as the main material: the JCI international accreditation standards and the
national Code of Building Regulations of the Joint Venture of the Republic of Kazakhstan. 3.02-113-
2014 "Medical and preventive institutions".

The research methodology included three consecutive stages of analysis. At the first stage,
differences in approaches to infection control were considered: from primarily sanitary
requirements typical of building codes and regulations in force in the Republic of Kazakhstan to
active engineering control applied in JCI standards and based on airflow control and automated
pressure management to eliminate cross-infection. The second stage is devoted to a practical
approach to the development of functional planning solutions, during which the planning structure
is evaluated in terms of the actual work processes of medical personnel, and not only in terms of
regulatory limited areas. At the third stage, using the method of analyzing the patient's route,
problematic flow intersections within the perinatal center were identified, potentially affecting the
safety and quality of medical care.

The applied analysis algorithm allows us to consider the design process of medical institutions
not only as a civil engineering facility, but also as a complex system in which architecture is directly
related to medical and technological processes. A comparison of the requirements of the building
codes and regulations of the Republic of Kazakhstan with the safety criteria set out in the JCI
standards provides a clear understanding of the existing regulatory constraints and provides a
basis for developing recommendations for updating the national design system for medical
institutions.

Findings/Discussion

In the course of a comparative analysis of the national building codes of the Republic of
Kazakhstan (CH and JV RK) and the international standards of the Joint Commission International
(JCI) and Facility Guidelines Institute (FGI) in the field of healthcare facilities design, fundamental
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differences have been identified that go beyond the simple discrepancy of individual technical
parameters. These differences were identified as conceptually different approaches to
understanding the role of an architect and the very essence of architectural design at the stage of
developing architectural planning and spatial solutions for medical institutions.

The identified discrepancies reflect not only differences in technical requirements, regulatory
indicators and qualitative characteristics of the designed premises, but also affect the
methodological approach to the design process itself. This approach determines the nature and
depth of the relationship between the professional activity of an architect, the medical and
technological process of providing medical care and key issues of ensuring the safety of patients
and medical personnel in modern conditions of functioning of healthcare institutions.

Conceptual foundations of design: building volume vs technological process

Based on the results of the analysis, it was determined that the key difference between national
and international standards lies in defining the primary design task and understanding the main
function performed by various healthcare facilities. In Kazakh practice, medical institutions have
historically been considered as one of the types of civil buildings with certain sanitary and
epidemiological requirements, where priority is given to the reliability of the building and
compliance with the requirements of regulatory documents [2, 3]. These standards pay
considerable attention to the location of the building, fire and sanitary gaps, escape routes,
minimum requirements for the area of the premises - parameters that are undoubtedly important
for the safety of the building as an object of the structure, but ineffectively affect medical processes
and the quality of medical care.

The functional zoning of departments is mainly reduced to a formal division into "clean" and
"dirty" zones without a detailed study of the logistical intersection of staff, patients and
technological equipment, which does not allow effective management of the risks of nosocomial
infections and medical errors. On the contrary, international practice defines a hospital as a
complex high-tech system, where the architecture of the facility is subordinated to the medical
process and the patient's safety objectives [4, 5]. The main tool is the Patient Journey Mapping
method [6], in which the design begins with an analysis of all possible paths of movement of the
patient, staff, equipment and materials. Each functional planning structure is evaluated in terms of
the risk of medical error, which is directly related to the concept of patient safety, described in
detail in the report of the US Institute of Medicine "To Err Is Human", which emphasizes the role
of the physical and organizational environment in preventing errors [7]. In which, the architecture
of the building is considered an active component of the patient safety system, which can not only
reduce but also increase risks depending on the quality of design solutions.

This difference forms the different functions of an architect at the design stage: in national
practice, he acts as a "translator” of building regulations and the creator of an architectural image;
in international practice, a coordinator of medical processes and technological risks, an active
participant in the formation of clinical processes through architectural and planning solutions. A
good example is the placement of hand hygiene sinks, one of the most important elements of
infection control. In the CH and SP RK, this is a conditionally defined plumbing point without a
specific indoor location requirement, provided that the minimum quantity is met. In the JCI and
FGI standards, the sink is considered an important safety unit and should be located in the direct
line of sight of the doctor before contact with the patient, which reduces the likelihood of violation
of infection control procedures by 30-40% according to research data [4, 5]. The architecture of
the surrounding space "encourages" staff to behave safely, reducing the impact of stress factors on
cognitive activity, and turning the right action into the most natural and convenient [8]. This
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principle of "design for safety" is reflected in all aspects of international standards and is
fundamentally different from the conventional approach of national standards.

( Criteria ) C National standards ) C JCI/FGI )

Functional approach (derived from

Methodology Prescriptive method (fixed %
( ) indicators) technology)
Q

'he area of the ward per 12 m2 (fixed)

Calculated based on the equipment
1bed

and areas of activity

—/

Area of the operatin .. - , . .
C_Dom /intcnsivg " u%iit Legally limited Up to 70-80 m2 when using high-

tech equipment

Accounting for modern Limited by the standards Adaptable to technological
equipment of the mid-20th century development
( Tustification of the Formal compliance with }unctlona‘l areas atu:l clinical
are: standards scenarios
area
Flexibility in Excess of the norm = rise in price Reasonable increase for safety
expertise - ) and effectiveness

Minimal A key design factor

NZS AN NI A NI AN

Consideration of
staff ergonomics

Table 1. Comparative analysis of methods for determining the area of premises

Methodology for determining the area of premises

The comparative analysis revealed key differences in the methods of determining the area of
the premises, which demonstrate different approaches to the functioning of the medical space.
International recommendations use a functional approach, in which the area of the room is
determined depending on the technological process and the dimensions of the equipment. The
fundamental factor in determining the quantitative size of the area is the "activity zones", which
include the patient's area, staff circulation, equipment placement, and family involvement,
especially relevant for intensive care units and perinatal centers [4]. This method makes it possible
to justify an increase in the area of premises to 70-80 m2 for operating rooms or intensive care
rooms during the use of high-tech medical equipment, ensuring the transition to technological
development and changes in the treatment and diagnostic process. This takes into account not only
the dimensions of the equipment, but also the ergonomics of the space for staff to work, the need
for emergency access to the patient from different sides, the placement of monitors in the field of
view, and additional space in the room for relatives to participate in the treatment process.

The fundamentals of the Joint Venture and the National Assembly of the Republic of
Kazakhstan apply the method of directive indicators based on fixed areas of premises established
several decades ago. Especially in the field of spatial planning solutions for medical institutions,
this is the legacy of the Soviet rationing school of the 1970s and 1980s. The area of an adult
patient's room per bed is normatively fixed at the level of 12 m2 (with an airlock, toilet, and
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shower) [2], which reflects the parameters of the equipment of the mid-20th century. Modern high-
tech medical equipment often does not fit into these dimensional limitations, creating critical
situations when emergency access to the patient is required. At the same time, exceeding the
standard area during the state examination is perceived as an unjustified increase in the cost of the
project, which puts the architect in a difficult situation - to comply with the norms or ensure the
functionality of the premises. As a result, the architect has to "integrate" modern technologies into
outdated spatial constraints, which reduces ergonomics, increases the risk of errors and creates
uncomfortable conditions for staff and patients.
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Figure 1. An open hand treatment
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area [13].

Research in the field of "evidence-based design" confirms that the internal organization of
space directly affects the safety and effectiveness of treatment, and a well-designed architectural
and planning structure reduces staff stress and the number of medical errors [9]. In the context of
the above facts, a strict metric approach within the framework of national norms and regulations
assumes a high level of risk of obsolescence and non-compliance with modern requirements of
clinical practice, while the functional model of FGI provides flexibility and adaptability to
technological development of processes (Table 1).

Organization of operational units in the context of isolation and optimization of processes

The differences are most evident when comparing approaches to the design of operating units,
which are the most technologically complex and especially important areas of a medical facility
from the point of view of increased security. The current sanitary and building regulations of the
Republic of Kazakhstan preserve the ideology of strict spatial separation into "sterile" and "dirty"
zones organized through separate corridors, stairs and elevators. This structural model goes back
to the origins of the Soviet normative school of design of the 1960s and 1970s and assumes that
infection safety is achieved primarily by architectural isolation of flows [10, 11]. To build a medical
waste disposal system, it is necessary to provide separate "dirty" corridors and elevators; this
approach leads to a complication of the planning structure of the operating unit and a significant
increase in the total area of the building. Based on the results of the evaluation of design practice
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and the analysis of implemented projects, these solutions can increase the construction volume of
the facility by 15-20% [12], which significantly increases financial costs without proven
improvement of clinical processes. On the other hand, the requirement to set up enclosed spaces
for preoperative hand treatment by personnel [2, 3] leads to a quantitative increase in rooms and
complicates the layout of the operating unit (Figure 2). According to FGI, it is recommended to
design open niches for the treatment of staff hands, embedding them in the operating room space.
This solution reduces long logistical routes for staff movement and opens up the possibility of
constant monitoring of processes in the operating room (Figure 1).

According to international standards (FGI, JCI), the sterility of the operating unit is considered
as aresult of the interaction of architecture, engineering systems and operational protocols, where
each element plays its key role in ensuring safety.

r re——
Preoperative Area
Operating Room |

Airlock

I Operating Room General
Preoperative Area Corridor

; m | ar]

Soiled Corridor

Endoscope f
Staff Room Room for Soiled
Washing Room
. Cable Linen Room

| Disinfection

Figure 2. Two-corridor solution of the operating unit (design materials of the author).

Collection

of Medical

Waste and
Sharps

In modern Western medical institutions, this issue is solved through a system of closed
containers, vacuum or pneumatic transportation, as well as hermetically sealed trolleys with
clearly delineated routes and operating regulations. As a result of this approach, the transportation
of "dirty" materials is allowed along common corridors without the risk of cross-infection, since
safety is ensured not by walls, but by packaging technology, transportation, and operational
requirements. Scientific research [9] proves that the key factor in preventing cross-contamination
is not the presence of a separate dirty corridor, but the frequency of door openings and the
organization of staff movement. With a single-corridor planning structure, when medical waste is
packed inside the operating room, the number of exits to the corridor is reduced. This makes such
a system safer compared to a two-corridor system, where staff movement is more chaotic.

Building life cycle cost analysis: capital and operating costs

One of the key differences between the domestic and international regulatory frameworks is
the approach to financial and economic assessment of design solutions throughout the entire life
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cycle of a building. In Kazakhstan's design practice, priority is traditionally given to minimizing
CapEx (Capital Expenditure) - capital expenditures during the construction phase. This is
manifested in strict control over not exceeding the cost per square meter [14], optimization of
architectural, planning and design solutions, rejection of complex facade systems, as well as the
choice of budget finishing materials and engineering equipment. When designing hospitals on a
government order, the customer, limited by tight budget limits and procurement procedures at the
lowest price, is forced to give priority to reducing initial costs. This systematically leads to a
balancing act between the choice of engineering equipment, high-quality building materials and
architectural solutions, which further negatively affects the operational reliability and durability
of healthcare facilities. Energy efficiency of a building is often considered as a technical task
implemented at the final stages of design by selecting equipment, and the architectural shape of
the building, the orientation of the facades and the planning structure are rarely analyzed in terms
of energy consumption and adaptation to climatic conditions.
JCI/FGI )

( Parameter ) C National standards ) (
( Priority ) OpEx (operating costs)

Share of operating costs

CapEx (capital expenditures)

It is not taken into account in

- Q0 Ty - - e -
the design 70-80% of the cost for 30-40 years

The cost approach

Minimizing the cost of m2

Life Cycle Cost (LCC)

Energy efficiency

An engineering challenge
in the late stages

Integrated into the architecture
from the early stages

Energy saving

Conditionally regulated

Up to 40-50% compared to the
baseline

Selection of
materials

Minimum cost, frequent repairs
(3-5 years)

High wear resistance, durability
(15-25 years)

Climate adaptation

The initial condition for calculations

The formative factor

Design Philosophy

Compliance with formal
standards

Long-term cost
optimization

Planning horizon

N NN DN DN NI D

NN AN AN NI NI AN A N

1-5 years

30-40 years

Table 2. Comparative analysis of economic approaches

The choice of materials is focused on compliance with sanitary requirements and minimum

92

Ne3(156)/ 2026

Eurasian Journal of Applied Engineering and Technology (EJAET)



Comparative analysis of international and national standards in the field of healthcare facilities design.

cost, which often leads to the need for frequent cosmetic repairs every 3-5 years, increasing
operating costs and disrupting the work of medical institutions, creating inconvenience for
patients and staff.

International design standards, on the contrary, are based on the concept of Life Cycle Cost
(LLC, life cycle cost) and focus on optimizing OpEx (Operating Expense) - operating expenses
during the operation of the facility. Research by the Whole Building Design Guide [15] and Life
Cycle Cost Analysis (LCC) [16] proves that operating costs (OpEx) exceed 3.6 times the initial
investment in design and construction for modern buildings with an estimated service life of 60
years. Taking this approach into account, the architect acts not only as the author of a spatial
planning solution, but also as a strategist who calculates the long-term economic efficiency of each
decision. Higher initial investments in energy-efficient facade systems, high-quality engineering
equipment and durable materials pay off with significant reductions in operating costs and
increased comfort for patients and staff (Table 2).

Energy efficiency is integrated into architectural design from an early stage. Climate is
considered as a formative factor determining architectural typology, and not only as a starting
condition for engineering calculations. It is recommended to use materials with high wear
resistance and long service life (for example, HPL panels with a 15-20-year warranty,
homogeneous floor coverings with a service life of up to 25 years), which retain functional and
aesthetic characteristics for decades and reduce total costs during the life cycle of a building by 30-
40% compared to budget counterparts. requiring frequent replacement.

Thus, the difference between regulatory systems lies not only in specific numerical parameters
and requirements, but also in the fundamental design philosophy that defines the role of the
architect, the planning horizon and criteria for making design decisions.

Functional planning solutions and operational efficiency

A comparative analysis revealed significant differences in the approach to the organization of
functional relationships within medical institutions, and these decisions directly affect the
effectiveness of staff and the quality of medical care provided. National standards focus on
compliance with areas and the isolation of functional planning areas, while analyzing the internal
logistics of personnel, optimizing work processes and ergonomics of medical activities often
remain outside the regulatory framework. This leads to the formation of long corridors, remote
placement of office premises and inefficient organization of work areas, and this results in
increased physical strain on staff and response time to patient requests (Table 3).

International design standards actively use the concept of evidence-based design, which
examines real-world scenarios of building operation using timekeeping, video surveillance, and
staff surveys. One of the main parameters is the "nurse's path" - the distance that medical
personnel travel during a shift between wards, posts, auxiliary rooms and storage areas. Studies
show that in traditionally designed departments, a nurse can walk up to 4-6 km per shift, and as a
result, increased physical fatigue and a decrease in the quality of medical care for patients at the
end of a work shift [17].

Reducing the distances between key functional points increases staff efficiency, reduces
fatigue and the likelihood of errors by up to 20% [17]. From an architectural point of view, this is
achieved through compact planning schemes (for example, radial or group configurations instead
of corridor ones), the rational placement of nursing posts in the geometric center of the
department with the possibility of visual monitoring of all wards, the decentralized placement of
storage and preparation areas for medicines, as well as the rejection of excessively long corridors.

As aresult, the difference between standards lies not only in numerical indicators of areas and
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distances, but also in the project philosophy, which defines the role of the architect in the decision-
making process - from the author of the interpretation of regulatory requirements to the designer
of high-tech workflows and an active participant in the formation of a model of medical care.

( Aspect ) C National standards ) ( JCI/FGI

The concept of Architectural isolation Managed process
sterility (engineering+protocols)
Waste disposal Separate dllrty tcol;ndors and Closed containers, pneumatic
clevators transport, common corridors
Increase in construction , . ,
volume +15-20% due to duplication of Optimization through technology
communications

Closed boxes Open areas with controlled
ventilation

Preoperative hand
treatment

Laminar flows, pressure

Ensuring sterility monitoring, monitoring

Spatial separation

Flexibility of layout Rigid structure High (compact, adaptable)

Evidence base of

\ Tradition, historical experience Clinical trials
effectiveness

NI NI AN NI N8 A N

¢
¢
¢
¢

Table 3. Comparative analysis of approaches to the design
of operational units

Conclusion

At the state level, Kazakhstan recognizes the need for a transition to international standards
and the unification of national standards with the requirements of JCI and FGI. The "Concept for
the development of healthcare infrastructure for 2024-2030" notes that JCI requirements should
be taken into account already at the design stage, since it is the requirements that contribute to
ensuring the systemic quality and safety of medical services [1]. This indicates the importance not
only of the architectural form, but also of the technological process and the recognition of the need
to synthesize the principles of functional design and patient safety into national standards. In turn,
in practice, this transition may face a number of barriers: lack of methodology for implementing
international standards into the national regulatory framework, insufficient training of designers
in the field of evidence-based design, resistance from expert organizations using more traditional
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approaches in their work, as well as economic constraints associated with higher initial
investments in the application of international standards.

Based on the results of the comparative analysis, it is confirmed that the differences between
JV/CH RK and JCI/FGI standards are systemic in nature and cover all aspects of design - from
conceptual foundations to the application of specific technical solutions. International practice
considers architecture as a risk management tool and support for the medical process, while the
domestic regulatory framework is still focused on limiting construction parameters and formal
compliance with requirements. The transition from a space-oriented to a process-oriented
approach to design requires not only updating the regulatory framework, but also changes in the
professional qualifications and methodology of architectural design in the field of healthcare,
including the introduction of an integrated approach involving medical practitioners and
consultants at all stages of design. The integration of the principles of functional and spatial design,
evidence-based design and the concept of Life Cycle Cost into national standards is a key condition
for improving the quality of design and efficiency of healthcare facilities in Kazakhstan, as well as
a necessary step to achieve an international level of quality of medical care and patient safety.
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[IpuHI MBI APXUTEKTYPHO-IUVIAHUPOBOYHOM OPraHM3aI U1
y4pexJeHun cpegHero npo¢peccHoHa/IbHOro 06pa30oBaHUsA
KazaxcTaHa
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AHHOTanMsa. B cTaTbe paccMaTpUBAlOTCA MNPUHLMIBI APXUTEKTYPHO-
IJIAHUPOBOYHOM OpraHM3allUy YupexJeHUN cpeJHero npodeccuoHaJIbHOTO
obpasoBaHusa KasaxcTaHa B  KOHTEKCTe MOJEpHHU3ALUU  CHUCTEMBI
TEXHUYEeCKOTO M MNpPOPeCcCUOHA/bHOIO 00pa30oBaHUA U YCUJIEHHUA CBSA3U
00y4eHHUsl C MPOU3BOJICTBEHHOW MPAKTUKOW. AKTYyaJlbHOCTb HCCJIeI0BaHUs
onpeziesiieTcsd HEOOXOAMMOCTbIO IepexoAa OT TPASULUOHHOW MOJENH
KoJuUle/PKa  KaK  y4yebHOro 3JaHUMs K  MojJeJud 06pa3oBaTesibHO-
IPOM3BO/ICTBEHHOT'0 KOMIIJIEKCA, 00'be JUHAIOIEr0 TeOpeTUYeCcKoe 00y4eHue,
NPaKTHUYECKYIO NO/ITOTOBKY, 0611leCTBEHHbIE NpOCTpPaHCTBA U
B3aMMO/JIEICTBUE C MHAYCTPUAJbHBIMU NapTHepaMU. MeToA0/10THYecKOn
OCHOBOU paboThI ABJISETCS CPABHUTEbHBIA apPXUTEKTYPHO-NIJIAHUPOBOYHbBIN
a”Haiu3 KoJssnemkell Kasaxcrana, Bkitoyasd APEC Petro Technic B ATbipay u
Konnemx cepBuca u TypusMa B AcTaHe, a Takxe Mpo¢decCHOHaNbHbIX
o6pa3oBaTesIbHbIX KOMIJIEKCOB KuTag — 3KcneprMMeHTaJIbHO-y4eOHOTO
3paHusA Zibo Education u [IpodeccuoHalbHO-TEXHUYECKOTO KOJIJIE/>Ka 3aJIUBa
Msiukoy. AHa/JiM3 NMO3BOJIMJ CONOCTaBUTh QYHKIIMOHAJIbHOE 30HUPOBAaHMUE,
B3aMMOCBSI3b Y4eOHbIX U MpaKTUYECKUX [OMelleHUH, OOIllecTBeHHbIe
IpPOCTPAaHCTBA M XapaKTep KaMIyCHOM opraHusayuud. B pesysbTare
UCCJIeJOBAaHUS BbISIBJIEHBl KJIIOUEBble NMPUHIIUIBI: MHTErpanus y4eOHbIX U
IIPOU3BO/ICTBEHHBIX 30H, dbopmMupoBaHue 0011 eCTBEHHO-
KOMMYHUKAaLHOHHOTO a4pa, byHKIMOHa/NbHOE KJIaCTepHUpOBaHUE,
obecrieyeHHe KOPOTKHUX CBs3ed MeXJy Teopuerd U NPaKTUKOW, T'MOKOCTb
IJIAHUPOBOYHOM CTPYKTYpbl M OTKpBITOCTb KOJUI€[)XKa K TOPOJACKON U
Npon3BOACTBEHHOU cpefe. CdopMy/MpoBaHbl OCHOBHblE IPUHLMIIBI
pa3BuTHUs KoJsuiemkeld KazaxcTaHa Kak COBpeMEHHBIX 00pa3oBaTesbHO-
IPOU3BO/ICTBEHHbBIX MJIAaTHOPM.

Kiniwo4yeBble cioBa: cpefiHee npodeccuoHalbHOEe 06pa30BaHUe; apXUTEKTypa
KOJIeJKEU; KasaxcraH; Kurap; apXUTEKTYPHO-NJIAaHUPOBOYHAs
OpraHu3alus.
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BBeageHune

CoBpeMeHHOE pa3BUTHE CUCTEMBI cpeJiHero npodeccuoHasbHOro o6pasoBaHus Kasaxcrana
CBSI3aHO C HE0OXO0AUMOCTbI0 NOATOTOBKU KBaJIMPHUILIMPOBaHHbBIX KaJAPOB [IJIsl IPOMbILUIJIEHHOCTH,
CTPOUTEJIbCTBA, TPAHCIIOPTA, CepBUca, HepTerasoBoW OTpPaC/y, CeJbCKOT0 X03WCTBA U HOBBIX
TEXHOJIOTUYEeCKUX HalpaBJieHUH. B yc/l0BUSIX 0OHOBJIEHUS 9KOHOMUKU U YCUJIEHUS MPAKTHUKO -
OPUEHTHUPOBAHHOI'0 OOy4YeHHs KOJUIE[DK YXKe He MOXeT paccMaTpUBaTbCA TOJIBKO Kak
TpaJUIUOHHOEe y4eOHOe 3/JaHue C HabopoM ayAUTOpPHH, a/IMUHHUCTPATUBHBIX NMOMELIEeHUN U
MacTepckux. Ero apXxuTeKTypHO-NJIaHUPOBOYHAs OpraHu3alnus [J0/PKHa obecreyuBaTh CBS3b
TEOPEeTUYECKOro 06yUeHH s, TPOU3BOJCTBEHHOM NMPAKTUKH, NPodecCuOHaJbHON COljMaIu3aluu
CTY/IEHTOB ¥ B3aUMO/IeICTBUS C IpeAIPUATUSI MU.

AKTya/lbHOCTb MCCJIe/IOBaHUS ONpeJesisieTcsl TeM, UYTO CETh OPraHU3aLUN TEXHUYeCKOro U
npodeccruoHalbHOro o6pasoBaHusi KasaxcTaHa ocTaeTcs 3HAYUTeJbHOW MO MacwTaby H
couuasbHOW poJsu. Ha Havano 2025-2026 yye6Horo rojga B Pecny6snke KasaxcTaH
¢yHkuuoHupoBasio 6osee 700 caMOCTOSAATE/NbHbIX OpraHM3alUid  TEXHUYECKOTO U
npodeccruoHaJbHOr0 06pa3oBaHUs, a 001asd YUCIEHHOCTb 00y4YaroLUXCs COCTaBUIIa CBblIe 560
TbiC. 4esioBeK [1]. [Ipy 3TOM pOCT mNpueMa CTyJleHTOB M pa3BUTHE TOCYyJapCTBEHHOIO
06pa30BaTeJIbHOTO 3aKa3a YCUJIMBAIOT TPeOOBaHUS He TOJIbKO K COJlepKaHHI0 06pa3oBaTebHbIX
porpaMM, HO U K Ka4yeCTBY apXUTeKTYPHOH cpe/ibl KoJsiefkell. COBpeMeHHble 3JaHUsA [10KHbI
ObITb CIOCOOHBI MPUHUMATbh HOBble TEXHOJIOTUM, 0OecreyuBaTh NPaKTUYECKYH NOJTOTOBKY,
co3/1aBaTh rMOKHMe J1abopaTOpHble U MPOU3BOACTBEHHbIE IPOCTPAHCTBA, a Takke GOpPMUPOBATh
NpUBJIeKaTeJIbHY 0 0O6pa3oBaTebHYIO0 cpeay [2,3].

B coBpeMeHHBIX HCC/Ie[JOBaHUAX 00pa30BaTeJbHOM CpeAbl NOAYEPKUBAETCH, UTO
IPOCTPAHCTBEHHAsl OpraHMU3alUs y4yeOHbIX 3JaHUM BJMsAET Ha KOMGOPT, BOBJEYEHHOCTb M
pe3yJibTaTbl 00y4YeHMs], a THMOKOCTb CpeJibl CTAaHOBUTCS OJHUM U3 YCJAOBUM ajanTaluu
o6pa3oBaHUMs K HOBBIM (QopMmaTaM [AeATeJbHOCTH [4-6]. [lna y4YpexAeHUHW cpeaHero
npodeccHoHa/JIbHOTO 06pa30BaHUsS 3TO OCOGEHHO BAXKHO, MOCKOJIbKY HX IJAHUPOBOYHAs
CTPYKTypa AOJ/PKHA OJHOBPEMEHHO MOJAJEPKHUBATh TeOpeTHYecKoe 06y4YeHHe, NPaKTUYECKYI0
NOJIFOTOBKY, [JEMOHCTpAlUl0 060py/0BaHWs, MNPOEKTHYI paboTy M KOMMYHUKALUIO C
paboToAaTe S IMHU.

HcTopruyuecku apXUTEKTypa y4dpexJeHUW cpefHero mnpodeccuoHaJbHOTO 06pa3oBaHUsA
Kaszaxctana ¢opmMupoBasacb Ha OCHOBe COBETCKOW MOJeNUd NPOPeCcCUOHAIbHO-TEXHUYECKUX
YUYUJIUIL U TEXHUKYMOB. /i1 3TOM MOJesu OblJM XapaKTepPHbl TUMOBbIE MPOEKTHbIE pellleHus,
byHKIIMOHA/NbHOE pa3/ie/leHue Y4yeOHbIX W IPOU3BOACTBEHHBIX MOMEIIEHUN, a TaKxe
OpUEeHTAalLMs Ha MOATOTOBKY KaZ[pOB /i1 KOHKPETHBIX OTpacJsiel 3KOHOMUKHM [7-10]. OgHako B
COBpPEMEHHBIX YCI0BUSAX IPEXHsIs NJIaHUPOBOYHAsI CTPYKTypa He BCerJia oTBeyaeT Tpe6GoBaHUAM
JlyaJIbHOTO 00y4yeHHs, OOHOBJIEHHMS MaTepUaJbHO-TEXHUYECKON 6as3bl U HEO0OXO0AMMOCTHU
UMHTerpalyMu KoJlje/pka C peaJbHOM NpPOU3BOACTBEHHOM cpefod. [loaToMy akTya/ibHOH
CTAaHOBUTCS 3a/laya BbISIBJIEHUS TaKHUX apXUTEKTYPHO-MJAHUPOBOUYHBIX MPUHLUIOB, KOTOPbIE
I03BOJIAT MEPEUTHU OT MOJEJU U30JUPOBAHHOr0 yUeOHOT0 3/JlaHUsl K MOJleJIM 06pa3oBaTe/IbHO-
NPOU3BO/ICTBEHHOI'0 KOMIIJIEKCA.

B oTeuecTBEHHOU apXUTEKTYpHOH HayKe BONpPOChl POPMUPOBAHUS W TpaHchoOpMaLUU
00IIeCTBEHHBIX M 06pa30BaTeJibHbIX 3JJaHUM pacCMaTPHUBAIOTCA B paboTaX Ka3aXCTAHCKHUX
uccaenosateser. C. I. CapgpikoBa wucciefyeT COBpeMeHHble MOAXOAbl K (QOPMHPOBAHUIO
apXUTEKTYpbl 00pa3oBaTe JIbHbIX yupex/aeHul KazaxcTaHa, obpaliasi BHUMaHUe Ha B3aUMOCBSI3b
apXUTEKTYPHOM cpe/ibl, 06pa30BaTeJbHOr0 Npoliecca U Tpe6GOBaHUM K KaueCTBY BHYTPEHHUX
y4eOHbIX npocTpaHcTB [11]. [Jig HacTosAIEero UccaefoBaHUsS BaXKHbIM SIBJISIETCS MOJIOXKEHHUE O
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[TpUHLMIIBI apXUTEKTYPHO-NIJIAHUPOBOYHON OPraHU3aL U YUPEKAEHUH CpeHETO
npodeccroHaJbHOro obpasoBaHusa Kasaxcrana

Heo6xoUMoCTH popMUPOBaHUSA 06pa3oBaTebHOM Cpe/ibl KaK LieJIOCTHOM CUCTEeMBI, B KOTOPOH
ApXUTEKTYPHO-NPOCTPAHCTBEHHbIE pelleHUsl [JOJDKHbl COOTBETCTBOBATb UW3MEHSIOUIUMCA
TpebOBaHUAM 00yYEeHHUS.

3HaYUMBIMHU JJIs1 ONIpeJiesieHrs PUHIUIOB JaJlbHeNlIero pa3BUTHUS KOJUIEKEN SABJISIOTCS
uccnegoBanuss E. K. Jlydcebasi, NOCBsllleHHble apXUTEKType OOILIeCTBEHHbIX 3JJaHUN W
COOpYKeHUM, THOKO aJanTHpyeMOM K [AWHAMHUKe COLMa/bHbIX H3MeHeHUH [12]. ABToOp
paccMaTpuBaeT (PYHKIMOHAJIbHO-IJIAHUPOBOUYHYI0 CTPYKTYpPYy OOIIECTBEHHOTO 3JaHUs KakK
M3MEHSIEMYI0 CHUCTEMY U OOOCHOBBIBAeT MpPUMEHEeHUEe THOKUX IMJIAHUPOBOYHBIX pelIeHUH,
BapHUabeJbHONW apXUTEKTYPHOU CTPYKTYpbl U NMPOCTPAHCTBEHHO-KOHCTPYKTHUBHBIX MOJYJIEH.
JlaHHBIM moAX0JT NpUOOpeTaeT 0COO0YH aKTyaJbHOCTb JJi  YYpPEXJeHUU CcpeJHero
npodeccroHalbHOTO o6pa3oBaHUsA KasaxcTaHa, MOCKOJIbKY H3MeHeHHe 00pa30oBaTesbHbIX
nporpaMM, MOsSIBJEHUE HOBOTO TEXHOJIOTHUYECKOTO O0OOPYAOBaHHUS U pa3BUTHE MPAKTHUKO-
OPUEHTHUPOBAHHOTO O0Oy4YeHHUs] TPEOYIOT BO3MOXXHOCTU TpaHCPOpPMALlMM U MO3TAMHOIO
pacliMpeHrs y4eOHbIX, 1a60paTOPHBIX U IPOU3BOJCTBEHHbIX IPOCTPAHCTB.

Ocoboe 3HaueHHe B 3TOM KOHTEKCTe UMeeT CPaBHUTEJIbHbIM aHaJIU3 3apy6eXKHOro ONbITa,
npexJje BCero KHUTAUCKUX NpodeccHoHaNbHBIX KoJulelxked. Kuraiickue mnpumepsl
JleMOHCTPUPYIOT 6oJiee 1eJOCTHBIM MNoAX0J K (GOpPMHUPOBAHUID NPOPecCUOHATBHOTO
06pa30BaTeJIbHOTO KaMIyca, I'Zie yue6Hble KopIyca, JabopaTOpUU, MacTepCcKUe, 001leCTBEHHbIE
NPOCTPAHCTBA, JKUJble OJIOKH, CHOPTHUBHbIE 30Hbl U MPOU3BO/CTBEHHO-MPAKTUYECKHUE
NoMelleHUs1 O0O0beJAUHSIOTCS B eJUHYI0 IJIAHMPOBOYHYIO CUCTEMY. B Takux KoMILJeKcax
NpaKTU4YecKasl MOATOTOBKA He SIBJISIETCS BTOPOCTENEeHHOW (YHKIIMENW, a CTAHOBUTCS YacTbhlO
061Iel MPOCTPAHCTBEHHOW CTPYKTYpbl. ITO MO3BOJISIET pacCMaTpUBaATh KaMIyC KakK cpeay
«00y4yeHUs1 yepe3 JIeHCTBUe», IJle TeopHs, NMpaKTHUKAa U NpodeccHoHaIbHAsT KOMMYHHUKAIUs
CBSI3aHbI MeX/1y CO601 NPOCTPAHCTBEHHO U GYHKIMOHAJIbHO [13,14].

KuTtaiickue npodeccHoHa/sibHble KaMIyChl PacCMaTPUBAIOTCA He KaK OOBEKT MPSMOro
KOTIMPOBAHUS, a KaK CpaBHUTeJIbHAsi MOJieJib JIs1 BbISIBJIEHUSI apXUTEKTYPHO -MJIAHUPOBOYHBIX
NpUeEMOB, MPUMEHUMbIX K ycaoBUsaM KasaxcrtaHa. [l aHa/iM3a HCHOJIb3YIOTCS NPUMEDHI, B
KOTOPbIX BbIPAXKEHBbI pa3Hble THIbI MJIAHHUPOBOYHOM OpraHU3allMU: MHTErpanus y4yeOHbIX M
3KCNEPUMEHTAIbHO-IPOU3BOACTBEHHBIX MOMELIeHUH uepe3 o6wWUK ABop, $OpMHUpPOBaHUE
0011leCTBEHHOTO f/ipa, KJIaCTEPHOE pa3MelleHHe y4eOHbIX U NPaKTHUYeCKUX OJIOKOB, CBS3b
KaMIlyca C )KMJI0O U TOPOJCKOM Cpe/iol, a TaK»Ke BKJIIOUEHHU e TPOU3BO/ICTBEHHBIX 30H B CTPYKTYPY
y4yebHoro npouecca [15,16].

KazaxcTaHckue npumepsbl, B CBOIO O4Yepe/ib, IO3BOJISIIOT BbISIBUTH peajibHble 0COOEHHOCTH
oTeyecTBeHHOU npakTUkKU. B yacTtHocTH, APEC Petro Technic B ATbipay npezcTaBJ/isieT cO60M
OTpacjeBOM KOJIJIE[K, CBSI3aHHbIM C HedTerasoBbIM CEKTOPOM W MPOU3BOACTBEHHOU
cnenuyanulanuend peruona [17]. Kosnemxk cepBuca u TypusMa B AcTaHe JIeMOHCTpPUPYeET 6oJiee
KOMIIAKTHYI0 TOpPOJCKYI0 MOJeJib, I'le y4eOHble ayAUTOPUH, MaCTepPCKUe, J1abopaTOpUU U
06111ecTBEHHbIEe 30Hbl PAa3MeELIAIOTCA B MpejesiaX OrpaHUYEHHOr0 y4yacTKa UKW OJHOTO 3/JaHus
[18]. ComocTaByieHMe 3THUX OOBEKTOB C KHUTAWCKUMHU NpodecCHOHAJbHbIMHU KaMIyCaMHU
N03BOJISIET ONPeE/IeNUThb, KaKKUe MJAaHUPOBOYHbIE pelileHUs yke popMmupytotTcs B KazaxcraHne, a
KaKue TpebOylT JaJbHelero pa3BUTUsl.

Takum  o6pasoM, npobseMa  HCCle[OBaHUS  3aKJoO4yaeTcss B  HeJOCTAaTOYHOU
pa3pabOTaHHOCTU apPXUTEKTYPHO-IJIAHUPOBOYHBIX MPHUHIIMIIOB OpPraHM3alid COBpPEeMEeHHbIX
KoJlepkel KazaxcTaHa c yueToM MHTerpanuy o6ydeHus: M Ipou3Bo/icTBa. Ecyiv paHee 0CHOBHOE
BHUMaHUeE Y/1eJIS1JIOCh UCTOPHUH, BMECTUMOCTH, reorpad v U TUNOJIOTUH YYPEXKAEHUN CpeHETO
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npodeccHoHaJIbHOIO 06pa30BaHUs, TO B COBPEMEHHBIX YCJOBHUSX Ha MEPBbIM IJIAaH BBIXOAUT
aHa/JIM3 UX MJIAHUPOBOYHOW CTPYKTYpbl: B3aMMOCBSI3W Y4eOHBIX ayJUTOPHH, J1abopaTOpHUH,
MacCTepPCKHX, 00IeCTBEHHbIX MPOCTPAHCTB, OOIIEKUTUHN, ABOPOB, TPAHCIOPTHBIX MOAXOJ0B U
NPOU3BO/ICTBEHHbBIX 30H.

llenpb cTaTbu - BbISIBUTb apPXUTEKTYPHO-NJAaHUPOBOYHbIE MPHUHIUNBI OpPraHU3aluU
yupexJeHUh cpejHero npodeccMoHaJbHOrO o6pa3oBaHuMs KaszaxcTaHa Ha  OCHOBe
CPaBHUTEJLHOTO aHaJ/IM3a NJIAaHUPOBOYHBIX MO/leJiel 0Te4eCTBEHHBIX KOJIeKel U KUTAaUCKUX
npodeccHuoHa/NbHbIX KOJlJIeKeH.

Jns [ocTuKeHUs 1LieJid TOCTaBJEHbl CJeAylolliMe 3aJadd: PacCMOTPETb COBPEMEHHOe
COCTOSIHME U MNpeJNoCbJIKA  pPa3BUTHUS  apXUTEKTypbl  KoJulefkell  KaszaxcraHa;
NpOaHaJIM3UPOBaTh MJAHUPOBOYHbIE O0COOEHHOCTH BbIOPAHHBIX KAa3aXCTAHCKUX M KUTAMCKUX
NpUMEpPOB; ONpeJeJIUTh XapaKTep B3aWMOCBS3M Y4YeOHBbIX, MPAKTUYECKUX, OOIIECTBEHHBIX U
NPOU3BO/ICTBEHHBIX 30H; BbIABUTb ApXUTEKTYPHO-NMJAHUPOBOYHbIE NMPHEMbI, KOTOPble MOTYT
OBITb AN THPOBAHKI /IS MPOEKTHPOBAaHUA U MOJlepHU3AI[MU KoJllea kel KazaxcTaHa.

06beKTOM HCCAe[0OBAaHUSL SIBJSIOTCS yuYpeXAeHUss cpeaHero npodpecCUOHaATbHOTO
o6pa3oBaHus  Kasaxcrana. [IpeamMeToM  HccleloBaHUS  BBICTYNAIOT  apPXUTEKTYPHO-
NJIAHUPOBOYHbIE MPUHIMIIBI UX OpPraHU3alyy, BKJI4Yasd QyHKIMOHA/JIbHOE 30 HUPOBAHUE, CBSI3b
y4eOHbIX W MNPOU3BOJACTBEHHBIX MPOCTPAHCTB, (OpMHUpPOBaHHE OOIIECTBEHHOrO f/pa,
«KaMIIyCHYI0» CTPYKTYpy, T'MOKOCTb TNJIAHUPOBKM M B3aUMOJENCTBHE C TOpPOACKOW U
NPOU3BO/ICTBEHHO U CpeJio M.

HayyHasi 3HauuMOCTb HCC/JA€OBAaHUS COCTOUT B IepexoJe OT ONucaTeJbHOHU
XapaKTEePUCTUKH KOJIJIEPKEN K BbISIBJEHUIO CUCTEMbI MPOEKTHBIX MPUHLMNOB. [IpakTHUYecKas
3HAYMMOCTb 3aKJIIOYaeTCsd B BO3MOXXHOCTH MCIOJIb30BAaHUS Pe3yJIbTAaTOB MCCJEJOBAaHUSA MPU
pa3paboTKe HOBBIX IMPOEKTOB KOJUIEMKeH, PEKOHCTPYKIMU CYIIECTBYKOUMX 3JaHUA U
bopMUpPOBAaHUU pEKOMEHJAUUN MO Pa3BUTHIO0 Y4eOHO-NMPOU3BOJACTBEHHONM HWHQPPACTPYKTYphl
cpeaHero npodeccuoHalbHOT0 o6pasoBaHusa KazaxcraHa.

MeTogoaorus

MeTo/10/10THYECKOM OCHOBOW MCCJIE[IOBAaHUS SIBJISIETCA CPAaBHUTEJbHBIM apXUTEKTYPHO -
NJIAHUPOBOYHBIN aHA/IU3 yYpeXAeHUN cpeJiHero npodpeccuoHaabHOT0 06pasoBaHus KasaxcTaHa
U npodeccroHaJbHBIX 00pa3oBaTeJibHbIX KoMIJiekcoB Kwutad. JlaHHBIM NOAX0J, MO3BOJISET
paccMaTpUBaTh KOJIJIeXK HE TOJIbKO KaK OT/leJIbHOE YyieOHOoe 3/JaH1e, HO KaK IPOCTPAaHCTBEHHY 10
CHUCTEMY, B KOTOPOW B3aUMOCBSI3aHbl y4eOHble ayJUTOPHUH, JJaGOPATOPUHU, TPOU3BOACTBEHHO -
IpaKTUYeCKHe IOMelleHHs, O0OllecTBeHHble 30HbI, /JBOpbl, OOLIEXUTHUS, CIOPTUBHAasA
MHPPACTPYKTypa U CBA3U C TOPOCKOM MU TPOU3BO/JCTBEHHOMW Cpeloi.

B oTsinuue oT onvcaTe/IbHOU KaacCUPUKALLMU YUpexXJeHUN cpejHero npodeccuoHaabHOTO
06pa30oBaHUs 10 BMECTUMOCTH WJIU TEPPUTOPHAJIBHOMY pa3MelleHHI0, OCHOBHOE BHHUMaHUe
yAesisieTCsl NJIAaHUPOBOYHOW CTPYKType 00BbeKTOB. AHaAJM3 HalpaBJeH Ha BbISIBJIEHHE TOTO,
KakKuM 00pa3oM B apXUTEKType KoJule/PKa OPraHU3yeTCs CBSI3b TEOPETHUYECKOrO OO0y4YeHUs U
NpaKTUYECKON MOATOTOBKH, T'Zle pa3MeljaloTcsl y4eOHO-MPOU3BOACTBEHHbIE MacTepcKue, Kak
dbopMupyeTcs 06LeCTBEHHOE SiPO, KaKUM 00pa3oM obecrneyrBaeTCs [BWXKEHHE CTYAEeHTOB
Mex/y QYHKLMOHAJbHBIMU 30HAMH, U HACKOJIbKO NMJIAHUPOBOYHAsl CTPYKTypa NOJJAepKHUBAET
coBpeMeHHbIe GOpPMBbI NPOPECCUOHATBHOTO 00y4YeHUs.

MaTepuasiaMu ucCIeLOBaHUSI MOCAY>XU/IU CXeMbl FeHepaJbHbIX MJIAHOB, MJaHbl MEPBBIX
3TaxKel, BU3yaJibHble MaTepuasibl, 3KCIJIMKALlMM TOMELeHUA W aHaJUTUYeCKHe CXeMbl
BbIOpaHHBbIX KoJsiegkel KasaxctaHa u Kurtas. B KauyecTBe o0OTedyecTBEHHbIX NPUMEPOB
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paccmoTpeHbl APEC Petro Technic B r. ATbIpay U KoJlJIe/I)XK CepBHCa U TypyusMa B I. AcTaHa. ITH
00'bEKTbI MO3BOJISIIOT BBISIBUTb OCOOEHHOCTU OTEYeCTBEHHOUM MPAaKTHUKHU: CBS3b KOJUIEKa C
OTpac/eBOX CllelMaJu3aliell peruoHa, pasMellleHHe y4eOHbIX U MPAKTUYECKUX MOMeIleHUH,
OpraHM3al i 061IeCTBEHHbIX 30H U XapaKTep B3aUMOJIEUCTBUsS 3JjaHUS C FOPOJACKOU cpesoH
[17,18].

B kauecTBe 3apy0OeXHbIX aHaJOTOB pPacCMOTpPeHbl KUTaWCKue mnpodeccuoHalbHble
obpa3oBaTeJsibHble KOMIIJIEKCHI: 3KCIIepUMeHTa/bHOe W y4yebHoe 3xaHue Zibo Education,
CBSI3aHHOE C MHTETrpalMOHHOUN 6a301 HayKU U MPOMBILLIEHHOCTH, a Takxke [IpodeccruoHanbHo-
TEeXHUYEeCKUU KoJlJle[pK 3a/MBa Malukoy. ITH NpUMephbl BbIOpaHbl NOTOMY, UTO B HUX 6oJiee
NoCJeloBaTeJIbHO  BbIpaXKeHa  UJless  MHTerpayuu  o06pa3oBaTeJibHOW, MNPaKTUYECKOH,
00111eCTBEHHOM U «KaMIIyCHOW» cpe/ibl. B KuTalickux 06'beKTax yueOHble KOpNyca, 1abopaTo puH,
MacTepcKue, OOlIeCTBEHHbIE MPOCTPAHCTBA U >KWJIble 30Hbl PACCMAaTPUBAIOTCSA KaK 3J1€MEHTHI
e/IUHOW MJIAHUPOBOYHOM CHUCTEMbl, YTO MpPEACTABJISIET UHTepeC i pa3pabOTKH MPUHIIUIOB
opraHusanuu koJsuiemxked Kazaxcrana [15,16].

CpaBHUTEJIbHBIY aHAJIM3 IPOBOJUIICA IO CIeJyIOLUM KPUTEPUAM:

1. pasmelieHUe 06'bEKTA B TOPOJCKOM MU TPOU3BOJCTBEHHOM CTPYKTYPE;

2. XapakKTep reHepaJIbHOTO IIJIaHA U KOMIIO3UL{MU TEPPUTOPHUH;

3. B3aMMOCBsI3b y4eOHbIX ayZJUTOPUH, J1aOOPATOPHUH U MaCTEPCKUX;

4. Hany4yue U poJib 061LeCTBEHHO-KOMMYHHUKALMOHHOTO /pa;

5. opraHu3alUs ABUKEHUS CTYJeHTOB MeX/1y y4eOHbIMU U NPAKTUUECKUMU 30HAMU;

6. CTelneHb MHTeTrpalMy IPOM3BOICTBEHHO W NPAKTUKHU B CTPYKTYPY 34aHUS UJIHU KaMIlyCa;

7. BO3MO>HOCTb TMOKOTO MCIOJIb30BaHUA U JaJbHEHIlero pa3BUTHUs IJIAHUPOBOUYHOU
CTPYKTYDBHI.

Tako¥i MeTo/; N03BOJISIET TEPEUTHU OT ONUCAHUS OT/I€/IbHBIX 00'bEKTOB K BbISIBJIEHHUIO 0OLUX
apXUTEKTYPHO-NJIAHUPOBOYHBIX IPUHIIUNOB. B pe3ysibTaTe uccaeoBaHUA KUTAWCKHe TPUMePDI
paccMaTpUBalOTCA He KaK 00pasibl [Jig NpsMOro 3aMMCTBOBaHMSA, a KaK CpaBHUTeJIbHasA 6a3a,
NO03BOJISIIOLIAS OMNpeJieIMTh HaMpaBJIeHUs Pa3BUTUS Ka3axXxCTAHCKUX KOJUIEKEW: yCUJIeHUe
CBAI3U Y4eOHbIX U NPOU3BOJACTBEHHBIX 30H, pOpMHpOBaHME OOLIECTBEHHOIO f/pa, pa3BUTHe
KaMIyCHOM JIOTUKH, CO3/laHMe TUOKHX JIabopaTOPHO-NPAaKTHUYECKUX MNPOCTPAHCTB U OGoJiee
aKTMBHOE BKJIOYEeHHe KoJljle[ka B TOPOJCKYH0 U INpPOU3BOACTBEHHYIO cpeay. OCHOBHble
XapaKTePUCTHUKU paccCMaTpUBaeMbIX 00'bEKTOB Mpe/CTaB/eHbl B Tabule 1.

TaﬁJmua 1. 06'beKTHI CPABHUTEJIbHOTO APXUTEKTYPHO-IIJIAHUPOBOYHOI'O AHAJIM34d

Ne | 06 beKT aHa/Iu3a Crpana/ |Tumo6beKTa OCHOBHOM IJIAHUPOBOYHBLIN
ropoj UHTepec AJis UCCeA0BaHUs
1 |APEC Petro Technic | Kasaxcrtas, | OTpacsieBoit CB43b KoJLae/Ka C
ATtbipay KOJLJIe DK NPOU3BO/ICTBEHHO U
HedTerasoBoro crienMaau3anuen pEervoHa;
npopus co4yeTaHUe y4YeOHBIX KOPIYCOB,
0OIEeXXUTHH, CIIOPTUBHOM
30HBI 17 y4eOHo-
NPOU3BOICTBEHHBIX
MaCTePCKUX B e/IMHOM
KOMILJIEKCE.
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Kosutempx cepBuca u
Typu3Ma

KaszaxcTaH,
Actana

['opoJckoit KoJlIemK
CepBUCHOTO NMpoduis

KoMmmakTHass MJIaHUPOBOYHAS
MO/IeJIb B YCJIOBUSIX TOPOJICKOM
3aCTPOMKY; pasMelleHue
y4eOHbIX ayIUTOPUH,
NpPaKTUYECKUX  TMOMeIleHUH,
00111eCTBEHHBIX 30H %
JIBOPOBOTO TMPOCTPAHCTBA B
npejesax OTPaHUYEHHOTO
y4JacTKa.

JKClepuMeHTaJIbHOe
U y4yebHOe 3/aHue
Zibo Education

Kurai,
lluugao

Y4eb6HO-
3KCIepUMEHTAJbHbIN
KOPILYC, CBI3aHHBbIU C
Hay4HO-

HuTerpanus y4eOHBIX,
JIabopaTO PHbIX U
3KCIepUMeHTabHO-
IIPOU3BO/ICTBEHHBIX

NPOX3BO/ICTBEHHO M
6a3ou

NOMelleHUH 4Yepe3  OOIIUH
JIBOD; npeo6JajaHue
NPAKTHUYECKUX 30H Haf,
TPaJUIMOHHBIMH
ayIUTOPUSIMH.

4 |IlpodeccuoHanbHo- | Kurai
TeXHUYECKUH
KOJLIe DK

Maituxoy

[IpodeccroHabHbBIN
06pa3oBaTeIbHbIN
KaMITyC

KamnycHas CTPYKTYypa c
y4eOHbIMH, TNPAKTHUYECKUMH,
)KUJIbIMY, CIOPTUBHBIMHU U
00611eCTBEHHBIMU 30HaMU;
dyHKIMOHA/IbHAs CBfI3b
TEOPHUH, NpPaKTUKHU U

npodeccHoHaJbHOM Cpe/ibl.

3aJIMBa

Pe3ysibTaThl U 06CyKAeHHE

Ananus kosiempxeit KazaxcrtaHa nokasbiBaeT, YTO COBpeMEHHaAs apXUTEKTypa yupexXJeHUun
cpefHero npodeccuoHaIbHOr0 06pa30BaHUsA NOCTENEHHO NEePeXOAUT OT TPAAULMOHHON MOen
y4eOHOro Kopllyca K OoJiee CJIOKHOH CTPYKType, BKJIIOYAIOLleH y4deOHble, NpaKTUYeCKHe,
o0lecTBeHHble M BCIIOMOraTeJsbHble 30Hbl. OHAaKO B OOJIbLIIMHCTBE CJy4aeB CBA3b MEXAY
TeopeTH4YeCcKMM O0O0y4YeHUeM U NPOU3BOJACTBEHHOW NMPAKTHUKOM ellle He BCerjia BblpaXieHa Kak
e/IUHasd apXUTEKTYpPHO-IJIAHUPOBOYHAsA cUCTeMa. [IpakTuyecKue NoOMelleHHUs, MacTepcKue U
JIabopaToOpPHU YaCcTO pa3MeLAlTCs PSA0M C y4eOHbIMY ayJUTOPUSAMHU, HO He BCerjia CTaHOBATCSA
KOMIIO3ULMOHHBIM U GQYHKI[MOHAJIbHBIM LLeHTPOM 3/,aHHUS.

OpHuMM U3 HauboJiee MOKa3aTesbHbIX OTe4yeCTBeHHbIX NpuMepoB fABiadgeTca APEC Petro
Technic B ropose ATbipay. /JlaHHbBIH O0OBEKT IpeJCTaBJsIeET COOON OTpacjieBOU KOJIJIELK,
OpPUEHTHPOBAHHBIM Ha NOATOTOBKY KaZpoB Ji/11 HepTerasoBoro cekropa 3anazHoro Kasaxcrana.
Ero rpagioctpouTesibHOE N10JI0’KEHUE CBA3aHO He TOJIbKO € TOPOJACKON CTPYKTYpOU ATbIpay, HO U
C NpPOM3BOJCTBEHHOM cClleljMaJju3alield pervoHa. B 3TOM nposiBiasieTcs BaXKHbIM NPUHLUI
pasMelleHUs1 yupexxJeHUu cpeiHero npodeccMoHalbHOT0 06pa3oBaHUsA: KOJIJIE K 10JI’KEeH ObITh
CBSI3aH C 9KOHOMHUYECKUM NpodueM TEPPUTOPUHU U 6A30BBIMU NpPEANPUATUAMHY, [JI KOTOPBIX
OCYIIeCTBJSIETCS MOAr0TOBKaA crenpaauctoB [17] (pucyHok 1).

[lnanupoBoyHasa opranusanus APEC Petro Technic feMoHcTpupyeT KOMIJIEKCHBIN TOAXO/ K
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dbopMupoBaHHI0 00Opa3oBaTesJbHOM cpefbl. Ha TeppuTopuu pasMelleHbl y4eOHble KOpPIyCa,
OOLIEXKUTHS, CHOPTHUBHBbIE OO'BEKTHI, CTOJIOBAsA, aJIMUHUCTPATUBHbIE MOMeIleHUs U y4eOHO-
IIPOU3BO/ICTBEHHbIE MaCTEPCKUE.
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PucyHok 1. AHa/1m3 B3aumMocBsa3u Kosuieaka APEC Petro Technic, r. ATbipay ¢ MeCTHBIM
NPOU3BOACTBOM

BaxxHOM 0COGEHHOCTbIO ABJAETCA HaJW4Yhe NpPAKTUYEeCKUX OJIOKOB, B KOTOPBIX
MOJIeJIUPYIOTCS peaJibHble TPOU3BOJACTBEHHble MpOLECcChl. IJTO M03BOJIAeT NPUOGIU3UTH
o6y4yeHHe K YCJ0BUAM Oyaylield npodpecCUOHANbHON JeATeNbHOCTH U YCUJIUTb NPAKTUYECKYIO
HalpaBJIeHHOCTb 06pa30BaTeJIbHOTO Npolecca (PUCYHOK 2).

[Ipy 3TOM CTpPyKTypa KOMILJIEKCA COXpaHseT [JOCTaTOYHO YeTKoe (QYHKIIMOHAJIbHOE
paszesieHue. Y4eOHble KOpIyca U O6LEXUTHUA 00pa3yloT OJHY 4acTb TEPPUTOPUH, a yYeOHO-
IIPOU3BOJCTBEHHbIE MaCTepCKHe BBIJENAITCA KaK ClHejUaJM3MpoBaHHad 30HaA. Takad
opraHusanua yJob6Ha ¢ TOYKM 3peHus 0e30MacHOCTH, IKCIJIyaTalluh W  KOHTPOJIA
IPOMU3BOJICTBEHHBIX MNpoueccoB. OAHAKO C MO3WULIMUM COBPEMEHHOW apXWUTEKTYphbl KOJIJIeKa
B)XHO, YTOOBI IpaKTHYeCKHe IOMeIlleHHUs He BOCIPUHHUMAJUCh KaK BTOPOCTENEeHHOe
JIOTI0JIHEHHE, a ObLJIM BK/IIOYEHBI B 0011y10 00pa30BaTe/IbHYIO JIOTUKY [BUKE€HHUS CTyLeHTOB.

Jpyrou TUn oTeyeCTBEHHOMW MJIAHUPOBOYHOM MoJeid npeAcTtaBiaeH Kosiemkem cepBuca v
TypusMa B ropofie ActaHa. B otsimuue ot APEC Petro Technic, saHHBIN 00'bEKT pacnoJioXKeH B
rOpOJICKOM cpeZie U HUMeeT 60Jiee KOMIAKTHYI CTPYKTypy. Ero apxuTekTypHas opraHu3sanus
OCHOBaHa Ha pa3MellleHUH y4eOHbIX, 00IeCTBEHHbIX U NPAaKTUYeCKUX MTOMellleHUH B Npejeax
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OZIHOTO 3/]JaHUSI U OTPAaHUYEHHOTr0 y4yacTKa. Takas MoJie/ib XapaKTepHa JiJisi MHOTMX FOPOJCKUX
KoJuiexkel KazaxcTaHa, rjie TeppUTOpUs He 03BoJisieT GOpMUPOBATh pa3BepHYThIH KaMIyc, a
OCHOBHbIe QPYHKIIUH JOKHBI ObITh 00'beIUHEHbI BHYTPH 37aHus [18].

APEC PetroTechnic, Atbipay
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PucyHok 2. AHa/1M3 PYHKIIMOHATbHOU CBA3M Y4e€OHBIX M MPAKTUYECKHX MOMEIeHUN B
APXUTEKTYPHO-IJIAaHUPOBOYHOM opranu3anuu APEC Petro Technic, r. ATeipay

[lnan nepBoro 3taxxa KoJsiemka cepBrca U Typru3Ma MOKa3blBaeT, YTO YYeOHbIE ay JUTOPUH,
NpaKTUYeCKHe KabuHeTbl, OUOJIMOTEKa, CTOJIOBasi, BbICTABOYHAs 30HA, BECTHOWJb U
peKpearMoHHbIe MPOCTPAHCTBA 00'beJUHEHBI B KOMITAKTHOU CTPYKTYpe. LleHTpasibHOe 3HaYeHUEe
HoJIy4aeT 001 eCTBeHHAsI 30HA, Yepe3 KOTOPYI0 OPraHU3YI0TCS OCHOBHbIE OTOKH CTYI€HTOB. ITO

no3BoJisieT GOpMUPOBaTh BHYTPeHHEe KOMMYHMKAllMOHHOE s1/Jpo, CBs3blBalolllee yieOHblE U
NpaKTUYEeCKHe oMelleHUs (pPUCYHOK 3).

CUTYALWOHHAS CXEMA Konnemk cepauca u Typuama. r. ActaHa MINAH 110 3TAXA
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D - cTonosas, Gubnuorexa.
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PucyHok 3. AHa/1u3 yHKIMOHA/IbLHOM CBSI3U YYEOHBIX M MPAKTHYE€CKHUX NIOMEILeHUN B
IJIAaHUPOBOYHOM cTpyKType Kosieaxka cepBuca u Typusma, r. AcCTaHa

CpaBHEHI/Ie ABYX IPUMEPOB IMMOKAa3bIBA€T, YTO OT€YECTBEHHAA IMPAKTHKa UMeeT JBa BaXXHbIX
HallpaBJIEHHUA PpPa3BUTHUA. HepBoe CBA3aHO C OTpac/JieBbIMHU KOJUJIEAXKaMH, T'A€ apXUTEKTypa

OpPUEHTHPOBaHa Ha NPOU3BO/CTBEHHYIO ClleljMaln3alMI0 peruoHa U TpebyeT pa3BUTOMN y4eOHO-
IPOU3BO/ICTBEHHOU UHQ PACTPYKTYPHI.

BTopoe cBsI3aHO C TOPOJACKUMHU KOJLJIePKaMU KOMITAaKTHOTO THIIA, T'/ie TJIABHOU 3alauei
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CTAHOBUTCAA pallMOHa/JIbHOE O00beJUHEHHE Yy4YeOHbIX, MNPAKTUYECKUX H 0O0ILeCTBEHHbIX
NPOCTPAHCTB B Mpejesax 0JHOro 3/1aHus. B 060UX ciy4yasx KJIHOUYEBbIM BONPOCOM SIBJISIETCS He
TOJIbKO HaJIMYMe MaCTepPCKUX U J1abopaTOpPUH, HO U KAa4eCTBO MX NPOCTPAHCTBEHHOM CBS3U C
y4eOHbIMU ayJUTOPHUAMHU, 0O1IECTBEHHBIM 1/JpOM U BHEIIHEH cpeJioil.
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PucyHOK 4. AHa/IM3 CBSI3U Y4€OHBIX U IKCIIEPUMEHTAIbHO-NIPOU3BOCTBE HHbIX
noMmeueHUu! B cTpykrype Zibo Education, Kutai

[I1aHMpOBOYHbIE OCOOEHHOCTU KHUTAWCKHUX MNpodecCUOHANbHBIX 00pa3oBaTesbHbIX
KOMILJIEKCOB

KuTtalickre npodeccruoHa/ibHbIe 06pa3oBaTe/ibHble KOMIIJIEKCHI MPEACTABJSIOT UHTepeC AJs
JIAHHOT0 HCCJe/loBaHus, TOCKOJIbKY B HUX 0O0Jiee MOC/e/l0BaTeJbHO BblpakeHa CBsI3b yYeOHOH,
NpaKTUYECKOH, 001[eCTBEHHON M KaMIyCHOW QYHKIUK. B 0T/IMUMEe OT MHOTUX TPaAUILMOHHBIX
KoJlIe/KeW, TZe MPOU3BOACTBEHHbIe MACTEpPCKHEe WM JabopaTOpPUM pas3MellalTcs Kak
BCIIOMOTaTeJIbHble NOMEIlEeHHUs], B KUTAaUCKUX IPUMepax NpaKTHU4ecKas NoJAroToBKa CTAHOBUTCS
Ba)KHOM YacTbl0 00lIed apXUTEeKTYpPHO-IJIAHHUPOBOYHOM CTPYKTYpbl. ITO MNpPOSBJSIETCS B
OpraHM3al iy reHepaJibHOrO MJIaHa, BO B3AUMOCBS3U KOPIYCOB, B UCN0JIb30BAHUW BHYTPEHHHUX
JIBOPOB, 0611leCTBEHHbIX 0Cell U QYHKIMOHAJIbHbIX KJacTepoB [15-16].

[lepBbIM NpuUMepoM fIBJSIETCS 3KCIIEpUMEHTaJibHOe U ydyeOHoe 37aHue Zibo Education,
CBSI3aHHOE C MHTErpaljMOHHON 6a30M HAYKH W NMPOMBILIJIEHHOCTHU B LluHAa0. JlaHHBIA 00bEKT
JIEMOHCTPUPYET MOJieJib, B KOTOPOW Yy4ueOHble, JiabopaTOpHble W 3KCIEePUMEHTAJIbHO -
NPOU3BO/ICTBEHHbIE NOMEIeHUsI 00'beJUHSIOTCS Yyepe3 OOIIUM BHYTPEHHUH JIBOP U CHUCTEMY
FOPU30HTA/IbHBIX CBA3el. [l1aHMpOBOYHAsA CTPYKTypa 3[aHUSA CTPOUTCS He TOJIbKO BOKPYT
y4eOHbIX ayJUTOPUNA, HO M BOKpPYT JIabOpaTOPUH, MOMELIEHUNW MOJAEJUPOBAHUS, OTKPBITHIX
KOPHU/IOPOB, 3aJI0B /i1 CEMUHApPOB, KOHepeHI[-3aJla U BHYTPeHHero JiBopa. Takoe pellieHHe
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no3BoJisieT CPOpMUpOBaATh Cpefy, TJe NpaKTHUYecKass M HcCJeJoBaTesbCKas JesTeJbHOCTb
CTAaHOBUTCS 4aCThI0 NOBCEJHEBHOT0 06pa3oBaTebHOrO npolecca [16]. (pUcyHOK 4).

HanuiaHe f1aHHOT0 06'beKTa 3aMETHO, UTO y4ebHble ayAUTOPHHU U JJabopaTOPHbIE TOMeIlleHUs
He U30JIMPOBaHbI JIpyT OT APYyra, a pacloJIoKeHbl B HENOCPeACTBEHHON B3aUMOCBsA3U. KpacHbIM
[|BETOM Bbl/leJIeHbI JIAOOpaTOPHbIE U TPaKTUYeCKHUE 30HbI, CHHUM - yueOHble ayUuTopuu. Mexay
HHUMU OpraHU30BaHbl KOPOTKHE MAapLIPYThI JBUKEHUS, YTO 06ecrieyrBaeT ObICTPbIN NEepexXos OT
TEOPEeTHUYECKOTO 3aHATHUS K MpaKTU4YeCKOW paboTe. BHYyTpeHHUH [BOP BBIMOJIHSAET HE TOJBKO
peKpealnMoHHYl0 JYHKIMIO, HO U pOJib MNPOCTPAaHCTBEHHOrO $Jpa, BOKPYr KOTOPOTO
I'PYNNUPYIOTCS OCHOBHbIE 06pa3oBaTeJ/IbHbIE U MPAKTUYECKHE NTOM eIl eHHUS.

Oco60e 3HaYeHUE UMEET TO, YTO MPAKTUYECKUE TIOMELEeHUSI 3aHUMAKT 3HaY UTEJIbHY 10 4aCTh
IJIAHUPOBOYHOM CTPYKTYpbl U He SIBJSIOTCS BTOPOCTENEHHbIM JOTNOJHEHUEM K Y4eOHBbIM
ayautopusiM. OHU GOPMUPYIOT CaMOCTOSATENbHbIA QYHKIMOHAJbHBIA CJA0OW 3A4aHHUA. ITO
COOTBETCTBYeT COBPEMEHHOW MoOJesJr NpoPpecCUOHATbHOIO 00pa3oBaHUf, TrJe MNOArOTOBKaA
CHelyaJuCcTa CTPOUTCA He TOJIbKO Ha Mepejaye TEOPETUUYECKHUX 3HAHUM, HO U Ha MOCTOSTHHOM
BKJIIOUEHUU CTyZEeHTa B IpolLecc 3KCIepMMeHTa, MOJe/JUPOBaHUs, HaAOGJIJeHUsA U
IPaKTUYECKOTO JAeNUCTBUS.

BTtopbeiM npumepoM siBjsieTcs [IpodeccruoHaibHO-TEXHUYECKUN KOJIJIeK 3a1MBa Maluxkoy,
CIPOEKTUPOBAHHbIM KaK KpYyNHbIM o6pa3oBaTe/bHbIM kamiyc. Ero nJsiaHupoBoyHas
opraHusandsi OCHOBaHa Ha pas/ieJleHUd U OJIHOBPEMEHHOW B3aHWMOCBA3U Y4YeOHBIX,
NpPAaKTUYECKHX, KUJbIX, CIOPTUBHBIX, OOIECTBEHHbIX W aJMHUHUCTPAaTUBHbIX 30H. Ha
reHepajbHOM IIJlaHe BbIJIeJISIOTCA T[JIaBHble LIKOJIbHble BOpOTa, LEeHTpasJbHOE 03€epo,
CTyJleH4ecKas yJula, aIMUHUCTPATUBHOE 3/laHUE, FOCYAAPCTBEHHbIN Y4eOHbIN KOpIyC, yueOHO -
NpaKTH4YecKoe 3JaHue (aKyJ/bTeTa, yyeOHOoe 37aHMe, MHGOPMALlMOHHBIN LeHTP-O0UOJINOTEKA,
JIEKTOpUH, TUMHa3Usl, CHOPTUBHbINA CTaJIMOH, OOLIEXKUTUSA JJI1 CTYZ€HTOB U APYTUE 3JIEMEHTHI
KaMIyCHOM MHQPACTPYKTYpPHI (pUCyHOK 5) [15].

B oTiu4YMe OT KOMNAKTHbIX TOPOJACKHUX KoJJaeJKel, JaHHbIA 00beKT GopMUpyeT
IIOJIHOLIEHHYI0 KaMIYCHYI0 cpejly, r/le o6pa3oBaTesibHbIA NPOLECC BBIXOJAUT 3a I peJesbl
OTJEJbHOIO0 3/JaHUs. Y4eOHble U IPaKTUUECKHUE KOPIyca pa3MelaloTCcsl B CUCTEME MellleX0 AHbIX
CBA3el, OOIIEeCTBEHHbIX MPOCTPAHCTB U JaHAMWAPTHBIX 30H. CTyZeH4Yeckas yJavLa U
LleHTpaJibHble 001leCTBeHHbIe IPOCTPAHCTBA BBIMOJHAIOT POJib KOMMYHUKALlMOHHOI'O KapKaca,
KOTOPbIN 00'be/JUHSIET pa3Hble QYHKIMOHAJbHbIE 30HbI KamMnyca. baarogapsa aToMmy oby4eHue,
NpOXKUBAHUE, OTABIX, CHOPT M NpodeccuoHaNbHas MOATOTOBKA CTAHOBATCS 4YaCTSIMU €UHOU
006pa3oBaTeJbHOU Cpe/ibl.

B nuiaHupoBKe KoJsuleMKa 3asvMBa MaWykKoy O0COOEHHO BaKHa MWHTerpanus y4deOHO-
IpaKTUYECKHUX OJIOKOB B OOLIyI0 CTPYKTYypy IeHepasibHOro mJjaHa. [IpakThyeckue 3/aHUS He
BBIHOCATCS Ha nepudeprio Kak 06CayKUBale 00'beKThI, a BKJIIOYAIOTCA B CUCTEMY OCHOBHBIX
CTyZleHYeCKHUX MapUIpyTOB. ITO CO3/aeT YCJA0BHUS A/ NOCTOSHHON BUAUMOCTHU U JJOCTYNHOCTH
npakTuyeckoro obydyeHus. CTyAeHT BOCIPUHUMAET MaACTEpPCKHe, JIabopaTOpUU M y4eOHO-
IpaKTUYeCKHe KOpIyca He KaK OT/eJIbHY0 NIPOM3BO/ICTBEHHYO0 30HY, a KaK paBHONPAaBHY 10 YaCTh
KaMIyca.

«KaMnycHasi» MoieJib JAaHHOTO 06'beKTa TaKXKe IeMOHCTPUPYET BaXKHOCTb 0611leCTBEHHbIX U
JaHAmadTHBIX NPOCTPaHCTB. LleHTpasbHOE 03epo, CTyAeHYecKas YJIULa, OTKPbIThIE MJOIAJY,
CIIOPTHUBHbIE 30HbI U 001IleCTBEHHbIE 3/JaHUS GOPMUPYIOT Cpefy, B KOTOpoU npodeccuoHanibHOe
o6pas3oBaHUe MoJiydyaeT 60Jiee BICOKUM coljMaJIibHbIN cTaTyc. Kossie )k CTAaHOBUTCS He TOJIbKO
MeCTOM TMOJIy4YeHUsl CHeLHaJbHOCTH, HO UM IMPOCTPAHCTBOM CTYJEHUYECKOM IKU3HH,
KOMMYHHKaIlMY, IPOEKTHOU /e TeJIbHOCTU U NpodeCcCUOHANbHON UIeHTUD MK AL UH.
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CpaBHeHMe [IByX NpUMepoB KoJule/lkeld KurTasd mnokasbiBaeT, YTO B COBPEMEHHOM
npodeccMoHa/IbHOW  00pa30BaTeJIbHOM  apXUTEKType  CTpaHbl  MCIOJB3YIOTCS  JBa
B3aMMOJIONOJIHAWIIUX noAxoAa. IlepBbld MOJX0JA CBsI3aH C UWHTerpanyedl y4yeOGHBIX,
JIAGOPATOPHBIX M IKCIEPUMEHTAJIbHBIX MOMENEHUH B CTPYKTYpe OJHOTO 3JaHHUsl uepe3
BHYTPEHHUH [JBOpP U KOPOTKHEe TOpU30HTaJbHble CBSI3U. BTopoll mojaxox cBs3aH C
dopMHUpOBaHMEM KPYIHOTO KaMIyca, IJe y4ebHble, NPaKTUUYECKUe, KUJIble, 001leCTBEHHbIE U
CHOPTHUBHbIE PYHKIIMU 06'beJUHEHBI CUCTEMOM IreHepabHOTO NJlaHa. B 060uX cJy4yasix rJ1aBHbIM
SIBJISIETCSI HE TOJIbKO HaJIMYMe MPAKTUYeCKUX MOMellleHUH, HO U UX aKTUBHAs MPOCTPAHCTBEHHAsA
CBSI3b C 06pa30BaTeJIbHOM Cpesloi.

FennnaH

1. [nasHble LKONbHbIE BOPOTa
2 LleHTpanbHoe 03epo

3 cryaeHyeckas ynuua

4 AOMUHUCTpaTUBHOE 3aHue
5 rocyaapcTBeHHbI y4eOHbIif
Kopnyc

6 YuebHoe-npakTuyeckoe
3naHue dakynbrera

7 YuebHoe 3nanue

8 MHOPMALMOHHBIN LEHT-
6ubnuoteka

9 nektopuu thakynbteta
(AyauTopuu)

10 MmHasus

11 CropTUBHBI CTAANOH

12 GacketbonbHas nnowaaka
14 LleHTp MexayHapoaHoro
obmeHa, peyeBoit
[AVNNIOMATUYECKO! TeOpUM 1
A3bIKOBO MOArOTOBKM

15 cronosas

16 OBLexuTHe ANs CTyAEHTOB
17 CneumanbHblit y4ebHbIi 3an
18 Otpacnesas
MHHOBALMOHHAS MHTErpaLus
O6pasosarenbHas
npakTuyeckas 6asa

19 3ape3epBupoBaHHble
KaHanb! BOAOCHabXeHus

20 3ape3epBupoBaHHbIil Xpam
Taitxa

O O

— - HanpaBneHus Ansi CTYAEHTOB k obpasosa-
TenbHO-NPOMIBOACTBEHHbIM KnacTepam

————5 - B3aumocBs3b npakTuku 1 06pasoBaHus
- CBA3b y4eBHOro ropoaka ¢ XMrbiM MaccBor

- Xuno# maccus
- TeppuTopus Konneaxa

: - Y4e6HO-Npon3BOACTBEHHbIE MacTepckue

- YyebHoe 3gaHue

PucyHok 5. AHa/1M3 GyHKIIMOHA/ILHOT'O 30HUPOBAHUSA U B3aUMOCBA3U NPAKTUKU U
o6ydyeHus B [IpodeccioHaibHO-TEXHUYECKOM KOJUIeKe 3a/iuBa Manwkoy, Kurtaii.
(«KamnycHasa Mojesib»).

Jnsa KasaxcTtaHa JlaHHble IpUMepbl BaKHbl KAK UCTOYHUK apXUTEKTYPHO-MJIAaHUPOBOYHbIX
NPUHLUIOB, KOTOPbIe MOTYT OBbITh aJATUPOBAaHbI K MECTHBIM yCJ10BUAM. Hanbosiee 3HaUMMbIMU
SABJISIIOTCA: BKJIIOUEHUE NMPAKTUYECKHUX OJIOKOB B OCHOBHYI CTPYKTYpYy 3J@aHUS WJIM KaMIyca;
dbopMupoBaHHE BHYTpPEHHEro JBOpa WJM OOILEeCTBEHHOrO fi/ipa KaK CBSI3YIOLIEro 3JIEMEHTA;
CO3/laHUe KOPOTKHUX MapLIPyTOB MeX/Jy TEOPETUYECKMMH U NPAKTUYECKUMH MOMelleHUSIMY;
opranusanus QyHKIIMOHAJbHBIX KJIAacTEepOB MO HaNpaBJIeHUSM NOATOTOBKH; UCIOJIb30BaHUE
TEPPUTOPUU KOJJIeJpKa KaK aKTHBHOW 00pa3oBaTe/JibHOW CpeJibl; TMOBBILIEHUE POJIH
06111eCTBEHHbIX IPOCTPAHCTB B GOpMHUPOBaHUHU NpodeccCuoHaTbHON UAEHTUYHOCTHU CTY/IEHTOB.
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ComocTraBsieHHe KoJutemke KazaxcraHa u Kutasi mo3BoJisieT BbISIBUTD Pa3J/IMuUsl He CTOJIbKO
B MacuIiTabe, CKOJbKO B CIMOcCOGe OpraHMU3alUU CBsI3ed MeXAy Y4eOHbIMH, MPAKTUUYECKHUMH,
O0OIIeCTBEHHBIMHM M  MPOW3BOJACTBEHHbIMH 30HaMU. ComocTaBJieHHWE  PacCMOTPEHHbIX
NJIAHUPOBOYHBIX  pelIeHUWM TMO03BOJIUJIO HEe TOJbKO OMNpeJesuTb PpPas3uyus  MeXay
Ka3aXCTaHCKUMH M 3apy6eXKHbIMU 00'b€KTAMH, HO U BbIJIEJIUTh KOHKPETHbIE apXUTEKTYPHBIE
NpUeMbI, MPeACTABASIOIIMEe UHTePeC Js Ja/ibHellero pa3BuTus KoJyiemkeit KazaxcraHa.

ApXUTEKTYpPHBbIH aHa/IM3 PacCMOTPEHHBIX 3apy0eXHbIX 06'bEKTOB MO3BOJIMJ BbIIBUTb PA/J
IJIAHUPOBOYHBIX INPHEMOB, TMpPEACTABJAIIUX HWHTEpec JJis JaJbHEHIIero pa3BUTHSA
y4ypexJeHUH cpejiHero npodeccuoHaabHOro ob6paszoBanHus KasaxcraHa. OfHMM U3 HauboJiee
3HAYUMBIX SIBJISETCS JIOTUCTUKA OpPraHU3allUM CBsi3ed MPOU3BOJICTBEHHBIX, Y4YEOHBIX U
JIabOpaTOPHBIX CEKTOPOB. B HccieayeMbix 06beKTax MPOCAEKUBATCA MYTH KpPaTKOro
COOOIIeHHUST MeX/Jy HUMH, 6Jarojapss KOTOpPbIM o6ecneyuBaeTCsl HEeNOCpPeACTBEHHbIM U
NocCJieIoBaTeJbHbIM IepexoJ; OT TEeOpPeTUYECKOro OOydYeHHsT K JiabopaTOpHOM paboTe U
NpPOU3BOACTBEHHON mpakTHKe. CyleCTBEHHBIM SIBJSIETCS He TOJIbKO HaJIM4he 3THUX
OYHKIIMOHAJNIbHBIX CEKTOPOB, HO TNpeXJe BCero XapaKTep WX B3aWMMHOTO PacCIoJIOXKeHUS U
CTeneHb NPOCTPAHCTBEHHO W CBSI3aHHOCTH.

Ha 3Toli ocHOBe QOpPMHUPYIOTCA MNPUHIUNBI, TNpPUMEHUMble IS JaJbHEUIIero
NPOEKTUPOBAHUSI M MOJlepHU3alMu KoJuiemkei KaszaxcraHa. Pe3ysibTaTbhl CpaBHUTEJNBHOIO

dHaJIM3a NpeAaCcTaBJICHbI B TaGJH/IL[e 2.

Ta6smua 2. CpaBHUTE/IbHBIM AaHAJIU3 IIJIAHUPOBOYHBIX pemieHui Kazaxcrana u Kuras

TypusMa BCTPOEH B

00111eCTBEHHBIMHU

KpuTtepuii ananusa | Kasaxcranckue Kurtaickue BeiBO A A5

KOJLIe KU npodeccuoHa/ibHble | KazaxcraHa
KOMILJIEKCBI

I'pagocrpoutenibHoe | CBs3b ¢ ropoaoM U | Kamnycel yauie | [Ipy BbIGOpe ydacTKa

pa3MelleHue oTpaceBOy paccMaTpUBalOTCA Kak | HEO6X0UMO
cnenuyanusanuen 4acTb TOPO/JICKOH, | YYMTBHIBATh HE TOJIBKO
peruoHa  BbIpaXKeHa | KUJIOU Y | TPAaHCIIOPTHYIO
BbIOOPOYHO. APEC | npou3BoACTBEHHOU JAOCTYIIHOCTb, HO MU
Petro Technic cBsi3aH c | CTPYKTYpBl. CBA3b C
HedTerasoBbIM O6pasoBaTesbHasd IIPOU3BOICTBEHHbIM
npodusem ATbipay, a | TEppUTOPUS CBsA3aHa C | IpoduieM peruoHa,
Komnemx cepBuca Y | BHEIUHMMM IOTOKAaMU, | IpeAN pUATUAMHU-

[MapTHEPAMH U KUJIOHU

rOPOJICKYIO TKaHb | IPOCTPAHCTBAMH U | cCpefioi.
AcTtaHblI. KaMIyCHOM
MHO PaCTPYKTYpPOM.

leHepa/ibHBIA JIAaH | B npuMepax | Kutaiickue npumepsl | Heo6xoarumo
KOJLJIe [PKe U dbopmupyroTt 60Jiee | pa3BUBaTb KOJUJIEK
KazaxcTana pPa3BUTY IO CUCTEMY | KaK CUCTEMY
HabJiloJlaeTcs  JIMOO | KOPIYCOB, JIBOPOB, | B3AaUMOCBSI3aHHbIX
KOMIaKTHas OOILIeCTBEHHBIX OCEeH, | IPOCTPAHCTB, a He
ropo/icKasi CTPYKTYpa, | CTyJIeHUeCKUX  YJIUI], | TOJbKO KakK
JIN60 oTpacjeBOu
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KOMILJIEKC C | CHOPTUBHBIX U KWJbIX | OTAEJbHOE y4yebHOe
pasjieJieHUeM 30H. 3/laHUe.

y4eOHbIX, JKUJIBIX,

CIIOPTHUBHBIX U

NpaKTUYECKUX 30H.

CBa3sp Teopuum W |[IpakTuyeckue [IpakTHyeckue, Y4e6HO-

NPAaKTUKH noMelle HUs JlabopaTopHbIe Y | IPOU3BO/ICTBEHHbIE
HPUCYTCTBYIOT, HO | 3KCIIepUMEHTAaJIbHbIE€ | 30HBI JIOJIXKHBI
4acTo 0CTawTCA | 6JIOKHU AKTHUBHO | CTAHOBUTBCS
bYyHKIIMOHAIbHO BKJIIOYEHBI B | paBHONPAaBHO U
Bbl/IeJIEHHBIMM U He | OCHOBHblE MaplIPYThl | YaCTbIO
BCerJa  CTAHOBSATCS | JBMXKEHUS Y | 00pa3oBaTebHOMU
KOMITO3ULJUOHHbIM CTPYKTYpy 3/laHud | cpesibl U
LEHTPOM 3/]aHHS. WJIU KaMIlyca. pacmnoJsiaraTbcst B

KOPOTKOM CBfI3U C
ayUTOPUSIMU.
0O61ecTBeHHOE B ropoackux | ObwectBeHHoe Azpo | Koanemkam

AApO KOJLIeIKaxX yacto ¢opmupyetcs | Kazaxcrana
obO1lecTBeHHass 30Ha | 4yepes BHYTPEHHHUH | HEOOXOAMMO
yaime ¢$opMuUpyeTcs | ABOP, CTYyAeH4YecKyw | GopMUPOBATh
yepes BECTUOIOJIb, | yJIMIY, ILeHTpaJibHble | 0OIECTBEHHO-

XOJLJI, 6UOJIMOTEKY, | MJIOLIAH, KOMMYHHUKaIlMOHHOE
CTOJIOBYIO WU | OUOJIMOTEKY, AJ1po KakK
BbICTAaBOYHOE MHPOpPMaLMOHHBIH IPOCTPAHCTBO
POCTPAHCTBO. I[EHTpP Y | 001IeHUs, MPOEKTHOH
JaHAamadTHbIEe 30HbL. | paboThI U
npodeccruoHaJbHOM
colyaan3anuu.
dyHKIIMOHA/IbHOE [Ipeo6sagaet Ucnoab3yerca CrenyeT nepexoAvThb
30HUMpOBaHHe paszesieHUe Ha | KJIaCTepPHbIN OT IPOCTOTO
y4eOHbIN 6JI0K, | IPUHLUI:  y4eOHble, | YHKIIMOHAIbHOTO
NpaKTUYECKUHN O6JI0K, | JabopaTOpHBIE, paszeJieHUs K
a/IMUHUCTPATUBHbIE | IPAKTUYECKHUE, KJIaCTEPHOM
M BCIOMoOraTeJsbHble | 001leCTBEHHbIE Y | OpraHusaluu 1no
NOMellle HUSI. »KUJible 30HbI CBSI3aHbI | HAMIPABJIEHUSM
o61men IOJITOTOBKH U BUJaM
IJIAHUPOBOYHOM JlesITeJIbHOCTH.
JIOTUKOW.

JiBMKeHUe MapupyThl yaiie | /IBxkeHue [InaHnvpoBKa AOJKHA

CTYAEHTOB CTPOSAATCA OT BXOJ|A K | OpraHM30BaHO 4epe3 | ob6ecrneynBaThb
y4e6HbIM JIBODBI, rajiepeu, | IOHATHYIO

ayiJUTOPUAM U

CTyAeH4YeCKHe YJINIbI

TPAEKTOPHIO: BXO/[ -
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NpPaKTUYECKUM Y 00LIeCTBEHHbIE OCH, | 001eCTBEHHOE AP0 -
NOMeIlleHUsIM, HO He | CBSI3bIBalOIUe ayJUTOPUMU -
BCerza 00pasyloT | TEOPUIO,  NPAKTHUKY, | IaOOPaTOPHUH -
e/IUHY 10 NpOXKUBAHUE U OT/bIX. | MACTEPCKUE - IBOP
06pa3oBaTeJIbHYI0 WJIU NTPaKTHUYecKas
TPaeKTOPHUIO. 30Ha.
T'MGKOCTb M Bo3MokHOCTH KamnycHas v | [Ipy npoeKTUpoOBaHUU
pa3BuTHe TpaHchopMal U1 KJIacTepHas HOBBIX KOJLJIe/PKEH U
OTpaHUYEeHbI CTPYKTypa Jierye | pEKOHCTPYKI MU
CyLLeCTBYIOLIEN JloNycKaeT CYILECTBYIOLIUX
CTPYKTYpPOU 3/laHUU U | paclIMpeHHe, Heob6X0IMMO
y4acCTKOB, 0COOEHHO B | U3MeHeHHe QYHKLWH | TpefycMaTpUBaTh
rOpOJCKUX U pa3BUTHE HOBBIX | MOJYJIbHOCTH, pe3EPB
KOJLJIe IPKAX. y4e6HO-NMPaKTUYeCKUX | IJIoIaJel U
6JI0KOB. BO3MO>KHOCTb
NO3TANHOTO
paclivpeHus.
ApXUTEKTypHBbIHI dopmupyeTcs PasBuBaeTcsa Mo/esb | [lepcneKkTUBHas
NPUHLUI nepexo/, OT | L1eJIOCTHOU Mo/Jiesb LI
TPaJULLHOHHOTO ob6pa3oBaTeJIbHO- KasaxcTaHa - KoJs1e K
y4ebHOro 3/aHUs K | IPOU3BOJCTBEHHON M |KaK 06pa3oBaTesibHO-
y4e6Ho- KaMIyCHOM Cpe/ibl. NPOU3BO/ICTBEHHAS
NPaKTUYECKOMY natdopma C
KOMILJIEKCY. 00111eCTBEHHBIM
SAJIpOM,
NpaKTUYEeCKUMHU
KJIJaCTepaMHU U CBSI3bIO
C PETUOHOM.

BTopoli 0CcOGeHHOCTbIO ABJSAETCSA NPOCTPAHCTBEHHAsA HE3aMKHYTOCTb I[JIAaHUPOBOYHOU
CTPYKTYpbl. BHyTpeHHee MPOCTPAHCTBO 3/jJaHUs HE WU30JIMPYeTCs OT BHEIIHel cpejbl, a UMeeT
OTKpPBbIThIE IIYTHU AOCTyNa KaK U3 3JJaHUA BO JBOD, TaK U U3 001ero ABopa 0O6paTHO B pa3Hble
byHKIMOHa/NbHbIE 4YacTH KoMiJjekca. OOGLIMI JBOp NMpHU 3TOM BBICTyNaeT He TOJIbKO Kak
peKpeanMoOHHOEe MPOCTPAHCTBO, HO U KaK 3JIeMEHT MJIAaHUPOBOYHOW CTPYKTYPbl, CBSI3bIBAIO M
Mex/y co60l yuyebOHble, JabopaTOpHbIe, 00LeCTBEHHbIE U NIPAKTUYeCKHe 30HBI. 3a CYeT 3TOro
dbopmupyeTcs 6oJiee OTKpbITasA 06pa3oBaTe/IbHAA Cpesia, B KOTOPOM BHYTPEHHUE U HapyKHble
NpPOCTPaHCTBa paboTalOT BO B3aUMOCBSI3H.

TpeTbell 0COGEHHOCTbIO SIBJSETCA HAaJIMUMe HAy4YHO-UCCJIe0BaTEJbCKOTO KOMIIOHEHTA
HENOCpeJCTBEHHO B CTPYKType 00pa3oBaTe/JbHOr0 KOMILJleKkca. BkiloyeHHe Hay4yHO-
HccieIOBAaTEIbCKUX M 9KCIIePUMEeHTaIbHbIX TOMEILeHUH paciiupsieT TPaJUIMOHHYI0 QYHKIIUIO
npodecCHOHAJIbHOIO  00pa30BaTEJbHOTO  y4YpeX/JeHUs. Y4eOHbIM TMpolecc MoJyyaeT
HEMoCpeJCTBEHHYI0 CB3b He TOJbKO C TMPOU3BOJCTBEHHOW MPAKTUKOW, HO U C
HCCJIeJ0BaTEJIbCKOU U MHHOBALlMOHHOM JleATebHOCTbhIO. [/ pa3BUTHSA KoJuiemxel KazaxcTaHa
JIAaHHBIX MpUEM IpeJICTaBJIsIeT 0COObIH UHTEPEeC B CBA3U C BO3MOXKHOCTbI0O GOPMHUPOBAHUSA MPHU
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HUX CIelMaJIM3UPOBAHHbBIX JIAOOPATOPUM, SKCIIEPUMEHTAbHbBIX I[EHTPOB U UCCJIeJOBATEJbCKUX
no/ipa3s/ieJieHUH, CBSI3aHHbIX C HAlIpaBJIEHUSIMHU [TOATOTOBKHU U MPEANPUATUSAMHU -NIAaPTHEPAMHU.

CreayromMM BaXKHbIM KayeCTBOM PAacCMOTPEHHbIX OOGBEKTOB SBJISETCS BO3AYIIHOE
OTKpBbITOE MPOCTPAHCTBO M MpOJAyMaHHasg MNPOTyJoYyHass HHPPACTPYKTypa TePPUTOPUH.
[lemexoHble MapIIPYThI, ABOPbl, OTKPbITble OOIIECTBEHHbIEe MPOCTPAHCTBA, O3eJeHEeHHEe U
MecTa OTJbIXa O0Opa3ylwT eJUHYI CUCTEeMYy W CTAHOBSATCS IOJHOLEHHOW 4acThlO
o6pa3oBaTesibHON cpefbl. TeppuTOpHs BOCIPUHUMAETCs He KaK CBOGOJHOE MPOCTPAHCTBO
MeX/ly OT/leJIbHBIMU KOpNyCaMH, a KaK MpPOJIOPKeHHWe apXUTEKTypbl 06pa30BaTeJbHOTO
KOMILJIEKCa, obeclieyrBatolee JBUKEHUE, 06lLeHHe, OT/bIX U MOBCeJHEBHOE B3aWMO/IENUCTBHUE
CTYZIEHTOB.

Oco6o0e 3HaUeHHe HMeeT HENOCPeACTBEHHAsI CBSI3b IVIaBHbIX QYHKIIMOHAIbHBIX CEKTOPOB -
y4eOHOW W TPOU3BOACTBEHHOW 30H. B paccmaTpuBaeMbix 3apyOeXHbIX MNpUMepax
NpPOU3BO/ICTBEHHbIE W MpAaKTUYeCKHe TMOMellleHUs He SBJSKTCI 060CO0JEHHBIM WU
BTOPOCTENEHHbIM JONOJHEHHEM K y4e6HOMY 3AaHuI0. OHM HeNocpeACTBEHHO BKJOYEHbl B
O0IIYI0 apXUTEKTYPHO-MJAHUPOBOYHYIO CTPYKTYPY U CBsI3aHbl C Y4e€OHBIMU MOMELIEHUSIMU
KpaTKUMU MapuipyTaMud. VMMeHHO Takoe TMpPOCTpPaHCTBEHHOe COJIMKEeHHe Y4eGHOU U
NPOU3BOACTBEHHON QYHKIMH CO3JaeT VYCJAOBUS JJII HENPEPBIBHOTO B3auWMOJEUCTBUSA
TEOPETUYECKOT0 06yUeHHUs U MPAKTHUYECKOH MOJTOTOBKH.

Eme OJHOU 0CO6EHHOCTbIO SIBJISIETCS KaMITyCHBIU XapakTep OopraHusanuu
npodeccHoHa/JIbHbIX 06pa30BaTeJIbHbIX KOMIIJIEKCOB. MHOTHe M3 pacCMOTPEHHbIX OOBEKTOB
bopMHUpYIOTCI  KaK  OTHOCUTEJNbHO  CaMOCTOSITE/bHble  00Opa3oBaTesibHble  TOPOJKH,
pacnoJio’keHHble 060C06JIEHHO OT IJIOTHOW I'OPOJICKOM 3aCTPOMKU M MMeRIlde COOCTBEHHYIO
BHYTPEHHIOIO cpejly. B mpejesax Takod TeppUTOPUH pa3MelalOTCs He TOJIbKO y4YeOGHbIe,
JlabopaTopHble W NPOU3BOJCTBEHHbIE KOPIYCa, HO W KUJbe JJI CTYJEeHTOB, CIIOPTHBHbIE
CEeKTOpa, 06IeCTBeHHbIe MPOCTPAHCTBA, 0O'bEKThI MUTAHUS, PEKpealMOHHble TEPPUTOPUU U
HHPpacTpyKTypa gocyra. TakuM 06pa3oM, BHyTPH KaMIyca MPoAYMbIBAeTCS MPAaKTHYECKH BeCh
I[MKJI TTOBCETHEBHOM KMU3HU CTYJleHTa - 06yUyeHUe, MpaKTU4ecKasl e TeJIbHOCTb, IPOKHUBaHUE,
CIIOPT, OTJbIX U KOMMYHUKAI[US.

BbisiBJIeHHbIe OCOGEHHOCTH pPacCMaTPUBAKTCA B HACTOSIEM MCC/AeIOBAaHUM He Kak
3JIeMEeHTBI IPSIMOT0 3aUMCTBOBAHUS 3apyHEKHOTO OMbITA, @ KAK aPXUTEKTYPHO -IIJIAHUPOBOYHbI €
IpHUeMbl, KOTOpPble MOTYT ObITh aJJallTUPOBaHBI K ycaoBUusM Kasaxcrana. Hau6osbmuii uHTEpEC
npejcraBiasieT ¢GOpMHpPOBaHHE KpaTKUX CBs3ed MexXJy Y4eOHbIMU, JIaGOpaTOPHBIMU U
IPOU3BO/ICTBEHHBIMU CEKTOPAMH, OTKPBITOCTb IJIAHUPOBOYHOU CTPYKTYpbl U €€ CBfI3b C
JIBOPOBBIMHM  MPOCTPAHCTBAMH, BKJIIOYEHHE HCCJIeJ0BATEJbCKON  QYHKIUH, pa3BUTHE
NOJIHOLIEHHOW MPOTyJIOYHOM U 0OLEeCTBEHHOW HHOPACTPYKTypbl, HENMOCpPeJCTBEHHAsA CBf3b
00y4eHHs] C MPOU3BOJACTBOM, a TaKXe BO3MOXHOCTb (GOPMHPOBAHHUS CAMOCTOSITEIbHOM
KaMIyCHOW cpeJbl NpPU MPOEKTUPOBAHMU HOBBIX MpPodecCHOHATbHBIX 06pa3oBaTeJbHBIX
KOMILJIEKCOB.

Ha ocHOBe CpaBHUTEJBHOTO aHa/IM3a Ka3aXCTAaHCKUX KOJUJIe[P)KeH M KUTAWCKUX
npodeccruoHalbHbIX 00pa30BaTeJbHbIX KOMIIJIEKCOB MOXXHO BbIJEJIUTh PsiJi apXUTEKTYpPHO-
IJIAHUPOBOYHBIX MPHUHIMIIOB, KOTOpble OMNpeAEJSIOT MPOCTPAHCTBEHHYI0 OpraHU3alUio
COBPEMEHHOTO YYpex/JeHus1 cpejHero npodpeccuoHaJbHOro o6pa3oBaHus. B gaHHOM paspese
HNPUHIMIIBI PACCMATPUBAIOTCS He KakK 001He BbIBO/bI, 2 KAK KOHKPETHbIe MPOEKTHbIE MPUEMBI,
CBSI3aHHbIe C pa3MelleHHeM (YHKIMOHAJIbHBIX 30H, OpraHU3alMeld [ABWKEHHS CTYJIEHTOB,
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B3aMMOCBSI3bI0 Y4YeOHbIX M MpaKTUYeCKHUX MOMelleHWH, (POpMHUPOBAHUEM OOLIECTBEHHBIX
NPOCTPAHCTB YU BO3MOXKHOCTBIO JlaJibHel el MOJlepHU3aLuU 3/IaHUS.

B npepsaraeMoM mnojxoJe K pa3BUTHI0 apXUTEKTYPHO-NJIAHUPOBOYHOM CTPYKTYpPhI
KoJuieked KazaxcTaHa BbIsIBJIEHHble NMPUEMbl KOHKPETU3UPYIOTCS CJAEAYIOIIMM 06pa3oM:
y4ebOHble, JJabopaTOpPHble U MPOU3BOJICTBEHHbIE CEKTOPbl 00'beAUHSIOTCSA CUCTEMOW KPATKHUX
(OYHKIIMOHANbHBIX CBfI3el; y4yeOHas U TNPOU3BOJACTBEHHAsT 30HbI pPAaCCMATPUBAIOTCH KakK
B3aMMOCBSI3aHHbIE OCHOBHbIE 3JIEMEHTbl 00pa30BaTeJbHOU CTPYKTYpbl; BHYTPEHHUU [BOD
BKJIIOYAETCI B  CUCTEMY KOMMYHHUKalUil  MexJy  QYHKIMOHAJbHBIMU  0OJIOKaMU;
npeaycMaTpUBAETCS BO3MOXXHOCTb BKJIIOUEHUS HAay4YHO-HUCC/IeZ0BAaTENbCKUX U
3KCNEPUMEHTAJIbHbIX MOMEIIEHUH; TeppUTOpUsl KoJiaemka popMUpPYeTCcs KaK MOJIHOLeHHas
neilexojiHasi, OOILIeCTBEHHAs: W peKpealMOHHasi cpeja. [Ipy HOBOM CTPOMUTEJILCTBE JAaHHbIE
pelleHUs1 MOTYT pa3BUBAThCsl B pOpMaTe CaMOCTOSITEIbHOTO KaMIyca, BK/IOYAOUIEro Hapsay C
y4eOHbIMU Y NMPOU3BOJCTBEHHBIMU QYHKLUSMHU OOIEKUTUS, CIOPTUBHbIE U 0OLIeCTBEHHBIE
00'beKTbl U UHOPACTPYKTYPY MOBCEIHEBHOM KHU3HU CTYAeHTOB. TakuM 06pa3oM, 3apyOeKHbI U
ONBIT MPUMEHSETCH He MyTeM NPSIMOT0 KONUPOBAaHUSA 00'beMHO-NJIAHUPOBOYHBIX pellleHUH, a
NOCPeACTBOM aJlalTallUd MPHUHIIUIIOB MPOCTPAHCTBEHHOW B3aUMOCBSI3H, OTKPBITOCTH,
GYyHKIIMOHAJIbHOU MHTET PallMU ¥ KOMIIJIEKCHOTO Pa3BUTUS TEPPUTOPUH K ycaoBUsAM KazaxcTaHa.

1. [I[pUHI U UHTErPaL UK YYEOHbIX U MPAKTUYECKUX 30H

[lnaHupoBOYHAss CTPYKTypa COBPEMEHHOr0 KoJule[Xa JOJ/DKHAa CTPOUTbCA  Ha
HeNnocCpeACTBEHHOM CBSI3U TEOPETUUYECKHUX U NMPAKTUYECKUX NMOMeleHUN. YueOHble ayJUTOPUH,
JIabopaTOpHH, MaCTepCKUe, JIeMOHCTPAIMOHHbIE KJIACChl U ClHelUaJu3upOBaHHble KaOHWHETHI
11eJ1ec006pa3HO pa3MellaTh He U30JIMPOBAHHO, a B Ipejesax eJUHOU GQYHKIUOHAJIbHOMN IPYNbI.

B KuTalcKUX MpuUMepax AaHHbIHA NpUeM MPOsIBSETCA Yyepe3 pa3MelleHHe JabopaTOPU U
3KCNepUMEHTAJIbHbIX IOMELEHUN PALOM C Y4eOHbIMHY ayJUTOPUSIMU, BOKPYT 0011l€T0 BOpaA WU
B/I0JIb €/JUHOM KOMMYHHUKAIIMOHHOM ocu. Takas CTPYKTypa COKpallaeT NyThb CTYJAEHTA OT TEOPUHU
K IpPaKTUKe U JieJlaeT NPaKTHUYEeCKYI0 MOATOTOBKY YaCTbhi0 MOBCEJAHEBHOTO 006pa30BaTebHOTO
npornecca [15-16].

Jns konnemxkedt KazaxcTaHa 3TOT HPUHLMII OCOOEHHO BaXKeH NMPU MPOEKTUPOBAHUU HOBBIX
y4e6HO-MPOU3BOACTBEHHBIX OGJIOKOB W  PEKOHCTPYKIIMM  CYIIECTBYIOI[UX MaCTEPCKUX.
[IpakTUdeckre MoMelleHUs AOJHDKHBI pacloJiaraThCs He KaK BTOPOCTeNeHHasl X03sHCTBeHHas
30Ha, a KaK BUAMMas U JOCTyIIHasl 4acTb 00pa30BaTeJIbHOM CpeJibl.

2. [IpuHuun GyHKIIMOHAJBHOTO KJIacTepUpPOBaHUS

dyHKIMOHA/NbHOE JieJleHUe M0 KJjacTepaM IMpejnoJaraetT TrpynnupoBKy MOMELIEHUH MO
HamnpaBJIeHUsIM NOArOTOBKU. BHyTpu oJHOro kjgactepa MOTYT OOBbefUHATbCA y4yeOHas
ayauTopus, JlabopaTopus, MacTepckas, IOMelleHHWe XpaHeHUs 000py/l0BaHUsA, 30HaA
JleMOHCTpal 1 U HeOOJIbIlIOe NPOCTPAHCTBO JJIs TPyNNOBOM paboThI.

Tako¥ mpueM mo3BoJisieT U36eXaTh XaOTUYHOT0 pacnpefie/ieHus KAOMHETOB M0 3/IaHUI0 U
JleflaeT CTPYKTYypy KoJulefxka O6oJiee MOHATHOW. Hampumep, AJiss CEpBUCHOrO HampaBJieHUS
KJIaCTep MOXKET BKJIIOYATh y4ebHble KYXHU, TOCTUHUYHbIe HOMepa, KaOUHEThl 00CAY>KUBAHUS U
JleMOHCTpalMOHHbIe 30HbI. JIJisT TEXHUYECKOTO HallpaBJIeHHUs - labopaTOpUH, MacTepPCKHUe, 30Hbl
pPeMOHTa, HaJIaZiIKKU U UCIbITaHUS 060pyZoBaHus. B ycioBusax KasaxcTaHa kJjacTepHbIH MOAXO0[
MOXeT ObITb NPUMEHEH KaK B KPYIHBIX KOJUIeKaX, TAK U B KOMINIAKTHbIX TOPOJICKUX 3JJaHUSX.
Ba)kHO He KOJIMYeCTBO KOPIYCOB, a JIOTU4YecKas CBSI3b MOMeIlleHU BHY TPU MPodeCcCUOHATBHOTO
HanpaBJIeHUS.

3. [IpyHI MO KOPOTKHUX CBA3€H MeX/1y Teoprel U MPaKTUKO U
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OaHMM M3 BaXKHbIX IOKa3aTeJsield KauyecTBa IJIAHUPOBKU KoJUIeMKa fABJsSETCA JJMHA U
yA00CTBO MaplIpyTa MexJy Y4eOHbIMU ayIUTOPUSMH U NPAaKTUYECKUMU NoMelleHUusIMU. Eciu
CTYZIlEeHTY He06X0JUMO POXO0/AUTh Yepe3 HECKOJIbKO U30/IMPOBAHHbBIX KOPU/I0POB, 3TaXKeH WU
yJlaJleHHbIX 6JIOKOB, CBSI3b TEOPHU U MMPAKTUKHU OcabeBaeT.

B npodeccuoHanbHbIX 06pa3oBaTe/bHbIX KOMIJIeKcax KuTas nmpakTHyeckre 30HbI 4acTO
BKJIIOUEHbl B OCHOBHblE MapLIPyThbl JBWXXeHUS CTyAeHTOB. OHM pacnoJiaraloTcs psjoM C
0011eCTBEHHBIMH MPOCTPAHCTBAaMU, BHYTPEHHHUMHU JIBOPAMU, rajepesiMu WJW LieHTPaJbHbIMHU
xosiamMu. biarogapss 3ToMy /1abopaTOpUHM M MacCTEpPCKHE CTAHOBATCS HE CKPBITOM 4acTblo
3/laHMS, 2 aKTUBHbBIM 3JIEMEHTOM 06pa30BaTeJIbHOM Cpe/ibl.

[l Kas3axXCTaHCKUX KoJule[Kel JaHHbIA MNPUHIMI MOXET peasu30BbIBAaThbCS Yepe3
pa3MelleHHe J1abopaTOPUl U MACTEPCKUX Ha MepPBbIX 3Ta)kax, PAJOM C BXOJHBIMHU IpyHnaMH,
peKpealnysiMH, BbBICTABOUHbIMH 30HAMU U yYeOHbIMU ayAUTOPUSIMHU NPOPHUILHOTO 6JI0KA.

4. IIpyHL MM 06111ECTBEHHO-KOMMY HUKAIIMOHHOTO Si/ipa

CoBpeMeHHBIN KOJUJIe[K HYXJAAeTCsd B NPOCTPAHCTBE, KOTOpOe O00beAUHSET pasHble
byHKIMOHA/IbHbIE 30HbI 3/laHUs. TakuM A/JpoM MOXeT ObITb BeCTHO0JIb, aTPUYM, BHYTPEHHUU
JIBOp, MHOTOQYHKLMOHA/JIbHBIA XOJJI, OuOJMOTeKa-MeAuaTeKa, BbICTAaBOYHAs 30HA WJHU
KOBOPKMUHT.

O6uIecCTBEHHO-KOMMYHUKALLMOHHOE S1IpO BBINOJIHSIET HEe TOJbKO TPAaH3UTHYI0 QYHKLUIO.
OHO cBA3bIBaeT CTYAEHTOB, NpenojaBaTesie U NpeAcTaBUTeJel NpeANpUATHH, opMUpyeT
cpeay o6IIeHUS, AEMOHCTPAIMU MPOEKTOB U MPodecCHOHATbHOU HAeHTUUKALIUU. B KUTaNCKUX
KaMIlycaX TaKyl poJib 4YacTO BBINOJIHAIT LieHTpajJbHble [JBODPbI, CTYJeHUYECKUe YJIUILbI,
0061IeCTBEHHbIE OCHU U JlaH/ A THbIE MPOCTPAHCTRBA.

B Ka3saxCTaHCKHUX KoOJIJIe/pKaX OO6lLieCTBEHHble 30Hbl 4YAacTO OrpaHHUYeHbl BeCTUOMOJIEM,
aKTOBBIM 3aJIOM WU pekpeanusmu. [loaToMy npu MoJilepHU3allMU 3JJaHUM BaXXHO YCUJIMBATh
MMEHHO L|eHTpaJibHble NMPOCTPAHCTBA: MpeBpaljaTh UX B MecTa BCTpPeY, BbICTABOK, TPOEKTHOMN
paboThl M B3aUMOJeNCTBUA € paboToAaTensiMu [4-6].

5. [IpyHI MO OTKPBITOr0 y4e6HO-MTPOU3BOACTBEHHOI'0 MPOCTPAHCTBA

Y4e6HO-NIPOU3BO/ICTBEHHbIE MOMELIEHUS HE JOJ/DKHBI ObITh IMOJIHOCTBI 3aKPBITBIMU U
M30JIMPOBAaHHBIMU OT OCTaJIbHOM CTPYKTYpbl KoJuieMkKa. B coBpeMeHHON 006pa3oBaTe/ibHOU
apxXUTeKType BaXHa BU3yaJibHasd OTKPBITOCTh: CTYJEHT JOJKEH BUJEThb IPOLECChl 00y4eHus],
NpPAKTUKH, IKCIIEPUMEHTA U IEMOHCTPALMK 000PYAOBaHMUS.

JTOT NPUHLMUII MOKET peaiM30BbIBATbCSl Yepe3 OCTeKJeHHble NMeperopofiky, OTKpPBIThIE
rajepey, [ €EMOHCTpPAljMOHHbIe 30HbI, CMOTPOBble OKHa B MaCTepCKHUE, BbICTABOUYHbIE
NpOCTpaHCTBa Mepes JabopatopussMU. Takoll mpueM 0COGEHHO IMoJie3eH JAJis1 MOBbIIEHUs
MHTepeca K npodeccru U co3JjlaHus 06pa3a COBPeMEHHOTO TEXHOJIOIMYHOTr0 KOJLIe/Ka.

Jnsa KasaxcTaHa JaHHBIA NPUHIUI MOXeT ObITb NPUMEHEH B KOJLIe[Kax TeXHUYeCKOro,
CTPOUTEJIbHOTO, CEPBUCHOTO, TpaHcHopTHoro, arpapHoro W IT-npo¢unsa. OTKpBITOCTb
NpaKTUYECKUX 30H M03BOJISIET NI0OKA3aTh coZepKaHue Npodeccuu U cieslaThb Y4eOHbIN NpoLecc
6oJiee HarJIsHBIM.

6. [[pyHL M BHYTPEHHET0 ABOPA UJIM 3aLUILeHHOI'0 0011leCTBEHHOT'0 NPOCTPAHCTBA

BHyTpeHHUI [BOp fBJISeTCd BaXXHbIM I[JIAHUPOBOYHbIM 3JIEMEHTOM, KOTOPbIH MOKET
00 beIUHATh y4yebHble, NpPaKTUYEeCKHe M 06IecCTBeHHble 30Hbl. B KUTalCKUX NpUMepax ABOpP
4acTO BbIMOJIHAET POJib MPOCTPAHCTBEHHOTO LIEHTpPA: BOKPYT HEro IpynnUpyrTCcs ayJUTOPUHY,
JabopaTopuM, pekpeandd U obuiecTBeHHble noMelleHus. Jlisg KasaxcTaHa 3TOT NpPUHLUI
TpebyeT KAMMaTHU4YeCKON afanTalyMu. B ceBepHBIX U IJeHTPaJbHbIX PETHOHAX OTKPBITHIN JBOP
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MOXET J0ONOJHATbCSA KPbIThIMU rajiepesiMy, TeNJbIMU NIepexo/laMy, OCTEKJIEHHBIMUA aTpUyMaMHU
WM 3all[UIeHHbBIMU peKpealjMOHHbIMU MPOCTPAHCTBAMHU. B I0XKHBIX pervuoHax [ABOpP MOXKET
aKTHMBHEE HUCI0JIb30BaThCA KaK OTKPbITAas

y4yebHas U 001eCTBEHHAs 30Ha.

Takoii mpueM nNo03BOJIIET HE TOJIBKO YJYYLIUTb KOMIIO3MLMIO 3JlaHUS, HO WU CO03/JaThb
JIOTOJIHUTEJIbHbIE MPOCTPAHCTBA JJI1 OT/bIXa, OOIIEHHUs, BbICTABOK, MacTep-KJIAacCOB H
MPOEKTHOU AeATeJbHOCTH.

7. lIpyHIUI THOGKOCTHU U MO IepHU3aLUU

[l1aHUpOBOYHAS CTPYKTypa KoJUIeMKa J0/DKHA YYUTHIBAaTb BO3MOXXHOCTh H3MEHEHMUs
o6pa3oBaTeJibHbIX MporpamMM, O00OpYAOBaHUS U TexHoJOoTMH. OcobGeHHO 3TO KacaeTcs
JIabopaTOPHH, MAaCTEPCKHUX, KOMITbIOTEPHBIX KJIACCOB U MPOEKTHBIX ayAUTOPUM.

['MOKOCTh MOXET 06ecrneYruBaThCs 3a CYET MO/IYJIbHOM CETKU NMOMeleHUH, YHUBepCalbHbIX
ayauToOpul, TpaHCOOPMHUpPYyeMBbIX IEPeroposoK, pe3epBOB HHXEHEPHBbIX KOMMYHHUKALUH,
BO3MOXKHOCTHU O0'beJUHEHUS] WJMU pa3jeseHUss KabuHeToB. [ AeUCTBYIOLUX KOJIEIKeEN
KaszaxcTtaHa 3TO 0c06e€HHO Ba)XHO, TaK KaK MHOTHe 3JaHUs ObLIU MOCTPOEHbI MOJ NMpeXHUe
o6pa3oBaTeJibHbIe CTAaHAAPTHI U TPEOYIOT afAN TAllMU K HOBBIM CIIEIMaJIbHOCTSM.

[Ipy NpoeKTUPOBAaHUM HOBBIX KOJIJIe[Ke Heo6X0JUMO 3apaHee IpeAycMaTpUBaThb
BO3MO>KHOCTb paCUIMpPEHUs Y4eOHO-NPOU3BOJACTBEHHBIX O6JIOKOB, A00aBJeHUsl J1abopaTopUi,
nepeocHallleHUsl MaCTEPCKUX U U3MeHeHHs QyHKIIMOHAJIbHOTO COCTaBa NOMeEIeHUN.

8. [IpuHI M CBSI3U KOJIJIEXKA C TOPOACKOU U MPOU3BO/ICTBEHHO W Cpeioi

Kosnemx  fo/pkeH  paccMaTpUBaTbCAd KAk 4acTb  TFOPOJACKOW,  COLlMAJIbHOM U
NpPOU3BOJACTBEHHOU CTPYKTypbl. Ero pasmemieHve U MNJIaHUPOBKA [JOKHBI YUYUTBIBAaTh
TPAaHCIOPTHYI  JOCTYMHOCTb, CBfI3b C  KWJbIMH  palloHaM{,  MOpPeANpPUATHIMH,
NPOU3BO/ICTBEHHBIMU 30HAMU U 001 eCTBEHHbIMU IPOCTPAHCTBAMMH.

B Ka3aXCTaHCKHUX YCJA0BUAX JAHHBI M MPUHLMI 0COGEHHO BAXKEH /IJI1 OTPAC/IEeBbIX KOJLIEKE M.
Hanpumep, koJutemxud HedTerasoBoro, TPAHCHOPTHOrO, CTPOUTEJBHOTO, arpapHoOro Wid
CEpBUCHOTO NPOoduJIs AO/HKHBI UMETH He TOJIbKO y4e6OHbIe TOMeIleHUs, HO U TPOCTPAHCTBEHHY IO
CBSI3b C 6a30BbIMU NMPEANPUATUSAMH, y4€OHBIMU NOJUTOHAMY, TPAKTUUYECKUMU MJIOLAAKAMHU U
30HaMU NpodeCcCHOHANbHOM IeMOHCTPAI UK, 3TO MOXKET BbIPaXKaTbCS B OpraHU3aI[MU OT/IeJIbHbIX
BXOJIOB JIJIsl CTY/IEHTOB W NMapTHEPOB, IeMOHCTPALMOHHbBIX 3aJI0B, y4e€OHO-MPOU3BOACTBEHHbBIX
JIBOPOB, MNOJAbEe3J0B /[l TEXHWKH, 30H pasTpy3Kd OOOpYAOBaHUSA U MNPOCTPAHCTB [Jf
COBMECTHBIX MEPOMPUATHUH C IpeAIPUATUIMU.

9. [IpUHLUI «kKAMIyCHOW» JIOTUKU B pa3HbIX MacliTabax

B koHTekcTe cpejHero npodeccHoHaJbHOTO 00pa30BaHUSA KaMIIyCHYI JIOTUKY MOKHO
NOHUMATb KaK CBSI3aHHYI CUCTEMY y4eOHBIX, TPAKTUUECKHX, OOIIeCTBEHHBIX, CHOPTUBHbIX U
peKpealnMoOHHBIX IPOCTPAHCTB.

Jlaxke KOMIAKTHBI Y TOPOICKOU KOJLJIe/PK MOKET UMETh KaMIyCHY0 OpraHu3alivio, eCJIv B €er0
CTPYKTYpE SICHO BblJleJIeHbl BXO/IHAsl 30HA, Y4eOHbIN 0JIOK, IPAaKTUYECKUN OJIOK, 001IleCTBEHHOE
SJIp0, ABOP WJIM PeKpealnMoHHOEe MPOCTPAHCTBO. B KPYMHBIX KOMIIJIEKCAX JIOTUKA BbIPAXKaeTCsl
yepe3 CUCTEMY KOPINYCOB, OOIIEKUTUMN, CHOPTHUBHBIX 30H, CTYJEHYECKUX YJIML U OTKPBITBIX
NPOCTPAHCTB.

Jnsa KaszaxcTaHa AaHHBIM OPUHLUII BaXXEH MOTOMY, YTO MO3BOJISIET IPUMEHATh NOJX0/ He
TOJIBKO TPU HOBOM CTPOUTEJILCTBE, HO U MPU PEKOHCTPYKIIUU CYIECTBYIOIIUX KOJLJIeKE M.
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3aK/Ilo4yeHue

[IpoBeieHHOE ucCefO0BaHUE MOKa3aJo0, YTO apXUTEKTYPHO-MJIAHUPOBOYHAsA OpraHu3anus
y4YpexxJeHUHd  cpefHero  mnpodeccUOHa/IbHOro  ob6pa3oBaHuMa  KazaxcraHa  foJpKHa
paccMaTpUBaTbCS He TOJIBKO Yepe3 UCTOPUI0 Pa3BUTHS, BEIOMCTBEHHYIO MPUHA/AJIEXKHOCTb WU
THUII0JIOTUIO YYeOHBIX 3JaHUM, HO MpeX/ie BCero yepe3 KauecTBO NPOCTPAaHCTBEHHOU CBA3U
MexXJy 06ydyeHueM, NpaKTUKO W, MPOU3BOACTBOM U 001[eCTBEHHOM cCpeioi KoJlie Ka.

CpaBHUTEJIbHBIM aHa/IM3 Ka3aXCTAaHCKUX KOJIJIeHKeM M KUTAUCKHUX NpodeccHOoHabHbIX
06pa3oBaTeJIbHbIX KOMIIJIEKCOB MO3BOJIMJ BbISIBUTb Pa3/iMiMs B M0OAX0Jax K GOpPMHUPOBAHUIO
y4e0HO-NIPOU3BOJACTBEHHOM CpeJAbl. B Ka3axCTaHCKHX I@puUMepax yKe [pOoCJexXuBaeTcs
CTpeMJIEHUE K HHTErpalydu y4eOHbIX KOPIYCOB, MAacCTEPCKHUX, JJabopaTOpHH, 0O6IECTBEHHBIX
NPOCTPAaHCTB U OTpacjeBoM cnenuanusauuu. OJJHaKO NpakTUYeCKHe MOMelleHWs BO MHOTHX
C/Iy4yasiX elle COXPaHSWT XapaKTep OTAeJbHOW JYHKIMOHAJbHON 30HbL. KwuTaiickue
npodeccroHalbHble KAMIYChI IEMOHCTPUPYIOT 60JI€€ 1[eJIOCTHYIO MJIAHUPOBOYHYIO MO/IeJIb, I/ie
y4eOHble, JlaboOpaTOpHble, NPOU3BOACTBEHHO-NPAKTUYeCKHe, OOIeCTBEHHble, KWJble U
CIOPTHUBHbIE NPOCTPAHCTBA OODBEAUHSAITCSA CUCTEMON BHYTPEHHUX JBOPOB, 00IEeCTBEHHBIX
ocel, QYHKIMOHAJIbHBIX KJIACTEPOB U KOPOTKUX MapLIPYTOB ABUKEHUS CTYy/€HTOB.

Ha ocHoBe aHa/iu3a ompepesieHbl OCHOBHblE apXUTEKTYPHO-IJIAHUPOBOYHbIE NPHUHIIUIIBI,
aKTyaJbHble [JJSl pa3BUTHUSA Yy4YpeXJeHUW cpenHero npodeccUOHaJJbHOrO 00pa3oBaHUs
KaszaxcTaHa: nHTerpanusa y4e6HbIX ¥ IPAaKTHUYeCKUX 30H; QYHKIMOHAJIbHOE KJIAaCTEPHOE JleJIeHHe
110 HaMpaBJIeHUSIM NMOAT0TOBKH; GOPMUPOBAHUE KOPOTKHUX CBSI3€M MeX Ay TeoOpuel U NPaKTUKOH;
co3ZlaHue O00LeCTBEHHO-KOMMYHUKALlUOHHOTO 4/pa; BHU3yaJbHasd U I POCTPAHCTBEHHasd
OTKPBITOCTb Y4eOHO-IPOU3BO/CTBEHHBIX IOMELEHUH; UCII0JIb30BaHUE BHYTPEHHET O [IBOPa WU
3aLMLIEHHOT0 0611leCTBEHHOT 0 NPOCTPAHCTBA; TMOKOCTb U BO3MOKHOCTb MO/IepHU3ALUH; CBA3b
KOJLJIe/Ka € TOPO/JICKOU U POU3BO/ICTBEHHOM Cpe/loW; pa3BUTHE KKaMIYCHOW» JIOTUKU B Pa3HbIX
MacurTabax.

[IpakTH4eckast 3Ha4 UMOCTb UCCJIeJOBAaHUS 3aK/I0YAETCS B TOM, YTO BbIsSIBJIEHHbIE ITPHUHI|UITbI
MOTYT OBbITb MCIOJIb30BaHbl NPU NPOEKTUPOBAHUU HOBBIX KOJUIEJKEH, PEKOHCTPYKI MU
CYLLeCTBYIOLIMX 3/JaHUU U pa3paboTke peKoMeHAan i Mo GOpMUPOBaHUIO0 COBpeMEHHOU y4eOHO -
NpPOU3BOACTBEHHOU HUHOpAcTPyKTyphl. [ KazaxcTaHa oco6eHHO BaXKeH He NMpsMOU MepeHOoC
KUTAMNCKOTO OIbITA, a aJaNTal s OTeJbHbIX IJJAHUPOBOYHBIX IPUEMOB K MECTHBIM COLLMAJIbHO -
3KOHOMHYECKUM, KJIMMAaTU4YeCKUM, I'PaZIOCTPOUTEbHBIM U 06pa30BaTe/IbHbIM YCJIOBUSIM.

TakyuM o6pa3oM, cOBpeMeHHbIN KoOJIeM K [0J/hkeH GOpMHUPOBAThHCA KaK 06pa3oBaTesIbHO-
NpPOU3BO/ACTBEHHAA MaaTdOpMa, B KOTOPOU ydyeOGHbIe ayJUTOPUH, JabOpaTOPUH, MacTepCKUe,
061lecTBEHHble NPOCTPAHCTBA, JABOPbl W CBAISM C MpeJIpUATUAMU 00pasylT eAUHYI0
apXUTEKTYPHYyI0 cucTeMy. Takod MOJXOJ MO3BOJIsIET MOBBICUTb 3PPEKTUBHOCTb NPAKTHUKO-
OPUEHTHUPOBAHHOTO 00y4YeHMs], YCUJIUTb NMPUBJIEKATEJbHOCTb CpeJHero NnpodeccuoHaJbHOTO
ob6pa3oBaHus U obOecnedyuTb 0Oo0Jiee TeCHYI CBfAI3b INOATOTOBKHU KaZ[pOB C INOTPeOHOCTAMU
pervoHaJIbHOM 3KOHOMMKU KaszaxcTaHa.

BkJ1as aBTOpOB
baiimynauna /JI.b. - KoHIenuus, c6op /JaHHbIX, aHAJM3 W UHTepIpeTalnus pe3yJbTaTOB.
CappixkoBa C.II. - KOppeKTHPOBKa, HAyYHOe KOHCYJIbTUPOBAHUE, YTBEPXKJAEeHUEe OKOHYATeJbHOU
BEPCUU CTAThU AJIs1 MyOJIUKaAL MU,
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Principles of Architectural and Spatial Planning of Secondary Vocational Education
Institutions in Kazakhstan

Abstract. The article examines the principles of architectural and spatial planning for
secondary vocational education institutions in Kazakhstan in the context of modernization of
technical and vocational education and stronger links between learning and industrial practice.
The study addresses the transition from the traditional college model to an educational and
production complex integrating theoretical instruction, practical training, public spaces and
cooperation with industry. The methodology is based on a comparative architectural and
planning analysis of Kazakhstan colleges, including APEC PetroTechnic in Atyrau and the College
of Service and Tourism in Astana, and Chinese vocational education complexes, including Zibo
Education and Meizhou Bay Vocational and Technical College. The analysis identifies key
principles: integration of educational and production zones, formation of a social and
communication core, functional clustering, short links between theory and practice, flexibility of
the planning structure, and openness to the urban and industrial environment. These principles
support the development of Kazakhstan colleges as modern educational and production
platforms.

Keywords: secondary vocational education; college architecture; Kazakhstan; China;
architectural and spatial planning; vocational education institutions; educational and production
environment; campus.
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AHHOTanMsa. B craTbe paccMOTpeHbl BO3MOXXHOCTU  MNPUMEHEHUSs
3JIEKTPOHHBIX Tabsul Excel /s KOHTpoJis, aHaju3a W yIpaBJeHHUS
CKJAJCKMMH 3alacaMy B JIOTUCTHYECKHX cucteMax. lleab ucciesoBaHUA
3aKJIl0YaeTcs B pa3paboTKe U OOOCHOBAHMU NPAKTUYECKUX MOJAXOJ0B K
oneHKe 3¢PEeKTUBHOCTH YIpaBJeHUs 3arnacaMd Ha OCHOBe WHCTPYMEHTOB
Excel M coBpeMeHHBIX METOJOB JIOTUCTUYECKOTO aHasiM3a. OCHOBHbIMU
HanpaBJIEHUSMH UCC/IeJOBAHUS SBJSAIOTCA PAaCU€T ONTUMAJbHOTO U CPEJHETO
YPOBHS 3amlacoB, OlleHKa TOBAap0060paurMBAaeEMOCTH, aHAJIU3 YPOBHS cepBHUCaA
NIOCTABOK, a TakXXe ucnoJyib3oBaHue ABC- u XYZ-aHanu3a Jiis Kjaaccupukauu
TOBapHbIX Trpynn. HaydyHasi 3HAYUMOCTb PabOThbl COCTOUT B KOMILJIEKCHOM
NpUMEeHEeHHUHU CTAaTUCTHUYECKHUX WU JIOTUCTUYECKUX METO/OB /IJisl MOBBILIEHUS
KayecTBa ylpaBJeHYeCKUX pellleHn. MeTo/10/10THs UCC/ieJOBaHUSI OCHOBaHa
Ha MCI0JIb30BaHHH 3KOHOMHUKO-MaTeMaTHYEeCKUX METO/I0B, CTaTUCTUYECKOTO
aHa/IM33a, K03 PUIMEHTOB BaprUallMy, OCUUJJISALIMH, ACHMMETPUH U 3KcIecca C
nocJjeayrllnend BU3yaausaluuen pesyabTaToB cpefcTBamMu Excel. B pesysbTaTe
pa3paboTaHa yHHBepCajJbHasi MOJieJib aHajikM3a 3alacoB, I[03BoJIsSOIas
BbISIBJISITb HECTAOWUJIbHOCTb CIPOCA, OLIEHUBAThb PHUCKU JedpULUTA U
M30bITOYHBIX 3aMacoB, a TaKXe ONTHMM3UPOBAThb MPOLECCHl MOMOJHEHHS.
[IpakTHUYeckoe 3HaueHHEe MCCAe/JOBAaHUs 3aKJ/04YaeTCsl B BO3MOXKHOCTH
WCIO0JIb30BaHUS NMPeAJ0KEHHOW MOJesu AJis MOoBbllleHUsA 3PPeKTUBHOCTU
CKJQ[CKOW JIOTUCTUKH, CHWIKEHMS U3JepXKeK U YyJydylleHUs KadecTBa
yIpaBJieHUs] MaTepUaJIbHbIMHU TOTOKAMH.

KiiroueBble c/10Ba: CKJaJICKMe 3amachkl, 3JleKTpoHHble TabJsuibl Excel, ABC-
aHanus, XYZ-aHauius, TpeHJ, Ko3pOduIMeHT Bapuauuu, Ko3GPUIUEHT
OCLAJIISIIIU U,
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PacyéT, KOHTPOJIb U aHA/IU3 B yIPaBJIEHUH CKJIAJCKMUMU 3aracaMu

BBeaeHue

YnpaBisieHUe CKJIaACKHUMU 3amacaMy fIBJSETCHA OJAHOM U3 KJIKYEBBIX 33/la4 COBPEMEHHOU
jgoructukd [3,7,8]. B yci0BUAX HeCTaObUJBbHOIO pPBIHOYHOTO CIpoca M BO3pacTawllei
KOHKYpeHIMH 35((eKTUBHBIA KOHTPOJb YPOBHA TOBAapHbIX 3alacoB oONpejesseT Kak
ONepaLMOHHY0 YCTOMYHUBOCTb NpPEeJNPUATHUS, TaK U ero GUHAHCOBBbIe pe3yabTaThbl [3,4,12].
M36bITOYHbIE 3amacbl BeAyT K MMMOOW/IM3aLMU OOOPOTHOIO KamuTasla, POCTY CKIALCKUX
U3Jlep>KEK UM pUCKaM yCTapeBaHUSA NPOAYKLMH, TOrJa KakK MX JAeUIUT CHUKAeT YpOBEHb
KJIMEHTCKOI'0 CepBHUCa U BJIeYET moTepto 3aka3oB [1,2,3]. HecMoTps Ha 3HAYUTEbHBIA 06bEM
TeOpeTHUYeCKUX U NPUKJIAJHbIX UCCIe[0BaHUM B 06J1aCTH yIpaBJieHUs 3allacaMu, psi/i BONPOCOB
OCTaéTCcsd HeAOCTAaTOYHO NpOpabOoTaHHbIM, HECMOTPSI Ha AaKTUBHOE pa3BUTHE [JIaHHOU
npo6JIeMaTUKH B 3apy0exHbIX MyOJIUKaALMAX 10CJIeHUX JIET, UHAEKCHUPYeMbIX B 6a3ax Scopus U
Web of Science [16,17,18]. B yacTHOCTH, HepelIEHHbIMU SIBJASIOTCS MPOO6JIEMbl KOMILJIEKCHOMU
CTaTUCTUYECKOM  OLEHKM  CTAaOMJbHOCTU  3alacoB C NPHMEHEHHEM  HECKOJIbKHX
B3aMMO/IONOJIHAIIUX HHCTPYMEHTOB, a TaKXXe aJleKBaTHOTO y4éTa CTOXaCTUYeCKOH MPUPOJbI
JIOTUCTUYECKHUX MNpOLEeccOB NMpU (OPMUPOBAHUU CTpaTerud mnomnosiHeHus. Llesb HacTosielt
CTaTbu — pa3paboTka U O0OOCHOBaHME METOJHWYECKHUX IOJXO/0B K PacuéTy, KOHTPOJIO U
KOMILJIEKCHOMY aHa/Iu3y CKJaJ[CKUX 3alacoB Ha OCHOBE COBOKYNHOCTH CTaTHUCTHYECKUX
noKasaTeJiel.

Y4€T U KOHTpPOJIb 3amacoB MaTepHajJbHbIX TOBAapOB Ha CKJaje SBJSETCA BaXXKHOU
COCTaBJISIIOLIEN JIOTUCTUYECKOTO MPOLECCa, YTO MO3BOJIIET 00'bEKTUBHO YUYUThIBATb JJUHAMUKY
JIBM>KEeHH S 3aMacoB, IIaHUPOBATh ONlepaTUBHYI0 paboTy, IPOrHO3UPOBATh NOCTABKH U OTIIPABKY
TOBApOB, BECTHU YYET.

MeTopgos10rus
06 bEKTOM HCCJIe[JOBAaHUS SBJISIETCS CUCTEMA YIPaBJIeHUs CKJIAJCKMMU 3allacaMu TOPTOBO-
JIOTUCTUYECKOTO MNpeAnpusaThsd. [IpegMeT ucciaefoBaHUSI — COBOKYMHOCTb KOJIMYE€CTBEHHBIX

noKasaTesied, XapaKTepU3YWIIMX JUHAMUKY, CTaOUJIBbHOCTb M pacnpezesieHUe 3amnacoB. B
KayeCcTBe MaTepuraJ/ia UCCAeJ0BaHUS UCII0Jb30BaHbl laHHbIe O NOCTYIJIEHUU U YOBITUU TOBApOB
no 18 accOpTUMEHTHBIM TpynnaM C CyMMapHbIM 00béMoOM oT 61 a0 1 093 T no rpynne 3a
HabJ110jaeMbll Iepuo/, He MeHee 12 Heflesib, YTO 06ecnieYrBaeT CTaTUCTUUYECKYIO JOCTOBEPHOCTD
pe3ysibTaToB. HoBU3HA pabOThl COCTOUT B IPUMEHEHU U KOMILJIEKCHOT'O METOANYECKOT0 N0AX0/3,
MHTErpUPYIOLLEro B eJUHOW aHa/IMTU4YeCcKo! cucTteMe: (1) pacyéT oNTUMaJbHOTO, CTPAaX0BOTO U
cpeaHero 3amnacosB; (2) olleHKy TOBapo060payMBaeMOCTH U TOTOBHOCTHU K noctaBke; (3) ABC-
aHa/iM3 Ha ocHoBe npuHnuna Ilapeto; (4) XYZ-ananus yepe3 koadpdpunueHT Bapuanuu CV; (5)
noctpoeHue coBMelléHHOM MaTpulibl ABC-XYZ; (6) k0apPULMEHT OCUMISALUMN KaK UHAUKATOP
HecTabuJbHOCTH; (7) aHa/IM3 GopMbl pacripe/ie/ieHUsI JaHHbIX 110 KO3pPHUIMeHTaM aCUMMEeTPUHU
Y 9KCllecca OTHOCUTEJIbHO HOPpMaJIbHOTO 3aK0oHa ['aycca. Bce pacuéTHble Mozeiv peaju30BaHbl B
cpenie Microsoft Excel, yTo o6ecneunBaeT BOCIPOU3BOAMMOCTb U MPAKTUYECKYH0 JOCTYMHOCTh
METOJUKH 6€e3 crieliua/IM3uPOBAHHOTO MPOrpaMMHoOro obecnedyenus [1,2,15].
OnTuManbHbIN 3anac Zopt HA CKJa/le pacCCUMThIBAETCS 0 GopMyJie:

Zopt = Psr X Nzap + Us%post + UsZysp, (1)

rae Psr — cpeJiHY e TPOJAXKU
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Nzap — KOJIMUECTBO HeJleJIb 3amaca, Ha KoTopoe GopMUpyeTcs 3anac (3TO KOJMYeCTBO 3aBUCUT
OT YaCcTOThI OCTABOK (IIpeAI0JI0KHUM, YTO pa3MelleHHe 3aKa30B
Ha IIOCTaBKY NPOJYKLMY NPOUCXOAUT KaXKJble 2 HeJleJN);

US%p0st — YPOBEHb CTPAxoOBOro 3amaca Ha cJy4dall c60eB B MOCTaBKaX (pacCUUTbIBAETCH C
IOMOIIbI0 YMHOEHHUS CPeJHUX HeJleJIbHbIX IPOAAXK Ha UMEIOIIUNCS Tepro/ B CO0SIX; B HallleM
cjydae 4 IIT. yMHO>KaeM Ha 1 HeZies1t0 c60eB B IOCTABKax U [10JIy4aeM CTPAax0BOM 3anac Ha ypOBHe
4 wT.).

US?ysp — YypOBEHBb CTPAXOBOI0 3araca Ha CJy4ald BCIUIECKOB B MPOJAXKaX PACCYUTHIBAETCA C
IOMOIbI0 YMHOXEHUS CPeJHUX HeJleJIbHBIX TpoJax Ps'hg Ha koapdunueHT Bapuayuu CV.

Hanpumep:

Uszysp = PSa x CV =4 en. x 0,84 = 3,35 ef (2)
75T — cpenHMH 3anac Ha ckJajie. [lokasaTesb MOXKET ONpeiesIIThCA KaK B HATYPaJIbHOM, TaK

M B CTOMMOCTHOM BBIPQ)KEHHH, KaK B I|€JIOM 10 CKJIaAy, TaK U MO TPyNmaM TOBapoB. B obuiem
cjlydae 3arac siBJsIeTCS MOCTOSIHHO MEeHSIIoLelcs BeJUYHHOU. [103TOMy AJ11 XapaKTEePUCTUKU
YPOBHSI 3amaca pacCYMTHIBAIOT CPeJHUHN 3amac, HUCIoJib3ys NOpH 3TOM ¢(opMysy cpeHel

XPOHOJIOTUYECKOM:
AN (Zni + Zki) / 2, (3)

rae Zs; — cpeJiHUU 3amac 32 BbIOpaHHbINA EPUO;
7P — 3amnac Ha Hayaslo BbIOPaHHOTO NepPUo/a;
7k — 3amac Ha KOHel| BLIGpaHHOT0 Iepuo/a.
CpeZiHUH 3amac 3a HECKOJIbKO IEPUO/I0B ONpeJeisieTcsl Kak cpefiHss apudmeTrnyeckas u3
CpeZlHMX 3alacoB 3a KaX/bld U3 IEPUOJ0B:

ZZsri = (Zsr1 + 75T 4 ..+ Zsrn) / n, (4)

rae ).Zs'i — cpeAHUU 3amac 3a n NepruozoB.

ToBapoo6opaunBaeMoCTb — XapaKTepUCTHKA IPpoljecca BO30OGHOBJIEHHS TOBAPHbIX 3aMacOB.
OnpenensieTcs: ¢ IOMOLIbIO ABYX MOKa3aTesJel: CKOPOCTb TOBAPOO6OPOTa U BpeMsi 06palleHUs
TOBApOB.

CkopocTb ToBapoo6opoTa (Vt°i) nokasbIBaeT, CKOJIbKO pa3 B TeYeHHE BbIOPAHHOI'O OJHOT0
nepyvoJia MPOJAETCA M BO30OHOBJISETCA UMeIMiica ToBapHblM 3amac [3,8]. [lokasaresb
onpejesisieTcs YUCJA0M 060pOTOB 3anaca B TeueHHe 0JHOTO epuoaa:

Vvoi = 0i / Zs (5)

rae 0i — ToBapo06OPOT 3a BbIOPAHHBIN EPUO/T;

75" — cpeHUU TOBApHbBIX 3amac 3a BbIOpaHHbIN TEPUO/,.

[l TOProBOM CHUCTeMbl CJeAyeT Yy4YUThIBaTb 4YUCTbIA 060pOT, T. €. 06e3 YyuyéTa
BHYTPHUCUCTEMHOI'0 060poTa. CKOPOCTb TOBAPOO6GOPOTA MOXKET PACCYUTBIBATHCS IO OT/EJbHBIM
CKJIaZIaM, 10 OT/IeJIbHBIM MO3UIHUSAM accopTUMeHTa. Ecyin 3amac siBjisieTcsl MPOU3BO/CTBEHHBIM,
TO pAcYETHBIM IOKas3aTesJb OyJeT Ha3bIBaTbCS CKOPOCTbIO 060pPOTa, KOTOPBIA MOXKET
PacCYUTHIBATHCS OTAENbHO 10 KaXKJ0MY BUAY PECYPCOB.
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BpeMms o6paiieHust ToBapoB (Ti) nokasbiBaeT NpoJo/KUTENbHOCTb BBIOPAHHOTO IEPUO/Ia, B
TeyeHUe KOTOPOTO peajn3yeTcs 3amac, BpeMs Hax0X/leHHs TOBapoB B cdepe obpalleHus UM Ha
CKJIaJie TOproBoro npeAnpusaTus. Onpegensiercs no popmyJie:

Ti = (Zs x t) / Oi, (6)

rae 75T — cpeAHUE TOBapHbIe 3amachl 3a BbIOPaHHbIN 1epUO/;
t — 4YKCJI0 HEH B BBIOPAaHHOM NEPHUOJE;
Oj - ToBapoo6opoT.

ToBapoo6opoT 37ech Takxe JOJKEH ObITb OCBOOOXK/JEH OT MOBTOpPHOTo cyera. Cieayer
OTMETHUTb, YTO CHMKeHHe Ti mo3BoJsiseT 3¢pPEeKTUBHO HCNOJb30BaTh 0GOPOTHBIE CPEACTBA U
9KOHOMHUTb H3JepKKH obpauieHus. [lokasaresnb BpeMeHHM oOpaljeHHsi TOBApOB 06paTHO
NpOoNOpLXOHAJIeH TOKA3aTeJ 0 CKOPOCTH ToBapoobopoTa Vivoj, T.e.

Ti =t/ Vtvoj (7)

[lokazaTenb Gpost «['OTOBHOCTbL K IIOCTaBKe» MOX>KHO MCII0JIb30BaTh KakK AJId  OLeéHKH
COOGCTBEHHOTO YPOBHA C€pPBUCA, TAK U AJId YPOBHA CE€PBHUCA, OKA3bIBAEMOT'0O ITIOCTABIIMKOM. Humxe
MMpUBOAATCA TPpU MeTOa pacqéTa FOTOBHOCTH K IIOCTAaBKe, UCII0JIb3YyEMBIE B JIOTUCTHKE [3,4]

Gpost = QVZ / Qtot x 100%, (8)

rge sz — YHMCJIO BbINIOJIHEHHBIX 3dKA30B;
Qtot — o6u.1ee YU CJI0 MMOCTYINMNBIIKUX 3aKa30B.

Gp=m /M x 100%, (9)

rge m— (l)aKTI/I‘{ECKI/Iﬁ 00'b€M MMOCTABOK B KOJIMUECTBEHHOM BbIpa*K€HHWH;
M — 06'beM 3aKa3a B KOJIM4ECTBEHHOM BbIpa*KE€HHH.

Gp = Cfakt/ Czak, (10)
rae Cfakt — CTOMMOCTb pAaKTHUYECKH peaM30BaHHOTO TOBApa;
Czax — cyMMapHas CTOMMOCTb 3aKa3aHHOT0 TOBapa
Jlosnis 3anacoB B o6opoTe (Bzap):

Bzap = Zsr/ O X 100%. (11)

3aTpaThl Ha cBsA3aHHbIN KanuTas (Ksvz). /laHHbIN oKa3aTeJb XapaKTepUu3yeT 00'beM
OMepTBJIEHHOTO B 3aMacax KanuraJja:

KSVZ = (351‘ X thr X K) / 100% ) (12)

rjge thr — NepuoJ BpeMeHH, B TeUeHUEe KOTOPOT0 XPaHUTCA 3anac;
K— MMpOEeHTHadA CTABKAd Ha KAallKUTaJl.
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Koadduunent Bapuanuu (CV) — oAMH M3 caMbIX yA0OHBIX U HarJsJHBIX [OKa3aTeJseH,
YTOOBbI OHATb, HACKOJIbKO CTaOMJIbHbI UJIM HeCTaOWJIbHbBI 3alachl Ha CKJaZe, 0OCOOEHHO eCJH
peuyb UAET 0 cnpoce Ha ToBapkl [5,6,18]. CV paccyuThiBaeTcsl Kak OTHOLIEHHE CTAaHAAPTHOIO
OTKJIOHEHHS CIpoca K ero cpejHeMy 3HadyeHHI0 WM. OH MoOKa3bIlBaeT OTHOCHUTEJbHYIO
M3MEHYMBOCTb CIPOCA M HACKOJIbKO Npe/icka3dyeMo BeAyT cebs 3amackl (cM. TabJ. 1).

CV =sko/q, (13)

rae sko - cpefiHeKBaipaTUYHOE OTKJIOHEHHE CIIPOCa;
[ — MaTeMaTU4eCcKoe 0XKH/laHue (CpeHee 3HaUYeHUe CIpoca).

Ta6smmna 1. [loka3aTe/id cipoca Ha TOBap B 3aBUCUMOCTH OT CV M KaTeropuu ToBapa

Kareropusa | 3HayeHue
XapakTep cnpoca 3HAa4YMMOCTD /14 CKJIaJa
TOBapa Cv
o Mo>xHO AepaTb MHUHUMaJIbHble
X <10% O4eHb cTaOUIBHBIN AepRaT
3anachbl, HU3KHUH pUCK JlepUuTa
v 10% - | YMepeHHasa Hy>xeH 6osiee THOKHN MOJX0J K
30% BapUaTUBHOCTb MOTIOJIHEHU IO
TpebyeTtcs MOBBIIIIEHHbIN
y/ =>30% | BblcoKast HeCTaGUABHOCTD | Do
YpPOBEHb CTPAX0BOro 3anaca

Pe3ysibTaThl M OGCYyXAeHUe

[IpuMeHeHne pa3pabOTaHHOU METOJAOJIOTUM K MCXOJHOMY MAaCCUBY [aHHBIX I0O3BOJIMJIO
HNOJY4YUTb cjaefyloiiue pe3yabTaThl. [lo 3HaueHUs M KkKo3douiueHTa Bapuanuu Bce 18
aCCOPTUMEHTHBIX NO3UIMI pacnpe/esieHbl 10 TPEM KaTeropusiM YCTOMUYUBOCTH cripoca (TabuuLa
1): 11 nmo3unuit oTHeceHnb! K KaTeropuu X (CV < 10 % — cTrabuibHbIN cnpoc), 4 NO3ULKUU — K
kateropuu Y (CV = 10-30 % — yMepeHHast BApUAaTUBHOCTH), 2 MO3ULMU — K KaTeropuu Z (CV 2
30 % — BbICOKasi HeCTaOUIBHOCTD). [0 06'bEMY TOBapo0O6OPOTA B COOTBETCTBUH C MPUHIIUIIOM
[Tapeto [7,9,14,16,18]: rpynna A — no3uuuu 1-6 (KymysassTuBHas o 0 79,5 %); rpynna B —
nosunuu 7-15 (mo 95,7 %); rpynna C — no3uuun 16-18. CoBmeniénHasa matpuna ABC-XYZ
(Tabsimna 3) mokasbiBaeT, 4YTO s4yedka AX 3aHfATa WIECTbl0 MO3ULUMAMU (1-6) C BBICOKMM
TOBap0o060OPOTOM U CTAOUJILHBIM CIPOCOM — 3TO HauboJiee yrpaB/sieMblid U JOXOAHbIN CETMEeHT
3amnacos, TpeOy0LUKA MUHMMAJbHOTO CTPaxoBoro 3amnaca. fluerika BX Bk/to4aeT naTh NO3ULUN
(7,11,13, 14, 15) — cpeaHUl NPpUOPHUTET C MpeAcKadyeMbIM cipocoM. Adyeiiku CZ (nmo3uuus 17)
v BZ (no3unus 10) xapakTepu3yTcs BbICOKOH HECTAaOU/IbHOCTbIO IPU MaJIOM 00'bEMe: JIJIs1 HUX
1esiecoob6pa3eH nepexo/ Ha MoJiesIb CHabKeHud o 3asiBKaM. He3anosiHeHHbIe S4eKU MaTPULLbI
(AY, AZ, CX) yka3bIBalOT Ha CTPYKTYpPHbIE pe3epBbl: BO3MOKHOCTH pacCIIMPEHHs] aCCOPTUMEHTA B
BbICOKOTIOTEHLIMA/IbHBIX CEFMEHTAX OCTAIOTCS Hepeasn30BaHHbIMU. KoadduueHT ocuuinsanuy,
paccuruTaHHbiM 10 popmysam (10.4.13)-(10.4.15), noaTBepAnI BbIBOAbI XYZ-aHa/U3a: O3UIUHU
KaTeropuu Z IeMOHCTPUPYIOT HAUOO0JIbIIMK pa3Max KoJiebaHUU 3amaca OTHOCUTEbHO CpeIHEr0
YPOBHS, UTO TpebyeT yBeJMYeHUs CTPAXOBOrO 3amaca U nepexoZa K aJalTUBHbIM MOJeEJSM
nomnoJiHeHUs. AHaM3 K03QPULIMEHTOB aCUMMETPHUHU (g1) U 3Kclecca (gz) AJis BbIOOPOK crnpoca
NoKa3aj OTKJIOHeHHe GaKTUYeCKUX paclpeziesieHui OT HOpMaJbHOTO 3aKoHa ['aycca: 3HaueHuUs
g1 # 0 cBUJETENBCTBYIOT 06 aCHMMETPUYHOCTU [IaHHBIX, YTO HEOOXOJHUMO YYWUTHIBATh MpPHU
pacyéTe CTpaxoBOro 3amaca MU MPOTHO3MPOBAaHUHU crpoca. [padudeckas Bulyanusanus
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pe3yJbTaToOB (PUCYHKM K CTaTbe) MOATBEPXKAAET CTAaTUCTUYECKH 3HAYMMOE OTKJIOHEHUEe
dakTH4YecKol BBIOOPKU OT UpeanbHoro 3HP.

[Ipy aHa/M3e pacyéTHBIX 3HAUYeHUU Ko3podulreHTa BapualUU MO OTJEJbHbIM Tpynmnam
TOBApOB B 3aBUCHUMOCTHU OT PEKOMEHYEMOT'0 MHTepBaJia rpynnbl TOBAPOB pacnpesessiloTcs Ha
Tpu Kateropuu X, Y, Z [8,14].

BeiBoA: yeM 6ouibiiie CV, TeM Bhblllle YpOBeHb pa3bpoca BApUaTUBHOCTH CIPOCA, YTO CHUXKAET
3pPeKTUBHOCTD pabOThl CKJIAZA, NOPOXAAeT OOJIbIIMK YpOBEHb HEONpeJe/IEHHOCTU IpH
NPUHATHUU PeLleHUus W, KaK CJeACTBUE, AO0J/DKEH YBEJWYUTbCS CTPAXOBOM 3amac, - pacTyT
U3/ep>KKHU CKJIAJICKUX ONepanyu.

Opranusanus XYZ-aHa/vM3a ToBapa M0 rpynnam Kak ¢yHKuuoHassa oT CV JaéT BO3MOXKHOCTD
CUCTEMHO TOJOUTH K PpelleHUI TaKUX BOINPOCOB, KaK palMOHa/JbHAasA OpraHu3anus
CKJaJJUPOBaHus, BbIOOpP HauboJiee ONTUMaJIbHOW CTpPATErMU TMOMOJIHEHUS 3amacoB U
OonNTUMHU3alMA YpoBHA 3amnacoB. [lo cyTH, koadpduuueHt Bapuanuu CV — 3TO OBICTPbIN
WHJMKATOP TOr0, HAaCKOJbKO BBICOK YPOBEHb pHUCKa AJA Ckiaaza. OnTuMasibHasg cTpaTerus
yIpaBJieHUs 3alacaMyd MUHHUMU3UPYET BEeJIMUUHY 3amaca U onpeziesisieT TaKyr NePUOJAUYHOCTD
3aKa30B, KOTOpas MO3BOJISIET NPOTHO3UPOBATh MPOLECC MOMOJIHEHUS C BBICOKOM CTeNeHbIO
BEPOSTHOCTH COOBITUH.

Ho js1s cTaTucTUYeckor 06paboTKU JJaHHbBIX 110 KO3 QUIUEHTY KOPPeISAIUU TpebyeTcs He
pa3oBbIi COOpP JAaHHBIX, @ B Te4eHHWe YCTAaHOBJEHHOTO HHTepBaja BpeMeHU. UeM O6oJiblile
BpeMeHHOW WHTepBaJ, TeM TO4YHee W BeposiTHee TMoJydyaeMble pe3yabTaThbl. O6bIYHO
NPUHUMAETCS WY HeZleJIbHbIM HHTePBaJl KaK 3aKOHUYEHHAas 4aCTh JIOTUCTHYECKOTO Npo1ecca Uiu
06pabaThIBAlOTCA JaHHbIE 3a KaJleHAAPHbIA MecsL,.

Hapany c¢ XYZ-ananusoMm BbinoJsiHsgeTcss ABC-aHanu3, KOTOpBIA CcUCTeMaTU3UPYyeT
NOCTYNaKwUMNA ToBap € Yy4€TOM npuHUMUINA [lapeTo, MCHo/ib3yss COPTHUPOBKY [AAHHBIX IO
HamnpaBJIEeHUI0 YObIBaHUA I[OKasaTeJsied MNPUOBITHA TOBapa W BBIYUCIEHUS KyMYJSTHUBHOTO
HAaKOIJIEHUsI MO0 TPEM TrpyIlna: rpynmna ToBapoB «A» — KyMyJsATHUBHOe 3HadeHHe a0 80%
noctymieHud; rpynma «B» — ot 80% 1o 96%; octanbHble TOBaphl — rpymnmna «C».

B kaxJoM BHJe aHaJu3a BCEro TPU BO3MOKHBIX BapuaHTa paclipefieieHus TOoBapa,
06pabaTbIBaEMOTO0 Ha CKJIa/ie IPU NOCTYIJIEHUU U YOBbITUHU. [I[pUMeHUB IPUHI AT COBMECTUMOCTH
0 00beKTy 060pabOTKH — BU/AbI TOBApa, MOXXHO MOCTPOUTH KOMIIJIEKCHYIO MaTpPHULy, B KOTOPOM
no crosibuaMm ABC pacrnoJiaraloTcs ToBaphl JaHHOTO aHa/lW3a Ha TOPU30HTAJbHBIX YPOBHAX IO
ctpokaM XYZ, Tab.. 2.

ndpaMu BHYTpH Tab/MLbI YKa3aHbl NO3ULMU aCCOPTHMEHTA U3 TabJULbI 2. 3alloOJIHEHUE
sayeek AX, AY, BX no3unuaMu acCopTUMeEHTA fIBJSETCA HauboJiee NpeANOYTUTENbHBIM, T.K. 3TO
s4YelKH, B KOTOpble MONaJalT TOBaphl, CUJIbHO BJIMAIOLIME Ha MOKas3aTeJu 3PpQPeKTUBHOCTHU
paboThl CKJIAJa, Aawlide MakCuMaibHbli 3¢ dekT. Aueliku AZ, BY, CX oTHOCATCA K cpefHEMY
YPOBHIO. JTH TOBapbl OKa3blBAalOT MeHbllee BJAWSAHHE Ha 3QPEeKTUBHOCTb paboThl ckiaaga. U
TpeThbd rpynna fg4yeek BZ, CZ, CY oka3piBaeT MUHUMaJIbHOE BJIUAHHWE BBUAY MaJIOYUCIEHHOCTHU
NO3ULIMHU aCCOPTUMEHTA U 00'bEéMaA I'py3006paboTKH [8,12,14]. ITU TOBapbl UCOJIL3YIOT PECYpPChl
CKJIaJla, OKa3blBasi MMHAMaJIbHOE BJIMSIHME Ha 00l1Ye NoKa3aTeJu paboThl CKJIaJa, HO B 001LeM
3a4éTe MMeeTCs 3Ta [0/ U3jepkek. B HacToslee BpeMs cTapalOTCs 10 TAKKMM FpylnnaM TOBapoB
OPpUMEHUTb MeTO/l, MO3BOJIIIIIUMU yJOBJETBOPUTb CIPOC HAa OCHOBAaHUU 3asBOK, 4YTO
BbICBOOOXK/1aeT HMMeEIOLUICS pecypc AJs 6ojiee 3arpykeHHoM uacTu ToBapa. [lo gaHHOU
KOMILJIEKCHOM MaTpulie O4YeHb XOPOLIO BU/JHO, YTO OTZeJibHble STYeHKU, UMeloU|he BBICOKHUU
NOTEeHIMaJ, BOOOIe He 3arpy:eHbl, CJeJl0BaTeJbHO, 3TO O3HAyaeT TOJIbKO YNylLleHHbIe
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BO3MOXXHOCTH, U OHHU SIBJSIIOTCS NOTEHLMAJbHBIM pe3epBOM JJis1 YJydllleHUs MoKa3aTesel
paboThI CKJIaa.

JlaHHass MaTpulla COJIEPKUT yXKe [AeBATb SYeeK, B KOTOPbIX pa3MelleHbl TOBaphbl M3
aHaJIM3UPYEMBIX TPYIN, U BapUATUBHOCTh aHAJIMTUUYECKUX BbIBOJIOB PACLIUPSETCS, MPUUYEM C
Y4ETOM BJIMSIHMS KaK MPOIECCOB IMOCTAaBKHU, TaK U yObITHUS. TakoW KOMILJIEKCHBIM MOAXO[
MO/JIeJIMPOBaHUS MO3BOJISIET BU3YaJIM3UPOBATh KaK MOJIOXKUTEJbHbIe CTOPOHBI MPOILIECCa, TaK U
ero HeAoCTaTKU. OOBbEKTUBHOCTb KOPPEKTUPOBKK TMOCJAEAYIOIIUMX peLIeHWH MOoBbIlIaeT
3P PEKTUBHOCTD JIOTUCTUKHU U CHUXKEHU E U3/ EPIKEK.

Ta6smmna 2. /laHHbIE AJ1 OpraHu3anyy KOMIJIEKCHOM MaTPHIbl COBMECTHOT0 aHA/IM3a

ABC-ananus XYZ-aHanu3

AT | Qi,T bi, % f,joyMy“”T”B' rpymma | AT GitT | CV EESB':S:
1 1093 21,2% 21,2% Al 1] 1169 | 49% X

2 957 18,6% 39,8% A 2 962 | 82% X

3 826 16,0% 55,8% Al 3 868 | 6,7% X

4 609 11,8% 67,6% Al 4 578 | 7,8% X

5 500 9,7% 77,3% Al 5 499 | 64% X

6 114 2,2% 79,5% Al 6 110 | 9,1% X

7 108 2,1% 81,6% B | 7 107 | 9,3% X

8 107 2,1% 83,7% B| 8 97 | 12,4% Y

9 103 2,0% 85,7% B| 9 82 | 12,2% Y

10 95 1,8% 87,5% B | 10 80 | 30,0% Z

11 92 1,8% 89,3% B | 11 90 | 67% X

12 90 1,7% 91,0% B | 12 84 | 11,9% Y

13 85 1,7% 92,7% B | 13 86 3,5% X
14 79 1,5% 94,2% B | 14 81 8,6% X
15 79 1,5% 95,7% B | 15 79 2,5% X
16 73 1,4% 97,1% c| 16 72 | 16,7% Y
, 1 69 1,3% 98,4% c | 17 86 | 256% Z
o 1 68 1,3% 99,7% c | 18 61 |13,1% Y

[Ipumeuanue: Al - accOpTHMeEHTHbIE TPYIIbl TOBAPOB (B CBOJHOM TabJiMlle OHU [JIOJIXKHbI
ObITh 110 CTPOKAM CHHXPOHU3UPOBaHbI)

B sloructrke 60JIbIIMHCTBO MPOLIECCOB UMEIOT CTOXaCTUYECKUM XapaKTep, YTO 3aTPYAHSET
KOHTPOJIb, CTaOUJILHOCTb BBIBOJOB 10 IOKAa3aTeJssIM, COCTaBJeHHE MPOrHO30B, Pa3paboTKy
IJIAHOB W TO03TOMY 6a3upoBaThCid TOJbKO Ha €JAWHUYHOM KOJIMYECTBe IOKasaTesen
HexKeJsiaTesbHO. [l/1s1 aHa/IM3a JIOTHUCTUYECKUX TPOI[eCCOB HEOOX0AMMO NPUMEHSITh He OJJMH KaHaJl
noJiyyeHusi MHOPMaLMHU O X0/le MPOollecca, a HeCKOJIbKO. Ec/iM MpUMeHHUTb HECKOJIBKO JIPYTYIO
METOJWKY M TOJYYUTb WJIM TMpsMble HJIM KOCBEHHble TMOJTBEPXKJEHUsS BbIBOJOB 110
npe/blyleMy BApUaHTY, TO IPUHUMAaeMble pellleHHs 0 COBEPIIEHCTBOBAHUIO TPOIECCOB Oy AYT
60Jiee MOTUBUPOBAHbI U 060CHOBAHBI.
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OfHUM U3 TaKUX NOKa3aTesed ABasgeTca KoadpduuneHT ocuusanauuu [10,11], (uam
1oKa3aTeJb KoJlebaHWM), KOTOPBbIA OTpakaeT aMIUIUTYAy W 4YacTOTy KoJebGaHUW 3anacoB

OTHOCUTEJIbHO HX CpeaHero ypOBHA. OH nmnoKasbIBaeT, HACKOJIbLKO CHJbHO CHCTeMa
«pPaCKa4YrBaeTCA» U3-3a:

- 3a/IeprKeK MOCTABOK,

—  CJMUIKOM arpecCUBHOM peaKLMU Ha U3MEHEHUSsI CIIPOCa,
— HeaQPeKTHUBHBIX IPABUJI MONOJIHEHUS.

Ta6.1mua 3. KomniekcHas MATpHId COBMECTHOTIO dHAJ/IN34d 34I1dCOB HA CKJ/Id4€

['pynma A B C
X 1,2,3,4,5,6 7,11,13,14,15 Het
Y HeTt 8,9,12 16,18
Z Hert 10 17

[To cyTH, 3TO KOJIMYeCTBEHHAsi Mepa HeCTAOMJIbHOCTH 3alacoB — 4YeM 00JIbllle 3Ta BEJIMYMHA,
TeM MeHee CTabuWJIeH 3aMac, U Torja TpebyeTcs yBeJMyeHre cTpaxoBoro 3anaca. KoapduuueHr
OCLUJUISILIUU B CTaTUCTHKE — 3TO OTHOCHTEJIbHBIM pa3Max BapHalUu: A0Js pa3Maxa (max-min)
B CpeJHeM 3HAaYyeHUU BbIOOPKU JaHHBIX U SIBJSIETCS OTHOCHUTEJbHOU Mepoi abCOIIOTHOTO
pa3bpoca 3HaueHUH B CTaTUCTUYECKON COBOKYNHOCTH. 15 pacyéTa KoadpPuLmeHTa OCLUISA AU
HEO06X0/JUMO BBIYHCJIUTh CpeiHee 3HaUYeHHe BbIOOPKHU NpH i 0T 1 /10 n 3HaYeHU H.

Xsr=3YXi/n, (14)

rae >'Xi - cymMMa Bcex 3Ha4e€HUH BbIOOPKY;
n - KOJIMYEeCTBO 3HAUYEHUH JaHHbIX B BbIOOPKE;
Xsr - cpe/iHee 3HaYeHH e BbIOOPKH.
Pa3Max onpepesnsieTcs Kak pa3HOCTb MAaKCMMaJIbHOTO U MUHUMaJIbHOTO 3HAY€HHUSI.

R= Xmax - Xmin; (15)

rae Xmax — MaKCMaJIbHO€e 3HAaYeHHE B BbIOOPKE;
Xmin — MUHMMaJIbHOE 3HaYeHNe B BBIOOPKE;
R - pazamax 3HaueHH# BbIOGOPKH.

BennurHa ko3agduiMeHTa 0CHUISAIMU B 101X UK B % paccyuThiBaeTcs o ¢opmyie 16.

Kosc = R / Xsr; Kose = R x 100% / Xsr, % (16)

Eurasian Journal of Applied Engineering and Technology (EJAET) N93(156)/ 2026 127



C.K. Kabukenos, B.B. lllanaes, I'.B. Kucenéra, C.10. KyTbeHko

Kak ocHOBHOW mokasaTesb [Ji1 OLEHKHM 3alacoB Ha CKJaaJe Ko3QQULUEHT OCUUIIALUHU
c1a0bIH, T.K. CBI3aH TOJIBKO C IByMS KPaWHMMU 3Ha4YeHUSAMU (MUHUMYM U MaKCUMYM ) U CPeIHUM
3HauYeHUeM BbIOOPKU. /151 CK/Ia/ICKUX 3aMacoB 3TO MPo6JieMa, IOTOMY YTO O/IMH BbIOpOC (pa3oBas
KpYIlHas UJIM NIpONylLeHHas N0CTaBKa) pe3Ko YBeJIMYMBaeT I0Ka3aTesb. JTOT I0OKa3aTeJ b TaKxKe
He YYUTbIBAeT YaCTOTYy MOCTABOK: OJUH JleHb Ha HyJie U 20 AHel Ha HyJie AaZlyT OJUHAKOBbIE
min/max. Kpome ToOro, mokasaTesb He 4YyBCTBUTEJEH K JWHAMHUKe IPOLLECCA, CE30HHOCTHU
IIOCTABOK, K KoJiebaHMSIM clipoca (HampuMep, MUHTEPBEHTHBIM CIPOC - 3TO MCKYCCTBEHHO
CO3/laHHBIH CIIPOC, UCII0JIb3yeMbIH KaK MHCTPYMEHT peryJiMpoBaHus pblHKa). He oTBeuaeT Takxke
Ha IJIaBHbIMA BONPOC YNpaBJieHUs 3anacaMy: KakoW YpOBeHb cepBUca U pUCK AedunuTa (CKOJIbKO
3aKa30B//iHEN Mbl He 3aKpbLIN).

Ho npu mnpejBapuTesbHOM aHa/lu3e JIOTMUCTUYECKOIrO Ipoliecca JAaHHBbIM I[OKa3aTesb
M03BOJISIET NOJAYYHUTh YaCTUYHY0 HUHPOPMAIHIO, T.K. XapaKTepu3yeT pa3Max 3alaca, UTo BJIUSET
Ha CTabUJIbHOCTb yIpaBJIeHUs 3alacaMy, U MO3TOMY €ro MOXXHO MCII0JIb30BaThb KaK OBbICTPbIN
“kpacHbli ¢psiar” /11 IPOBEPKH, €CJIU:

— 3amnachkl M0 NO3UIMU CUJIBHO OTJIMYAKTCS OTHOCUTEJLHO CPEIHETO;

— eCTb [10/I03peHHe Ha «IIPOBAJIbI» /10 HYJISI UJIM pe3KHUe NepPenoHeHUs;

— TpebyeTcs NpOoBepUTb PUKCUPOBAHHBIE HHTEPBaJbl (HanpuMep, nocaeguue 30/90
JIHeMn);

— BO3HMKaeT HeOOXOJMMOCTb NPOBEPUThb CTAOWJIbHbIE MpoLecchl (6€3 KPyMHbIX
Pa30BbIX 3aKYIOK U Pa30BbIX CIMCAHUM)».

/s OLleHKM 3amacoB KaK yIpaBJisieMOd cucteMmbl (cepBUC, AePULUTHI, H3JIUILKH)
K03$PUIUEHT OCUM/IALMU He TOAUTCS, HO KaK OBbICTPbIA HMHAMKATOP CTAaOUIBHOCTH MOXET
OBITH NOJIE3EH.

PaccMOTpUM, Kak OCUMJLISILIMU BJIMSIOT HA KOHTPOJIb 3anacoB [2,15]:

1. Poct aMmauTyAbl KoJsieOaHMM CHOCOGCTBYET POCTY CTPaxoBbIX 3amacoB. Eciu
K03$PULHUEHT OCUUJ/IALMUA BbICOK, 3amacbl TO Pe3KO PacTyT, TO NajarT. YTo6bl U36exaTb
fepULMTa, KOMIIAHUU BbIHYXK/J€Hbl Jep)KaThb OOJIbIIME CTPAaxOBble 3amachl, YTO YBeJUYUBaAET
3aMOPOXKEeHHbIM KalKTaJl, CKJIaACKUe Pacxo/ibl, PUCK CIIMCAHUM, YTO CIOCOBCTBYET YBEJIUYEHHUIO
u3/Jiep>KeK npu GopMUpPOBAaHUM 3aMACOB.

2. YcuneHue Tak HasbiBaeMoro a¢dekTa xubicta (bullwhip effect) — aTo siBeHue B ienoykax
IIOCTABOK, NPHU KOTOPOM He6GOoJIbIIMe KoJeOaHUsI KOHEUYHOTOo MOTPEeOUTEeNbCKOTO CIpoca
IPUBOJST K YCUJIEHHBIM UCKAKEHUSIM 3aKa30B Ha KXK/A0M NOC/IeAYI0leM YPOBHeE Lienu (po3HUIa
— ONTOBUK — IMPOU3BOJAUTEJb — TMOCTABIIMK Cbipbsi). HccienoBaHus MOKa3bIBAKOT, 4TO
OCLMJUISILIUM 4aCTO BO3HUKAIOT M3-3a MepeperyjupoBaHUsi — CAUMILIKOM CHUJIbHOW peaklyUu Ha
He6OoJIbIIMe U3MEHEHHUs CIpPOcCa, YTO MNPUBOAUT K PE3KUM CKayKaM 3aKa3o0B, Ieperpyske
MIOCTABUIMKOB, HECTAOUJIbHOCTH BCEH 1[€NU NMOCTABOK.

BbicOKUH K03GPULMEHT OCUUJ/ISALMHA O3HA4yaeT, YTO MPOTHO3bl CIPOCa, CTaHAAPTHBIE
MeTOo/ibl IIJIAHUPOBAHUSI CTAHOBSITCS MeHee HaJléKHbIMU U TpebyeTcs nepexo K alanTUBHbIM
MO/ eJISIM.

Kosne6anus 3amacoB, MokKa3aHHble KO3()QPUIIMEHTOM OCIHUJUISLMUYH, BbI3bIBAIOT 4YacThble
KOPPEKTUPOBKU 3aKa30B, YBeJUYEHHUE TPAHCIOPTHBIX PACXO/0B, NepepaboTKH IMepCoHaa,
HeCTabUJIbHOCTb MPOU3BOJCTBEHHOTO IrpadpuKa. ITO BCE JAET POCT ONEPALMOHHBIX U3/IEPIKEK.

HecMoTpss Ha KaxXyllyrocsl MPOCTOTY omnpeaeaeHUs Ko3bOUIMEHTa OCUUJUISLUH, 3TO
IIOMOXKET YBU/ZIETh, KAK HEOOJIbIII0e U3MEHEHH e CITPOCa BbI3bIBAET 60JIblIKe KOJIe6aHUs 3aKa30B,
KaK U3MeHeHHe apaMeTpoB (BpeMsi MOCTAaBKH, KO3PPUIIMEHT CT/IQXKUBAHUS1) KOHTPOJIUPYETCS B
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CTOPOHY yMEHbIIEHUS OCHUJUIALMU. ITO KJACCUYECKUM TMOAXO0J, TNpPHUMEHSEeMbId B
Ucc/1eJ0BaHUSAX 110 JJMHAMUKe Lienel oCTaBOoK.

N3MeHeHue Ko3pdUIMeHTa OCUWJLIALUM [OKa3blBaeT Ha U3MeHeHUe 3aTpaT: 4YeM Bbllle
OCLUMWJUISLMM, TeM Bbllle 3aTpaThbl Ha 3amackl [10,11]. B obuweM k03$pPULHEHT OCUUIIALMA
II03BOJISIET:

- OLIEHUTb YCTOWUYUBOCTb CUCTEMBI yIIpaBJIeHUS 3aNacaMH,

- BbIIBUTb 3QPEKT «XJIbICTa,

- OIIpe/ieIMTh He06X0JUMOCTb U3MEHEHHUS NOJIMTHUKHU MOIMOJIHEHHUS,

- I0Ka3aTh CBA3b MEX/Y KOJIe6aHUSAMH U 3aTpaTaMHy,

- 060CHOBATb Ilepexo/ K 60Jiee CTaOUIbHBIM aITOPUTMaM yIpaBJeHHUs.

[Ipu aHanv3e pacnpejesieHUs JaHHbIX B BbIOOPKe 0 OTHOUIEHUIO K 3aKOHY HOPMaJIbHOTO
pacnpenenenus 'aycca (3HP) paccmarpuBatoTcsa k03pdUiueHT acCUMMeTpUXd U KO3PPUILIMEHT
akcuecca [5,6]. /laHHbIM aHA/U3 TO3BOJISIET BbISIBJISTh 3aKOHOMEPHOCTH, CBSI3aHHbIE C YaCTOTOM
BCTpEYaKIUXCA pa3/M4YHbIX 3HaueHUH. B upeanbHoM rpaduke 3HP paHHBIE pacnosioKeHbl
CUMMETPUYHO OTHOCUTEJIbHO Cpe/IHero 3HayeHus], U Cpe/iHee 3HaUYeHHe COBIalaeT C MeJUaHOH.
B uccienyeMbIx BbIOOpKaxX AAaHHBIX BO3MOXKHO JApyroe pacnpejeseHye JaHHbIX OTHOCUTEJIbHO
CpefiHero 3HavYeHUs], U, Kak NpaBUJIO, MeJIMaHa He COBNAJlaeT CO CPeJHUM 3HAaUYeHHEM JIaHHbIX B
BbIOODKE.

99,7 % gaHHbIX BHYTPH OTK/IOHeHHMSs 3G

95 9 gaHHBIX BHYTPH OTK/IOHEeHHMS 20

-

68 % gaHHbIX
[ BHYTPH = |
OTK/IOHeHHMHA 1G

H—3c p—20 H—OC 11 H+o p+2c p+30
PucyHok 1. 'paduk JaHHBIX 10 3AaKOHY HOPMaJIbHOTI0 pacnpepesaeHus laycca
3HayeHHe U CMellleHhe aCUMMETPUH BbIYUCISAETCS 10 popMyJie:

n

rje: n - 06'b€M BbIOOPKHU;
Xi - HaGJII0JeHUS;
Xcp - cpenHee apudMeETUUYECKOE;
S — CTaHJAPTHOE OTKJIOHEHHUE.
Ecnu: gl =0, Torga pacnpeziesieHue CAMMETPUYHO;
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gl > 0, Torga pacupezesieHre UMeeT «[IPAaBOCTOPOHHIOI0 aCHMMETPHUIO;
gl <0, Torga pacupezesieHre UMeeT «JIEeBOCTOPOHHIOK aCUMMETPHIO.
KoadounueHT skcuecca Beruucasietcsi no ¢opmyie 18:

_ n(n+1) =2\ 3(n—1)?
'02_('rL—l)(n—Q)(n—S);( 5 ) (n—2)(n—3) (18)

Ecnu: g2 = 0, Torga pacrnpejesjeHue N0 «KTMKOBOCTH» COBNAZAAaeT C HOPMaJbHbIM;

g2 > 0, Torja 60Jiee «OCTpoe» pacnpe/ieseHuE;
g2 < 0, Torja 60Jiee «IJI0CKOE» pacnpesesieHue.

KoadounueHT 3kcliecca XxapaKTepusyeT Mepy «IJIOCKOCTU» pachnpejiesieHUsl JJaHHbBIX, T.e.
NI03BOJISIET MOHATbH, HAaCKOJIbKO HCCJeJyeMoe pacnpejie/ieHue OTJAUMYaeTCs OT HOPMasJbHOrO
pacrpe/ie/ieHUs 10 BbICOTE U IIUPHUHE.

MaTemaTHueckas MoJiesib pacyéTa JaHHbIX KO3PPUIMEHTOB C BU3yaJu3allen MoJy4eHHbIX
pe3y/bTaTOB M03BOJISIET IPOBECTHU TaKOe UCCJIeJOBaHUE U CllesIaTh ONpe/e/iéHHble BbIBO/IbI IO
paccMaTpuBaeMoMy BapuaHTy. Mo/iesib pa3paboTaHa Ha 6a3e 3/ieKTpoHHbIX Tabusul, "EXCEL”, ona
YHHBepCca/ibHa U N03BOJISIET UCCJIeJ0BATh pa3/IMYHble BAPUAHThI pacnpe/esieHu .

Tak kak JIorHCTHYECKHE MPOLECChl CKIaJCKUX pab0T UMEIT CTOXAaCTUYEeCKUH XapaKTep, B
JlAaHHOM NpeJiCTaBJIeHHON MaTeMaTUUYEeCKON Mol JJs UCCleJOBaHUs OKa3aTesel B KauecTBe
MCXO/IHbIX JJaHHBIX COJleP’KaTCs KOJIMYeCTBEHHbIe NoKa3aTesau, CpoOpMUPOBaHHbIE PU MOMOIILHU
reHepaTopa CJy4yalHbIX YHUCeJ CTaHJapPTHOU NpoLeAyphbl 3J1eKTPOHHBIX Tabiul, «Excel».

B naHHON pab6oTe NMPUBOAUTCA NPUMepP NPOBEAEHHOTO MCCAEJ0BaHUS B BUJE IMOJHOU
TabJIMIbI U rpadUKOB MO MOJYyYEHHBIM pe3yJibTaTaM Pacy€ToB.

12345678 9101112131415161718192021222324252627282930

L B T o™ T o % R % B % I =Y

BN Prn? e=@emPgnl

PucyHok 2. CoBMmenmiéHHbIN rpadukK uaeanbHoro 3HP (cniomHast IMHUA) U 4aCTOThI
¢aKkTHYeCKHUX JaHHBIX (TUCTOrpaMMa)
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Ta6smmna 4. MaTemaTu4eckass MoAeJib pac4éTa Ko3$pPpuueHTOB aCUMMETPHUHU U

JKCIecca
Ona [laHHble ans
3HaueHue Ct_oTkn. 3HayeHme Yacrora
dakT. rpajgmka | CT_oTkn.B ans rpagmka
Ne Habn. HOpM. B4 HOpM. ansa
BblGOpKa thakT. KybGe rpagmka upean.
pacnp. cTeneHu pacnp. rucrorp.
BbIGOPK U 3HP BbIGOPK U

1 50 0,0055100 | 0,83 -5,79 10,39 50 |0,0070316| 084 2
2 52 0,0069979 | 1,05 -4,55 7,54 51,66 |0,0084237| 1,01 1
3 52 0,0069979 | 1,05 -4,55 7,54 5332 [0,0099622| 1,20 1
4 53 00078299 | 117 -4,00 6,36 5498 |0,0116305| 1,40 1
5 %5 0,0096625 | 1,45 -3,04 441 56,64 |0,0134042| 1,61 0
6 60 0,0150307 | 225 -1,34 148 58,30 |0,0152503| 1,83 0
7 63 0,0184982 | 2,77 0,72 0,64 50,96 |0,0171283| 2,06 1
8 65 0,0207405 | 311 043 0,33 61,62 |0,0189908| 228 0
9 69 0,0246159 | 3,69 0,11 0,05 63,28 |0,0207860 | 249 1
10 70 0,0253869 | 3,81 0,07 0,03 64,94 |0,0224592| 2,70 0
11 70 0,0253869 | 381 -0,07 0,03 66,60 |0,0239559| 287 1
12 73 0,0270583 | 4,06 0,01 0,00 68,26 |0,0252248| 3,03 1
13 73 0,0270583 | 4,06 0,01 0,00 69,92 |0,0262204| 3,15 2
14 73 0,0270583 | 4,06 0,01 0,00 7158 |0,0269059| 3,23 3
15 79 0,0270065 | 4,05 0,01 0,00 7324 |0,0272553 | 327 0
16 30 0,0265486 | 3,98 0,02 0,01 74,90 |0,0272553| 3,27 0
17 80 0,0265486 | 3,98 0,02 0,01 76,56 |0,0269059 | 3,23 0
18 8l 0,0259737 | 3,90 0,04 0,02 78,22 |0,0262204| 3,15 3
19 83 0,0245060 | 3,68 0,12 0,06 79,88 |0,0252248| 3,03 1
20 83 0,0245060 | 3,68 0,12 0,06 8154 [0,0239559| 287 2
21 84 0,0236330 | 34 0,17 0,10 8320 [0,0224592| 2,70 2
22 85 0,0226821 | 3,40 0,25 0,16 84,86 |0,0207860| 249 0
23 88 0,0194843 | 2,92 0,58 0,49 86,52 |0,0189908| 2,28 2
24 89 0,0183451 | 2,75 0,74 0,67 88,18 |0,0171283| 2,06 0
25 91 0,0160305 | 240 1,14 118 89,84 |0,0152503| 1,83 2
26 92 0,0148777 | 2,23 1,38 153 9150 |0,0134042| 1,61 1
27 3 0,0137419 | 2,06 1,65 1,9 93,16 |0,0116305| 140 1
28 9% 0,0115562 | 1,73 2,30 3,04 94,82 100099622 | 1,20 0
29 98 0,0085972 | 1,29 3,57 5,45 96,48 |0,0084237| 1,01 2
30 9 0,0077157 | 1,16 4,07 6,51 98,14 |0,0070316| 084 0
Xep.=| 76 -8,53 60,03 74 Koien  Koa0dXMuUMeEHT MacLu,
CKO=| 144 Accumpacu=| 0,32 -0,79 14,6 0,99 4

MegnaHa=| 795 np/cTop nnockast | Kpeon 0,99

CvewenneM| 36 Accumctang=| 0,30 -096 ronposepka
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4,20
4,00
3,80
3,60
3,40
3,20
3,00
2,80
2,60
2,40
2,20
2,00
1,80
1,60
140
120
1,00
0,80
0,60

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30

e Pl emfe=Pgn2
PucyHok 3. CpaBHeHHe JaHHbIX PaKTH4Y€eCKOI BHIGOPKHU U MAeaJTbHOT0 rpadpuKa
BbI60OpKH 3HP
100
(]
95 o %"
90 o .." 3
a5 y =0,9844x- 0,679 . ®
2 _ »
80 R*=0,9792 e
75 e
70 - f
65 RS |
60 o'd 8
55 @ .
50 ® $-
45
45 50 55 60 65 70 75 80 85 90 95 100

PucyHok 4. ToueyHas guarpaMmma ¢paKTH4eCKOH U U/ ea/IbHOM BbIGOPOK AAHHBIX C
JIMHUEeHN TpeHJa

3ak/ilo4yeHue

B HacTosiue craTbe pa3paboTaH U 0OOCHOBAH KOMIIJIEKCHbIM MeTOAHWYECKUH MOJAXO0[ K
pacyéTy, KOHTPOJII0O U aHAJU3y CKJIAJCKUX 3aMacoB, 00'beUHSAIOIIMN CeMb B3aHUMOCBsSI3aHHbIX
aHAJIMTUYECKUX UHCTPYMeHTOB. [IpessioxkeHHass MeTO/0JIOTHS MO3BOJISIET NEPEUTH OT OLLEHKHU
e/IUHUYHbIX IOKa3aTesJed K CUCTEMHOMY MHOr0AcleKTHOMY aHa/iM3y JAWHAMUKHU 3amlacos,
obecrieunuBasi OOBEKTUBHYID HWHGOPMAIMOHHYI OCHOBY /JJsI NPUHATHUSA YIpaBJeHUYECKHUX
pemeHvit. CoBMewiéHnHasa Matpuna ABC-XYZ Bu3yanusupyeT pacnpezesieHue acCCOpTUMEHTaA 110
CTpaTerdyeckod 3HAYUMMOCTHM M MNPeJCKa3yeMOCTH CIpoca, HArJsJHO BbISBJSASA KaK 30HBI
MaKcuMaJibHOU 3pdeKTUBHOCTU (siuelika AX), TaKk U He3a/leCTBOBaHHbIE pe3epBbl PAa3BUTHUSA
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[8,14]. KoadpduuueHT OCUMIASALMU CAYKUT ONEPATUBHbIM HHAWKATOPOM HECTAOUJIbHOCTH
3alacoB M MO3BOJIIET CBOEBPEMEHHO JUAarHOCTUPOBAaTb 3QPEKT «XJIbICTa» B LeNM NOCTABOK
[10,11]. Ananu3 ko3pPUIMEHTOB aCUMMETPUM U 3IKclecca obecredyMBaeT IPOBEPKY
COOTBETCTBUS [aHHbIX HOPMaJbHOMY 3aKOHY paclpe/iesieHUs, YTO KPUTHUYECKH BaXKHO [JI
KOPPEKTHOTO IJIAHUPOBAHUS CTPAax0BOro 3amnaca. Bce pacuéTHble Mo/ie/iM peajiu30BaHbl Ha Oase
Microsoft Excel 6e3 cnenuasn3npoBaHHOr0 MporpaMMHOro obecnedeHusi [13], 4To aAenaer
MeTOJMKY JOCTYIHOMU [/ IpeANpUsATHM J1IF060ro MaciiTaba.

Jl1I1 KOJIMYeCTBEHHOUW OLleHKH 3P(EeKTUBHOCTU MpPEAJOKEHHOW METOJMKH BBIIOJHEHO
COMOCTaBJeHUe [BYX ClLieHapHheB pacyéTa CTPaxOBOro 3amaca Ha CJay4yall BCIJIECKOB CIpoca
(bopmyna 2): 6a30BOro, nNpu KOTOPOM JJjisd Bcex 18 acCOPTHMEHTHBIX MO3UILUKA MPUMEHSETCs
eJMHbIM K03QPHIIMEeHT BaprallMy, paBHbIM cpeJiHEMY 10 BblbopKe 3HadyeHUo (CVcp = 10,9 %), u
npe/JI0’KEHHOTO, IPX KOTOPOM Ko3dduueHT Bapuanuu CVi npuHUMaeTcs MHAUBU/YalbHO MO
KaXX101 MO3ULMU B COOTBETCTBUH C pe3yJsibTaTaMu XYZ-aHanu3a (TabJ. 5).

Ta6smna 5. OneHka 3koHOMU4YecKoro 3¢pdexra AudpdepeHEUPOBAaHHOrO pacyéTa
CTpaxoBoOro 3amnaca no meroauke XYZ-aHaausa

. Uszvsp
0, 0,
AT Qi, T CV,% Psr,t/Hea. Uszvsp (6a3.), T T T AT A, %
1 1093 49 91.08 9.90 4.46 +5.43 +54.9
2 957 8.2 79.75 8.67 6.54 +2.13 +24.5
3 826 6.7 68.83 7.48 4.61 +2.87 +38.3
4 609 7.8 50.75 5.51 3.96 +1.56 +28.2
5 500 6.4 41.67 4,53 2.67 +1.86 +41.1
6 114 9.1 9.50 1.03 0.86 +0.17 +16.3
7 108 9.3 9.00 0.98 0.84 +0.14 +14.4
8 107 12.4 8.92 0.97 1.11 -0.14 -14.1
9 103 12.2 8.58 0.93 1.05 -0.11 -12.3
10 95 30.0 7.92 0.86 2.38 -1.51 -176.1
11 92 6.7 7.67 0.83 0.51 +0.32 +38.3
12 90 11.9 7.50 0.82 0.89 -0.08 -9.5
13 85 3.5 7.08 0.77 0.25 +0.52 +67.8
14 79 8.6 6.58 0.72 0.57 +0.15 +20.9
15 79 2.5 6.58 0.72 0.16 +0.55 +77.0
16 73 16.7 6.08 0.66 1.02 -0.35 -53.7
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. Uszvsp
0, 0,
AT Qi, T CV,% Psr,t/Hen. Uszvsp (6a3.), T (Mpenn)iT AT A, %
17 69 25.6 5.75 0.62 1.47 -0.85 -135.6
18 68 13.1 5.67 0.62 0.74 -0.13 -20.6
Utoro 5147 — — 46.61 34.08 -12.52 -26.9

[IpuMeyaHue: pacyéT BbinoJiHeH 1o ¢opmy.ie (2) npu Psr = Qi/12 (nepuoj HabtoAeHUsA —
12 Hepennp), Uszvsp(6a3.) — npu efMHOM JJis1 Bcel BbIOOPKU KoadpuureHTe Bapuanuu CVep =
10,9 %, npumeHsieMoM 6e3 yuéta XYZ-guddepenuunanunu; Uszvsp (npesJs.) — npu pakTUYECKOM
CV mo3u1uu corjiacHo TabJ e 2.

PacuyéT mokasas, 4yTo cyMMapHasi BeJMYMHA CTPAXOBOr0 3amaca 1o BCe HOMEHKJaType
cHMXKaeTcd ¢ 46,6 1o 34,1 T, To ecTb Ha 12,5 T, iy Ha 26,9 %. CHM>KeHHe JOCTUraeTcs 3a CYET
nosuuui kateropuu X (1-7, 11, 13-15), asnsg KOTOpBIX eAWMHBIA KO3PPUIMEHT BapUalUU
CYLIeCTBEHHO 3aBbllllajJl TpebyeMbld Oydep OTHOCUTENbHO MX (PAKTUYECKOW CTAOUJIbHOCTH
cupoca. OJHoOBpeMeHHO /1S mo3unuu kateropuu Z (10, 17) v yactu kateropun Y (8,9, 12,16, 18)
CTpaxoBOM 3amac, HampoOTHUB, yBeJudyuBaeTci — Ha 176,1; 135,6; 14,1; 12,3; 9,5 u 20,6 %
COOTBETCTBEHHO, — 4YTO OTPa’KaeT UX MOBbIIIEHHYI HECTAOUJbHOCTb U KOMIIEHCUPYET PHUCK
fepuLUTa, paHee HeJJOOLeHEHHBIN IPU YCPeAHEHHOM NOAXO0/E.

Takum o6paszom, AuddepeHLUPOBAHHBINA pacyéT CTPAXOBOro 3amaca no Mertoauke XYZ-
aHa/v3a He TMPOCTO IepepacnpesiesisieT, a COKpaljaeT COBOKYNHbIA 00bEM 3amacos,
OZJHOBPEMEHHO MOBbILIAasi 060CHOBAHHOCTh €r0 pacnpejie/leHUs MeXAy NO3ULUSAMU: CHIKEHU e
Harpysku Ha CTabu/bHble MO3ULUU KaTeropuu X MNpeBbILIAeT MPUPOCT, HEOOXOAUMBIN AJs
3alMTbl HECTAOUJIbHBIX NMO3ULUI KaTeropuu Z u yactu Y. [losydyeHHOe cOKpalleHue CpeHero
3amaca Zsr npsiMo NponopLHoOHaJbHO CHUXKAeT 3aTpaThl Ha CBsI3aHHbIN KanuTaua Ksvz (opmyia
12) u mnoBbIlLIaeT CKOpOCTb TOoBapoobopoTa Vtvoi (dopmyna 5) npu HeU3MeHHOM 06BbEMe
ToBapoo6opoTa Oi. Heo6xoauMMo ydecTb, 4TO AJs1 MO3UIMH, O KOTOPbIM CTPaxoBOM 3amac
cHMKaeTcs (kateropus X), nosy4eHHbIN 3 eKT J0/HKeH MOATBEPKAATbCS COXPaHEHHEM YPOBHS
roTOBHOCTU K moctaBke Gpost (popmysbl 8-10) Ha npexHeM ypoBHe. B mpoTHBHOM ciy4ae
3KOHOMMSI Ha 3amacax OyJeT AOCTUTHYTa 3a CYET pocTa pucka AepULUTA, YTO HE COBCEM
COOTBETCTBYET LieJIsIM NPeJI0KEHHON METOAUKH.

[lepcieKTUBHBIM HaNpaBJeHUEM JaJbHEUIIUX UCCAe0BaHUN sBJseTc pa3paboTka
aBTOMATU3WPOBAHHOM  CUCTeMbl MNOJJEPXKWM  pewieHUud [4,12,17], wuHTerpupymoilen
npeJJio’)KeHHble MHCTPYMEHTbl B eJUWHYI LUdpoBy MmiaaTopMy ymnpaBjeHHUs 3amnacaMu C
byHKIMeN aBTOMaTHU4YeCKOro ¢opMHUpOBaHUS PeKOMEHAALUH.

BkJ1az aBTOpPOB:

KabukenoB C.K. — BHEc cyliecTBEHHbIM BKJaJ B pa3pabOTKy KOHLENLUUA U MeTOJ0JIOTUU
Ucc/eJOBaHUs, OlpeJie/ieHue Iejed M 3aZad paboThl; OCyLIeCTBJSAJ HaydHOe PYKOBOZCTBO
uccej0BaHUEM; IPUHUMaJ y4yacThe B aHa/lM3e U MHTePIpeTalUu MOJy4YeHHbIX pe3yJbTaToB;
BbINIOJIHWJI KDUTUYECKUHN IEPECMOTP COZeP>KaHUS CTaTbU U YTBEP/UJ OKOHYATE/NbHbIA BApUAHT
PYKOIKCH AJ151 TyOJIMKALUH.

[lTasiaeB B.B. — ocyuecTBsi1 c60p, CUCTEMATU3ALMIO U 06PAabOTKY MCXOAHbIX JaHHBIX; BbIIOJIHSI
pacuéTbl MOKa3aTeJsied yOpaBJeHUs CKJIAJCKMMM 3alacaMy; yd4acTBoBaJl B pa3paboTke
aHAJIUTUYECKUX MaTepuasoB Y MOATroTOBKe rpaduyecKUX U TAOGJUYHBIX JaHHbIX; NIPUHUMAJ
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ydacTHe B HAllMCAaHWU OCHOBHBIX pas3/ieslOB CTAaTbU MU COIJIAaCOBAJl OKOHYATeJbHYH BEpCHUIO
PYKOIIMCH.

Kucenésa I'.B. — mpoBojausia aHasu3 3PpQPeKTUBHOCTH METOJOB YIpaBJeHUS CKJIAJCKUMU
3amacaMu; BbIINOJIHAJA OLleHKY pe3yJIbTaTOB MCCAeJ0BaHUA U UX MPAKTUYECKOHW 3HAYUMOCTH;
y4yacTBOBasia B MOJITOTOBKE 0030pa JiUTepaTypbl U OPOPMJEHHUU CTAaTbU B COOTBETCTBUU C
TpebOBaHUSAMHU U3/|JaHUS; YTBEPAWIA OKOHYATEJbHbIM BapUAHT CTAaTbU U COTJIACUJIACh HECTHU
OTBETCTBEHHOCTb 3a JOCTOBEPHOCTb MNpPEACTABJEHHbIX JAaHHbIX U HAYYHYH KOPPEKTHOCTb
UcCCJIeJOBaHUS.

KyTtbenko C.10. — npuHHUMas yyacTre B pa3paboTKe MaTeMaTU4YeCKOM MO/ieJI aHa/In3a CKJIaCKHUX
3aIacoB; OCYLeCTBJISAJ NPOrPaMMHYI0 peasu3aluio pacyéTHBIX aITOPUTMOB B cpefie Microsoft
Excel; BBINOJIHSAJ NPOBEPKY KOPPEKTHOCTH BBIYMCJEHUW U BHU3yaJIM3aldl0 pe3y/bTaTOB
MCC/Ie/IOBAHMS; Y4aCTBOBaJI B NMOJATOTOBKE pa3/iesi0OB CTAaTbH, MOCBAILIEHHBIX CTaTUCTUYECKOMY
aHaJIM3Y JAaHHbBIX; COTJIACOBAJ OKOHYATE/JbHbIM BapUAHT PYKOMUCHU U IPUHSAJ OTBETCTBEHHOCTh
3a J0OCTOBEPHOCTB IIpe/iCTaBJI€eHHbIX PACYETOB.
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Abstract. The article examines the possibilities of using Excel spreadsheets for monitoring,
analyzing, and managing warehouse inventories in logistics systems. The purpose of the study is
to develop and substantiate practical approaches to assessing inventory management efficiency
based on Excel tools and modern logistics analysis methods. The main areas of research include
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using Excel tools. As a result, a universal inventory analysis model was developed, making it
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applying the proposed model to improve warehouse logistics efficiency, reduce costs, and enhance
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AHHOTanMa. B cratbe paccMaTpuBaeTca  npo6sieMa  NOBbILIEHHUS
3alMIEHHOCTY OPOHETAaHKOBOTO BOOPYKEHHS OT IOpPaKaIIIUX CpeJCTB,
IPUMEHSIEMBIX C MCIOJIb30BaHUEM OECHUJIOTHBIX JieTaTeJbHbIX allapaToB.
[IpoaHa/IM3UpOBaHbl COBpEMEHHbIE MOAX0/bl K MACCUBHOM 3allyMTe BepXHeH
NpoeKUUM O60eBbIX MalIMH, OCHOBaHHble Ha MPUMEHEHHWH KapKaCHBIX,
pelIeTYaThIX U 3KPAHHBIX KOHCTPYKUUM. [lokazaHo, 4YTO JaHHbIE CpeJCTBa
MO3BOJIIIOT YAaCTUYHO KOMIIEHCMPOBATh YA3BUMOCTb KpBILUIM KOpIHyca H
6alllHY, KOTOpas B YCJOBUAX COBPEMEHHBIX BOOPYXKEHHBIX KOHQJIUKTOB
SIBJISIETCS OJJHOM U3 HanboJiee BepOATHBIX 30H nopaxeHusl. 0coboe BHUMaHUe
yJeJeHo pa3paboTKe M OOGOCHOBAHHWIO pacyeTHOW MoOJieJiM 3alUTHOIO
KapkKaca, NpeJiHa3Ha4eHHOTO JJisl CHWXXKeHUs1 3PPeKTUBHOCTH OGOENpHUIacoB,
Jl0CTaBJIsieMbIX O0eCNUJIOTHBIMU JieTaTeJbHbIMU annapaTtaMu. [IpeacraBiena
KOHCTPYKTUBHAsl  CxXeMa IpeJJlaraeMoro ycTpPOMCTBa, MOJy4YHUBLIas
NaTEeHTHYI0 3alllUTy, U BbINOJHEH ee TeOpeTUYeCKUH aHaJu3 C
MCI0JIb30BAaHUEM II0JIO)KEHUH CONPOTHUBJIEHUsT MaTepuasoB. [IpoBeseHO
UCC/IeIOBaHUE HaNpsHKEHHO-ZePOPMUPOBAHHOTO COCTOSIHUS OCHOBHBIX
3JIeMEHTOB KapKaca pHu BO3/1eCTBUM COCPEOTOUYEHHBIX U pacnpe/esleHHbIX
HarpysoK, YTO I03BOJIMJIO ONPEEeJUTh JONYCTUMbIE TapaMeTpbl IPOYHOCTH U
KECTKOCTH KOHCTPYKIIUU.

Knwo4yeBble c0Ba: KOHCTPYKIMs, KapKac, pelieT4yaTble 3KpaHbl, MO/eJb,
pabuIia, 3JIEMEHT.
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BBegeHue

AKTya/lbHOCTb TeMbl JAHHOU CTaTbU O0O0YCJIOBJIEHA pPE3KHMM POCTOM YIrpo3 CO CTOPOHBI
6ecnuJIOTHBIX JieTaTesbHbIX annapaToB (BIIJIA) B coBpeMeHHbIX BOOPYKEHHBIX KOHPJIUKTAX U
UX BBICOKOW 3¢ PEeKTUBHOCTbIO PU NMOpakeHUU 6poHeTaHKoBoro BoopyxeHusa (BTB), npexze
BCero Nnpu yjapax no BepxHed npoekuuu. [IpakThka 60eBOro nmpuMeHeHUs1 MOKa3bIBAET, YTO
TpaAulIMOHHble cpeAcTBa 3auidThl BTB He ob6ecneuynBalOT HaJEXHOTO NPOTUBOAEUCTBUSA
MasniorabapuTHbIM BIIJIA u cOpackiBaeMbIM UMHU 6o0elpuIiacaM, YTO NPUBOJUT K 3HAUUTEIbHBIM
NOTepPAM TEXHUKH. B 3THX yc/10BUAX 0co60€e 3HaYeHHe NPUOOPeTaloT NaCCMBHbIE MEXaHUYeCKHe
CpeZcTBa 3allUThl, OTJHUYAKOIIMecd IMPOCTOTOM KOHCTPYKLUMH, PEMOHTONPUIOLHOCTBIO U
BO3MO>KHOCTBIO ONIEPAaTUBHOI'0 BHEJIPEHUS B BOMCKaX.

B nacrosuee BpeMsa s 3awutbl bTB ot BIIJIA npuMeHAOTCA pa3/IMYHble TUIbl TaKUX
YCTPOWCTB, XapaKTepU3yIluecs 3Ha4UTeJbHbIM KOHCTPYKTUBHBIM pa3Hoo6pa3sueM. Haubosee
IIMPOKOEe pacnpoCcTpaHeHHWe MOJY4YU/IM NacCHBHble MeXaHHW4YeCKHe 3alUTHble KOHCTPYKLUH
KapKacHOro, 30HTHUYHOrO, KO3bIPbKOBOI'O M pelleT4aTO-OPOHUPOBAHHOIO TUIOB, 3KpaHbI
KOTOPBIX BBINOJHAKTCA B BUJE CETYATHIX, LENHbIX U KOMOMHUPOBAHHBIX 3JIeMeHTOB [1-2].
[IpuMepbl yKa3aHHBIX KOHCTPYKTUBHBIX pellleHWH NpUBeAeHbl Ha pUCyHKe 1. BmecTe c TeM
CYyLeCTBYIOILIMe KapKacHble U ceTyaTble KOHCTPYKLMH BO MHOTHUX C/ly4asX pa3pabaThiBalOTCA
SMIUpPHUYECKH, 0Oe3 CTPOroro MHXXEHEepPHOro OOOCHOBAaHMA HX Hecylled CIOCOOHOCTH H
YCTOMYMUBOCTU K IKCIJIyaTallMOHHBIM Harpy3kaMm. JTO ollpefiesisieT He00X0AMMOCTb CO3/laHUsA
pacieTHO O0OOCHOBaHHBIX MoJieJed 3alUTHBIX KapKacoB M pa3pabOTKU METOAUK UX
NPOEKTHUPOBAHUS.

Takum obpasomM, uccie0BaHUe, HAlIpaBJIeHHOE HA TEOpeTUYECKOe 0O00CHOBaHME pacieTHOU
Mojiesiu 3aiTHOro kapkaca BTB oT Bo3aeicTBus BILJIA, siB/sieTcs akTya/lbHbIM KaK C HAQy4YHOU
TOYKM 3pEeHHs, TaK U C MO3UIUN NPAKTUYECKOTrO MOBBIIIEHUS XUBYYECTU OPOHETEXHUKH B
YCI0BUSIX COBPEMEHHBIX 60€BbIX J1EMCTBUM.

Hay4Hast HOBM3Ha paboThl COCTOUT B OPMUPOBAHUU paCieTHO-aHAJIMTUYECKOTO NOAX0/a K
MPOEKTUPOBAHMIO 3AIUTHBIX KAPKACHBIX KOHCTPYKLMHU /151 BepXHEW MPOEKIUM OPOHETAaHKOBOM
TEeXHUKH, 00ecleyrMBalOUlero KOJWYECTBEHHYI0 OLeHKYy WX Hecylled CIOCOGHOCTH U
YCTOUYMBOCTH IIPH BO3J,eMICTBUH HAarpy3o0K, XapaKTepPHBIX [/ Nopaxarwwux cpefcts BIIJIA.

Llenpto wuccnenoBaHUsL SABJSETCS TeOpeTUYeCKOe O0OOCHOBAaHHWE pacyeTHOM MoOJesur
3alMTHOr0 KapKaca U ompejesieHHe palMOHaJbHbIX MapaMeTPOB ero Hecyllux 3JIeMeHTOB Ha
OCHOBE MeTO/I0B COIIPOTUBJIEHUA MaTepHUaJloB.

MeTogos10rus

MeTo10/10rMYeCKO OCHOBOM HCC/e/l0BaHUsl fIBJASETCA CUCTEMHBbIM NOAXOJ, K aHaIu3dy
cpeacTB naccuBHOM 3awuThl BTB oT Bo3geiicTBuii BIIJIA [3—-5]. B paboTe Hcnoib30BaHbl METO/bI
TEOPEeTUYEeCKOTO aHaJM3a W  CHUHTe3a, [03BOJIAOLIMEe 0606LUTh  CyllecTBYyIOLiMe
KOHCTPYKTHUBHbIE pelleHUs1 3allMTHBIX KapKAaCHBbIX YCTPONCTB U BBIIBUTh HX OCHOBHbIE
dyHKIMOHA/IbHbIE 0COOEHHOCTH.

[ 060CHOBAHMSA pacyeTHOM MoOJed 3aljdTHOTO KapKaca NpPUMEHSJIUCh METO/bl
CONPOTHBJIEHHUS] MaTEpPUAIOB M CTPOUTEJbHONM MeEXaHWKHM, B YAaCTHOCTU MeTOJbl pacueTa
3JIeMEHTOB KOHCTPYKLMH Ha CXaTue, HU3rMO U YCTOMYMBOCTb. PacueT HampsbKeHHO-
eopMUPOBAHHOTO COCTOSIHUSI BEPTUKA/IbHbBIX U TOPU30HTAIbHBIX CTEPKHEMN BBIMOJIHSAJICA Ha
OCHOBe KJIACCMYECKHUX 3aBUCUMOCTEH TeOpHUM YyHpPYrocTU C BBEeJEHHEM YHPOLIALUX
JIONyLIeHUH, 06ecrneynBaINX BO3MOKHOCTb aHAJTUTUUECKOM OLLEeHKH TPOYHOCTH U KECTKOCTH
KOHCTPYKLUHU [6-9].
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TeopeTI/IquKoe 060CHOBaHHE pvaeTHOﬁ MOJeJIM 3alllUTHOTO KapKaca 6pOHETaHKOBOI‘O BOOpPYXEHHUA
Y TEXHUKHU OT 6€CIUJI0THOTO JeTaTeJbHOTO allllapaTa

UcxonHble pAaHHbIE [ PAcYeTOB MPUHUMAJIKUCh C yYETOM XapaKTEPUCTHK THIIOBBIX
KOHCTPYKIMOHHBIX MaTepHaJoB ¥ IapaMeTPOB CeTYaThbIX 3aLIUTHBIX 3KPAaHOB, UCI0JIb3yeMbIX B
NpaKTHUKe 3alIUTbl GPOHETEXHUKHU. ['eoMeTpHUYeCKHEe XapaKTEPUCTUKH IMONEepPeYHbIX CeYeHUU
3/IeMEeHTOB KapKaca Onpejie/IsiICb 110 HOPMaTHMBHBIM COpTaMeHTaM IPOKAaTHbIX Npoduiel.
Harpysku MojennpoBa/vch B BU/Jle COCPELOTOYEHHBIX U PAaBHOMEPHO pacnpesie/IeHHbIX CHJI,
COOTBETCTBYIOUIMX BO3J€WCTBUI0 60ENPUIIACOB U 3JIEMEHTOB KOHCTPYKIHH.

JlONOJTHUTE/IBHO HMCHOJIb30BAJIMCh METO/bl CPAaBHUTEJbHOTO aHaJk3a, I[03BOJIMBLIME
COMOCTAaBUTh PacyeTHbIE Pe3yJbTAThl C U3BECTHBIMU TEXHUYECKUMH PELIEHUSIMU U OLEHUTb
11eJ1eCO00pPa3HOCTh NPUMEHEeHUs NpeJJIoKeHHOM MOJeJM 3allMTHOro Kapkaca. IlosydyeHHble
TeopeTHYeCcKHe pe3y/bTaThl pacCMaTpPUBAIOTCA KaK MCxXoJHasd 6asa [JJs MOoCJAeAyLIuX
YU CJIEHHBIX PACYETOB U IKCIIEPUMEHTAbHON MPOBEPKHU HECYLIEN CTIOCOOHOCTU KOHCTPYKLIMH.

PucyHok 1. Mexanudeckue 3amuTHble ycrpoiicrBa bTB ot BIIJIA

PesyabTaThl U 06CyKaeHUe

B paMkax peasiu3yeMoro MeTo/10JI0rMYeCKOro MoJxo/ia B KayecTBe 00'beKTa UCCaeJ0BaHUSA
BblOpaHa KOHCTPYKLHMS 3aUMTHOrO KapKaca C CeTYaTbIM 3KpaHOM, NpeJiHa3HauyeHHas A/
NPOTUBOJIEMCTBUS BO3/leHMCTBUIO GoernpunacoB, copacbiBaeMbix ¢ BIIJIA. Bbi6op gaHHOTO THUIA
3alMTHOr0 YCTPOMCTBA OOYC/JIOBJIEH €ro IMMUPOKUM NPAKTUYECKUM MPUMEHEeHHUEeM, POCTOTON
KOHCTPYKTUBHOI'O MCIIOJIHEHUSI U BO3MO>KHOCTBIO aHAJUTHUYECKOTO OMUCAHUS HaNpSKeHHO-
lebOpPMHUPOBAaHHOTO COCTOSIHMSI €ro 3JieMeHTOB. B kayecTBe 3alUTHOrO 3KpaHa HNPUHAT
ceTyaTblil MaTepuas TUIA «pabula», MeXaHWYeCKHe XapaKTEPUCTUKU KOTOPOIro MO3BOJISIOT
paccMaTpUBaTh €ro Kak 3JIEMEHT, yYaCcTBYIOIIUMN B Nepepacnpe/ie/leHUY BHELIHEN Harpy3KU U
CHWKAKIIMU BO3/leMCTBHE Ha Hecylye 3J1eMeHThl KapKaca.

3alUTHBIA 3KpaH B BHU/JI€ MOJOTHA CETKU «pabUIla» YAaCTUYHO HAKPbIBAET KOHCTPYKIUIO
KapkacHoro tuna. CeTka «pabulja» MpejCcTaB/sseT U3 Ceb6s KOHCTPYKIUIO U3 U30THYTBIX
IPOBOJIOK, B COOTBETCTBUM €O cTaHAapToM TY 14-178-287-2003. Pazmep siueiiku paBeH 5x5 cMm.
PaspbiBHas Harpys3Ka NpoBoJIOKM gocturaeT (290+540) H/mMM?. PaspbiBHas HarpysKa CeT4aToro
noJioTHa cocTasJisieT oT 8 kH u Briute. Bec 1 M2 mosioTHa paBeH 1,5 Kr, Ipy AyuaMeTpe NMpyTKa 2
MM [2]. [IpeBapUTeIbHBIE OLEHOUHbIE PACYETHI HA NPOYHOCTh U BbIOOP 3aLIMTHOrO 3KpaHa B
BU/le CETKU «pabulja» MOKasaJMu AOCTAaTOYHYH MNPUEMJIEMOCTb TAaKOr0 pellleHUs B MOJX0Jax
CO3/J]laHMS MOJleJI 3allMTHOr O KapKaca.

PacueTHas cxeMa Mo/ie/1v 3alJUTHOTO KapKaca npe/icTaB/ieHa Ha pucyHKe 2. (ceTKa «pabuia»
- YCJIOBHO He MOKa3aHa).

OCHOBHBIMM HECYLIMMHU 3JIeMEeHTaMH 3alIMTHOr0 yCTPOUCTBA KAapKAaCHOIr'O THUIIA ABJANTCA
BEpPTHKaJIbHbIE U TOPU30HTAJIbHbIE CTEPXKHH, IONlepeYHbIe CEYeHHUSI KOTOPBIX UMEIOT Pa3JIMYHYI0
KOHQUTypanulo. YKasaHHble CTEpXKHU B Ipolecce paboTbl HaxXxoAsATCcd B HauboJjee
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He0JIaronpuUATHBIX YCJOBUAX HArpyXeHWs U UX HalpsKeHHO-AedOpMUPOBAHHOE COCTOSIHUE
TpebyeT WU3y4eHHUd [JiA Ollpe/ieJieHUs HeCylled CIOCOOHOCTHM KOHCTPYKLMHU. B 3TOM cBA3M
paccMOTpUM pacyeTHyH MoJesb 3aluTHOro kKapkaca bBTB ot BIIJIA. Ha ykasanHywo
KOHCTPYKIMIO 3alIUTHOT0 yCTPOMUCTBA OJIyY€eH NaTeHT Ha oJ1e3HYy10 Moze b [10]. KoHcTpykuus
NI03BOJIAET BPALATHCA el ¢ OalllHeH, YTO He Co3/iaeT OrpaHuYeHUH NOBOPOTY NMyLKHU. OCHOBHBIM
IpenMyleCTBOM YCTPOMCTBA ABJSAETCA IPOCTOTA KOHCTPYKL WU, BO3MOXXHOCTb OBICTPOX COOPKHU
Y pa300PKH C 11eJIbI0 3aMeHbI TOBPEX/AEHHBIX 3JIEMEHTOB B O0€BbIX YCJI0BHUAX.

PucyHok 2. PacyeTHas cxema Mo/e/i4 3alllUTHOI'O KapKaca

[IpenBapuTe/bHBIA aHa/JM3 HArpy30K 3J€MEHTOB KOHCTPYKIMM MOKasaJ, YTO OCHOBHOE
JIECTBUE BHELIHHWX HArpy30K BOCIHPUHUMAKTCA BEPTHUKAJbHBIMU U TOPHU30HTAJIbHBIMU
CTep:kHAMU. B pesysbTaTe Ie/1ec006pa3HO pPacCMOTPETh HaNpsKeHHO-AedOopMUPOBAHHOE
COCTOSIHUE BEPTUKAJIbHBIX U FOPU30HTAJIbHBIX CTEpPKHEH OTZEeJbHO U OLEHUTb pa3Mepbl UX
NONlepeYHbIX CEYEeHUU B CMbICJIE NMPOYHOCTU. BBesd ympoujawouive npefroJoXeHUs CaefyeT
CUUTATB, 4TO BEpTHUKaJbHbIE 3JIEMEHTBI
1-5; 2-6; 3-7; 4-8 HarpyeHbl COOTBETCTBEHHO COCpPeJOTOYEHHbIMU cuiamu P1, P2, P3, Pa.
[opu3oHTa/bHble 3JieMeHTbl 5-6; 6-7; 7-8; 5-8 HarpyxeHbl pacnpejieJleHHONW Harpy3Koiu
MHTEHCUBHOCTBIO (.

HauyHeM c paccMoTpeHUs] BepTHKAJbHOIO CTepKHSA 1-5, //1 OCTa/ibHbIX BepPTHKAJbHbBIX
CTep>KHEHd MoAOOp CeYeHUW OCYLIecTBJsSeTCs aHajJoruyHo. PacueTHas cxeMa CXaToro
BEPTHKAJIbHOI'O CTep>KHs 1-5 B BHJIe paBHOGOKOI0 yroJika 5x5 nsobpakeHa Ha puCyHKe 3.
3a uCXo/iHble JJaHHbIE IPUMEM CJIeIYIOIIMe TapaMeTpPbl BEPTUKAJbHOTO CTEP>KHS B BU/I€ yroJIKa
8x8. Marepuan yrosika CT. 3; ropssuekaTaHHas AJMHa | = 2 M; BepTHUKa/IbHas Harpyska
COCTaBJISIET
P1 =140 kH; gonyckaemoe HanpsbkeHue [o] = 160 Mlla; MoayJsib yipyroctu MaTepuasa
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E = 2x10* kH/cMm?,

OnpezenrM pa3Mepbl NONEPEYHOTO CeYEHUSI BEPTUKAJIbHOIO CTEPXKHSA 1-5, KpUTHYECKYIO CUTY
Pxp 1 K03 PULIMEHT 3anaca yCTOMYMBOCTH Ny. [IpeinosoKuM, HUXKHUM KOHeL, CTep>kHA 1-5
3allieMJIeH, BepXHUU KOHel| LIapHUPHO ONEPT, KaK I0Ka3aHOo Ha pUcyHKe 3. Ucnosib3ys
Tab/iM4HbIe AaHHble [11], BInKIeM reoMeTpuYecKre XapaKTepUCTUKY IONIepeYHOr0 CeYeHU:
[lnomwaaes nonepeyHoro ceyenus A = 10,8 cM?; MOMEHT MHepuuu ceyeHus Ix = 65,3 cm*; pazuyc
MHEpL UM ceuyeHus ix = 2,45 cM*; rHOKOCTb BepTUKa/IbHOTO cTep>kHA A = p-L / ix, rae p -
KO3pPULHMEHT NPUBEJeHHOM JJIMHBI, TaK KaK HUXKHUHM KOHel| CTeP>KHA 3allieMJIeH, 3 BepXHUH
ILIapHUPHO omepT, To npuMeM u = 0,7 [11].

L ZIHJU>
s
S

80
(=]

1
Tt z

PucyHok 3. PacueTHas cxeMa CkaTOro BepTHKaJIbHOTO CTep KHA 1-5

A
n

HWcnosnb3ys ycioBUe yCTOUUUBOCTH, UMEEM:
c=P/A<]o]-@, (1)
rje ¢ — KoapPUIUEHT NPOJ0JIbHOI0 U3ruba, 3aBUCHUT OT T’MOKOCTH.

Hatinem A = 97290 _ 5g,
2,45
Jns fanHoro 3HayeHusd A, npumeM ¢ = 0,805 [11].

M3 (1) onpenesuM miowazib MNONEPEYHOro ceueHUst A CTepKHS:

Py
A= @+[o]
(2)
A=—2_—-108cm%
0,805x16
OHCHI/ITB ,Z[OHYCKaeMy}O BepTI/IKaJIbHy}O Har‘py3Ky MOXXHO U3 YCJ'IOBI/IH YCTOﬁqHBOCTH:
P1=[c]*A*o), (3)
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P1=16*10,8*%0,805 = 140 kH.
[lonyyeHHOe [AomyckaeMoe 3HAaYeHHE BEPTHUKAJbHOM HArpysku CJeAyeT CUYUTaTh
COOTBETCTBYIOLUM YCJOBUIO YCTOMYUBOCTH
KpuTtnueckyto Harpy3sky Pxp 1 KoapduumeHT 3anaca yCTOMYMBOCTU Ny HaWAeM Kak [11]:

_ T2Exly

Pro = Gz *)

_ P,

ny =305
(5)

o _314+2+10°+653 4100840
® =TT 0,7%20002 19600 SN
a0
T a0

’4 / 2,

¥V V V V V V V VY VY Yy VYVvVYyYy VY

L=2500

Smopa
H3rHOaromero \ //

MOMEHTA

M

max

PucyHok 4. PacyeTHas cxeMa ropu30HTaJIbHOIO CTEPKHA 5-8 U amwopa usrubéamumero
MOMEHTa

[TosnyyeHHbIE OLlEeHOYHbIE 3HAUYEHH s B MPUOJIMKEHHOM BH/IE€ MOTYT ObITh HCIOJb30BaHbI, KaK
YKa3blBaJIOCh BbIIIE, B JaJIbHENILEM YUCJAEHHOM METO/le pacueTa HeCyllel CIOCOOHOCTU BCew
KOHCTPYKIIMH.

[lepeiiieM K pacCMOTPEHUIO pacueTHOM CXeMbl TOPU30HTaIbHOTO cTepkHsA 5-8. [los1araem no
aHaJIOTUX C BEPTHUKAJbHbIM CTEpPXKHEM, YTO pacyeT OCTaJbHbIX FOPU30HTAJIbHBIX CTEPKHEH,
BXO/ISIIIUX B PacyeTHYK CXeMy, HY?KHO BECTH B TOM K€ MOps/JKe, KaK U TOPU30HTAJIbHOTO
cTepkHs 5-8.

PacyeTHass cxeMa TOpPU30OHTAJIbHOIO CTEpPXKHA 5-8 M 3MOpa U3rubarIlero MOMeEHTA
npuBeJeHa Ha PUCYHKe 4.
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Ynpouja M npe/noioxKeHueM sIBJASeTCS, YTO TOPU30HTA/IbHbIHN CTEPXKeHb 5-8, UMeloUi
NonepevyHoe ceyeHUe B BUJEe PaBHOOOKOro yroJsika (8x8), HarpykeH CIJIOIIHOM PaBHOMEpPHOU
Harpy3Kou WHTEHCUBHOCTBIO ( U paboTaeT Ha U3rub, Kak JiByxonmopHas Gasika. McxoJHbIMU
JlaHHBIMU K pacyeTy BJSAITCSA paBHOMEPHO paclipe/ieJleHHas Harpy3ka MHTeHCUBHOCThIO = 10
kH/M; pacyeTHOe conpoTHBeHHe MaTepuasa R = 20 Mna; a/iMHa TOpU30HTAJILHOTO CTEPKHSA 5-
8,1=2,5m. Onpesenrm pa3Mep NONepeyHOro ce4YeHrsi TOPU30HTANbHOTO CTePKHS 5—8.

Jnopa usrubawuiero MoMeHTa (CM. PUCYHOK 4) MOCTpoeHa MO MeTOJUKEe MeXaHUKHU
3JIEMEHTOB KOHCTPYKI UM, UMeeT $opMy napaboJibl U ee HAUOOJIbllee 3HAYEHUE JOCTUTAET B

*[2
cepefiHe CTepXHA: Mmax =qT; Rs, Rs - peakuuu (cM. pucyHOK 4). YcioBHe NPOYHOCTHU IO

HOpPMaJIbHBIM HaNpPsDKEHUSIM B cepeinHe CTepXKHs HanaeM 1o [11], kak:

M max

Omax = =, < R, uiu (6)
_ R 7
Gmax - 8Wx — . ( )

B pe3ysbTaTe TpebyeMblil MOMEHT CONPOTHUBJIEHUS CeueHHUs A0/KeH 6bITb Wx = 5,6 cM” 3.

N3 copramMeHTa HaxoA4¥MM PaBHOOOKHU yroJsiOK, COOTBETCTBYHWOIIUNA TpebyeMOMy MOMEHTY
CONPOTHBJIEHUA CEYEHHUS.

[IpoyHOCTb YKa3aHHOTO PAaBHOOOKOI0 YroJIKa OyZileT HaX04UThCSA B Ipefiesiax, Kak cjleyeT U3

(7):

_ axl?

Gmax - 8Wx — R:
10%%2,52
o =—— 213,95 Mna < R =20 MlIla.
max - 8+0,056x10~% ! =
CnenoBaTe ibHO, TONEPEYHOE CeYeHUe TOPU30HTABHOTO CTEPXKHSA 5—8 oTBevaeT yc/J0BUIM

IMPOYHOCTH IO HOPMAJIBHBIM HAIIPAXKEHHUAM.

3ak/l0yeHue

B cTaThe BbINOJIHEHO TEOPETUYECKOE 0O0CHOBAHUE PACieTHON MO/IeJIU 3al[MTHOTO KapKaca
BTB, mnpegHa3HayeHHOro [l CHWKeHUs 3PQPEeKTUBHOCTH TMoOpaKeHUss 6Ooenpumacamu,
nocraBisgeMbiMu BITJIA. Ha ocHOBe aHa/M3a CylLeCTBYIOIIMX TACCUBHBIX MEXaHUYECKHX CPEJICTB
3al[MThl [OKAa3aHO, 4YTO KapKaCHO-CeTyaTble KOHCTPYKLUMUU 00J1IafJAl0T 3HAUYUTEJbHBIM
NOTEHIMAJIOM JJis1 TIOBBILIEHUS XUBYYEeCTH OPOHETEXHUKU 3a CYET MPOCTOThI KOHCTPYKIWH,
PEMOHTONPUTOAHOCTU U BO3MOXKHOCTH ONIePAaTUBHOTO BHEIPEHUSI.

PaspaboTaHa pacyeTHass cxeMa 3al[UTHOTO KapkKaca U TMPOBEJEeHO HCCAe[j0BaHue
HaNps»KeHHO-/1eOPMHUPOBAHHOTO COCTOSIHUSI €T0 OCHOBHBIX HECYILIUX 3/1IEMEHTOB MPH JAeUCTBUU
COCpPe0OTOUYEHHBIX U pacnpe/ie/ieHHbIX Harpy3ok. [lojiyyeHHble aHaJUTUYECKHME 3aBUCUMOCTU
MO03BOJISIIOT OLIEHUMBAaTb MPOYHOCTh W YCTOWYMBOCTb BEPTHUKAJIbHbBIX U TOPU30HTAJIbHbBIX
CTep>KHEeH, a Take OOOCHOBBIBAaTb BBIOOpP HUX reOMeTpPUYECKHX NapaMeTpoB. Pe3ysibTaThl
pacyeToB MOATBEPXKAAIOT NMPUHIMIHAIBHYI pPEaM3yeMOCTb MPEJI0KEHHON KOHCTPYKLUHUU U
BO3MOXXHOCTb €e NMpPUMeHeHUsI B KauyeCTBe 3JiIeMeHTa NAcCMBHOMW 3alllMThl BepXHel NPOeKIHU
BTB.

[IpencraBieHHble TeOpeTHUYECKHE TOJIOKEHUSI MOrYT ObITh HCIOJb30BaHbl MpPH
NPOEKTUPOBAHUHU MEPCNEKTUBHbBIX 3alUTHBIX YCTPONUCTB KapKAaCHOTO THMA U CJAYKaT OCHOBOU
JUI JaJIbHEMIINX YMCJIEHHbIX M 3KCIIEPUMEHTA/IbHBIX MCCAeJ0BaHUM. B 1LleJloM mosiydeHHble
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pe3yJbTaThl BHOCAT BKJAJ, B Pa3BUTHE Hay4YHO 0OOCHOBAHHBIX MOAXO0/I0B K CO3JJaHHUI0 CPEJCTB
3auThl BTB oT yrpos co croponsl BIIJIA.
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Theoretical justification of a computational model of a protective frame for armored
vehicles against unmanned aerial vehicles

Abstract. The paper addresses the problem of improving the protection of armored fighting
vehicles against destructive means delivered by unmanned aerial vehicles. Modern approaches to
the passive protection of the upper projection of combat vehicles based on the use of frame-type,
lattice, and screen structures are analyzed. It is shown that these means make it possible to
partially compensate for the vulnerability of the hull roof and turret, which, under the conditions
of modern armed conflicts, represent one of the most probable impact zones. Special attention is
paid to the development and substantiation of a computational model of a protective frame
designed to reduce the effectiveness of munitions delivered by unmanned aerial vehicles. The
structural scheme of the proposed device, which has received patent protection, is presented, and
its theoretical analysis is carried out using the principles of the strength of materials. A study of
the stress-strain state of the main frame elements under concentrated and distributed loads is
performed, which makes it possible to determine the permissible strength and stiffness
parameters of the structure.The obtained results can be used in the design of advanced passive
protection systems for armored vehicles and in the development of integrated countermeasure
systems against threats posed by unmanned aerial vehicles.

Keywords: Structure, frame, slat screens, model, chain-link mesh, element.
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Abstract. The paper presents a study of the dynamics of vibrations of the GAZ
A31R32 car due to the effects of road bumps. The dynamics of the car's
oscillation from the effects of road bumps is an urgent problem, as it has a
significant impact on its smoothness, handling, and stability. To study the
dynamics of a moving car, a mathematical model has been developed that
makes it possible to evaluate the elastic damping properties of a suspension
with constant, variable and adjustable parameters. It is a four-bearing, five-
mass dynamic model adapted to study roll fluctuations, pitch, and vertical
movement of the center of gravity during braking and acceleration. The results
of modeling the car's oscillation system show that the elastic-damping
properties of the suspension effectively ensure an acceptable level of
smoothness during several periods of oscillation, but at the initial moment of
time, quite significant amplitudes are observed, which negatively affect the
smoothness. This is caused by the impact of road bumps on the car's vibrations
and confirms the need to improve the suspension.
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Introduction

The article examines the dynamics of the oscillating system of a GAZ 31R32 car (with an
elongated base, single-row cab, rear-wheel drive, 4x2 wheel formula and a gross weight of 3,500
kg) with a given profile of road bumps and design parameters of its chassis.

The aim of the work is to study the dynamics of the oscillatory system of the GAZ 31R32 car
(hereinafter referred to as the car) when it is moving, taking into account changes in the stiffness
characteristics of the front and rear suspensions depending on the operating conditions of the car,
as well as to substantiate a constructive solution - installing a less rigid transverse stabilizer on the
rear axle — aimed at improving smoothness on uneven roads in urban conditions. operation.

The smoothness and controllability of a car are directly determined by the characteristics of
its suspension; therefore, the study of the dynamics of the oscillatory system under the influence
of specified road profiles remains one of the key tasks in the design and improvement of vehicles.
The vibrations of the body and the elastic suspension elements that occur when the wheels hit the
roughness of the road surface affect not only passenger comfort, but also the stability of the wheels'
grip on the road, and therefore traffic safety, especially at high speeds and when cornering.

The mathematical model of the dynamics of an oscillatory system is described by a system of
second-order differential equations that take into account the inertial and elastic forces acting on
the body and wheels when driving over rough roads. The model allows us to study the reaction to
vibration effects of a suspension with constant, variable and adjustable parameters. In addition,
the model takes into account the influence of unsprung masses and tire elasticity on the stability
and handling of the car.

The calculations of the dynamics of the oscillating system have shown that the suspension of
the design car in steady state effectively suppresses body vibrations; the amplitude of vibrations of
the sprung mass decreases to values that ensure an acceptable level of smoothness after several
periods of oscillation. A comparative analysis of the oscillation dynamics calculations has shown
that the suspension design provides the most optimal vibration-damping mode, in which the
stiffness of the main and additional elastic elements is the same.

In addition, the installation of a rear stabilizer of the required rigidity in the general elastic
damping suspension system changes the total angular stiffness of the rear axle, which allows for a
more even distribution of vibration damping work between the main elastic elements and the
additional stabilizing element. This helps to reduce the amplitude of vibrations at the initial stage
after hitting the uneven road surfaces.

The methodology

Analysis of the GAZ 31R32 car vibrating system

It is known that a car interacts with the road through the wheel system [1-7], and with the
wheels through the suspension system [8-12]. To study the oscillatory system, including the sprung
and unsprung masses of the vehicle, an equivalent suspension design was developed. The front
suspension is an independent double-wishbone, while the rear suspension of this vehicle is
dependent and uses leaf springs. The suspension system has three main components: wheels and
the body. A complete design diagram of the oscillating masses is provided, which directly affect
controllability and stability (Fig.1).

The front suspension (independent double wishbone) and rear suspension (dependent leaf
spring) are shown separately in the diagram. This diagram serves as the basis for developing a
model that includes differential equations for the oscillations of the vehicle's sprung and unsprung
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masses and an analysis of the impact of suspension parameters on ride quality, handling, and
stability.

Al Body

sprung mass - 25, .6

A2 Distribution of body displacement to the four suspension mounting points

1 1

z_s,fl z_s,fr zs,rl zZ_s,Ir
front left front right rear left rear right

L] 1
A3 Springs and dampers

elastic and dissipative element at each corner

z_u,fl z_u,fr z_u,rl z_u,rr
front left front right rear left rear right

1 !

A4 Wheels (tires)

© ® ® ©

AS Road disturbance
q_fi(t), g_frt), q_ri(t), q_rrit)

Figure 1. Vibrating system of the GAZ A31R32 (4x2) vehicle

The rigidity characteristics of the tires and body suspension determine the driving
performance of the car (Table 1-2).

Table 1. Vehicle component characteristics

Characteristic Front Rear
Type Independent Dependent: both wheels on
the same beam

Suspension scheme Two levers: upper and lower On the springs

Elastic element Spring + shock absorber Leaf spring
Wheel kinematics Independent running of each A joint move

wheel
Appointment manageability High load capacity

Mathematical model of a gas-filled hydraulic shock absorber. The shock absorber creates a
force proportional to the speed of the relative movement between the two nodes:
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Fogm = C- (xpl - xpz)

¢ — damping coefficient.

Table 2. Initial parameters of the GAZ31R32 vehicle

Name Expression Description
Myenicle body, K9 990 Mass of vehicle body
men, kg 3500 Gross weight GAZ A31R32
Myerb weight» K9 2510 Curb weight
Loy, kg - m? 378 Interia around roll axis (X)
Lyitcn, kg - m? 3170 Interia around pitch axis (Y)
Myneel, K 45 Mass of one wheel with tyre
my, kg 80 Mass of driver
Kwheet, N/m 320000 Tyre radial stiffness
Ksour, N/m 2200 Seat spring stiffness
kous o N/m 42000 Front suspension spring stiffness
Csus /N *s/m 3500 Front suspension damper viscosity
ke N/m 65000 Rear suspension spring stiffness
Csus » N *S/m 5000 Rear suspension damper viscosity
Cseqts N " S/M 700 Seat damper viscosity
Tywp, M 3.745 Wheelbase (distance between front and rear axles)
Trtw, M 1.75 Front track width (centre)
Tytw, M 1.56 Rear track width (centre)
hb, m 0.04 Bump height
wb, m 0.075 Bump width
Vyen, M/S 11.11 Vehicle speed
th, s Wb /Vyen travel time
td,s Twi/ Vven rear wheel delay

Model of the GAZ A31R32 car vibrating system

To solve the problem of dynamics simulating the state of the oscillatory system during braking
and acceleration of the car, its dynamic model was developed. The four-bearing, five-mass dynamic
model is adapted to study the roll, pitch, and vertical displacement of the center of gravity of the
GAZ 31R32 design vehicle during braking and acceleration. At the same time, we consider the car
as an oscillatory system consisting of several masses interconnected by elastic damping
connections. For a four-foot, five-mass model, the car body is considered as one large springing
mass (m,), which has vertical movement. Each of the four wheels is modeled as a separate
unsprung mass (muﬂ,mufr, My 1, My rr) with its own vertical movements. This model has 7
degrees of freedom: z_s-vertical movement of the body, ¢ — (roll) body roll, 8 — (pitch) body pitch,
Zy f1» Zy fro Zu ri Zu rr — Vertical movement of the wheels of the front left and right, rear left and right
wheels, respectively.

The mathematical model of the system dynamics is written as follows [6-10]:

The equations of dynamics of wheel oscillation:

Front left wheel:
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mwh,flzu,fl = ksusfl(zs,fl - Zu,fl) + Csusfl(z.s,fl - Zu,fl) - ktfl(zu,fl - ZO,fl) (1)
Front right wheel
mwh,frzu,fr = ksusfr(zs,fr - Zu,fr) + Csusfr(z.s,fr - Zu,fr) - kt fr(Zu,fr - ZO,fr) (2)
Rear left wheel

mwh,rlzu,rl = ksusrl(zs,rl - Zu,rl) + Csusrl (Zs,rl - Zu,rl) - kt rl(Zu,rl - ZO,rl) (3)
Rear right wheel

mwh,rrzu,rr = ksusrr (Zs,rr - Zu,rr) + Csusrr (Zs,rr - Zu,rr) - kt rr (Zu,rr - ZO,TT) (4)

myy, - Z, = F - force acting on an unsprung mass; m,,,- the mass of each wheel clamped
between two springs; k; f, - front left wheel tire stiffness, z; ;- road profile, kg5 — stiffness of
the suspension spring of the front left wheel, z, f, - vertical movement of the sprung mass (body)
above the wheel, z, s, — vertical movement of the unsprung mass of the front left wheel, csf;
— damping coefficient of the front left wheel shock absorber, z; ;; u z, ;; — the vertical velocities
of the sprung and unsprung masses, respectively.

When a car is moving from the side of the road, a kinematic effect occurs, determined by the
profile of the road. The roughness of the road causes the car to wobble. According to the conditions
of the task, the road unevenness affects only the left wheels of the car, while the right wheels move
on a flat surface. In this regard, the road profiles for each wheel are set by the following
dependencies:

hb
Zo,p1(t) = > + whb(t), Zofr(t) =0

Zori(t) = hz—b + wb(t), Zorr(t) =0
wb(t) - ledge width, hb - height of the projection.
The equation of dynamics of vertical body vibration:
mbodyzs = _(Ffl + Ffr + F. + E.) (5)
Ffl = ksusfl(Zs,fl —Zy fl) + CSUSfl(ZS,fl - Zufl)
Ffr = ksusfr(Zs,fr —Zy fr) + Csussr (ZS,fT — 2y f’”)
Fr = ksusrl(zs,rl —Zy rl) + CSUS?I(ZS,TI —Zy ’”l)
B = ksysrr (Zs,rr —Zy rr) * Cousrr (ZS,TT — 2y T’”)

Fsy, Fy, Fry, B — the forces in the suspensions of the front left, front right, rear left and rear
right wheels, respectively, transmitted through the suspension elements (spring and shock
absorber) between the body (sprung mass) and the unsprung masses of the corresponding wheels.

The roll dynamics equation:

T ftw

.o r T T
Ipou® = —— fnt fztw rt thw Fr + %Frr (6)

Iron; — moment of inertia relative to the longitudinal axis.

The equation of pitch dynamics:
Lyiten® = —a(Fy, + Fy;) + b(Fpu + Fy) (7)
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Lyitcn — moment of inertia relative to the transverse axis, a - distance from the center of mass
to the front axle, b — distance from the center of mass to the rear axle.

To calculate the movements of the body at the attachment points of the suspensionsin COMSOL
Multiphysics version 6.4, establishes kinematic links between the coordinates of the body z;, ¢ u

0:

Zss1 = Zs + lrp — ab
Zsrr = Zs — lrp — af
Zsy1 = Zs + L, + bO
Zsr = Zs — Ly + DO
Zs 1, Zs frr Zs vl Zspr — SUSPENsion mounting points on the body, z; - vertical movement of the
body's center of mass, ¢ - roll angle, 6 - pitch angle, [ - half of the front track, [, — half of the rear
track.
The equation of seat swing dynamics

mp,flzp,fl = kseat,fl (Zs,fl - Zp,fl) + Cseat,fl(zs,fl - Zp,fl) (8)
mp,frzp,fr = kseat,fr(zs,fr - Zp,fr) + Cseat,fr(zs,fr - Zp,fr) (9)
mp,rlzp,rl = kseat,rl(zs,rl - Zp,rl) + Cseat,rl(zs,rl - Zp,rl) (10)
mp,rrzp,rr = kseat,rr (Zs,rr - Zp,rr) + Cseat,rr (Zs,rr - Zp,rr) (11)

Findings/Discussion

Road profile: rectangular wave with a height of 4 cm, a width of 7.5 cm, a speed of 40 km/h
(11.11 m/s). The left wheels drive on an uneven road, while the right wheels move on a flat surface.
The figure shows that the body rotates around the longitudinal axis (Roll), i.e., the left side of the
body is raised. A high Roll value means that only the left wheels are traveling on an uneven road;
the load is not symmetrical and, accordingly, the body is tilting. Fig.2 shows the dynamics of the
car's roll (blue line), tilt (green), and rise (red) due to the roughness of the road under the left
wheels. You can see that with a given roughness of the road, the bank angle is much larger than the
tilt angle.

Dynamics of the car's roll speed fluctuation (Roll-Lateral rotation), tilt (Pitch-Longitudinal
rotation), and lift (Heave-Vertical displacement) are shown in Fig. 3. The velocity graph shows two
different frequencies: low and high, corresponding to the natural frequencies for the system
components. At the initial moment of time, the suspension is affected by an external influence from
the side of the road profile, which causes sudden fluctuations in the body, and maximum speeds
are observed. The maximum speed values are reached at a time of 0.09 s; then, due to the action of
the damping elements of the suspension, the vibrations attenuate. The largest amplitude is
observed in vertical displacement (the red line is vertical displacement). The graph clearly shows
that the roll (Lateral rotation or Roll-blue line) shows a sharp decaying oscillation after reaching
the peak value, and the vertical velocity of the center of gravity of the body (Vertical displacement
or heave -red line) shows an exponentially decaying character. Consequently, the body makes
small vertical fluctuations relative to the equilibrium position. Stability is maintained for
longitudinal rotation (Pitch - green line).

The results obtained indicate that, in general, the suspension system of the design car
suppresses body vibrations quite effectively, but at the initial moment of time the vibrations have
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rather high amplitudes, which primarily affect the smoothness of the car. This circumstance arises
due to the influence of the car's suspension parameters.
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Figure 2. Roll oscillation dynamics (roll-lateral), tilt (pitch-Longitudinal), and lift of

the center of gravity (heave-Vertical displacement)

The calculation results show that the suspension of the design vehicle impairs its smoothness
due to the effects of road irregularities (longitudinal and transverse) of the road network, which
are common in large cities due to excessive traffic intensity. Ultimately, this determines the safety
of vehicles. Moreover, it should be noted that in the road and climatic conditions of Kazakhstan,
the most important indicator characterizing the safety of both single vehicles and traffic flows is
the traction qualities of roads. Therefore, the assessment of vehicle safety is carried out taking into
account the above road conditions [13-20].
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Figure 3. Dynamics of the car's roll speed fluctuation (Roll-Lateral rotation), tilt (Pitch-
Longitudinal rotation) and the rise (Heave-Vertical displacement)

To assess the vibration effect on the passenger, graphs are presented in the form of dynamics
of vertical movement and acceleration fluctuations in four seat locations (Fig.4-5). An analysis of
the time dependence of vertical movements and seat accelerations shows that the maximum
displacement at z,,,, = 0.0129 m (12.9 mm) is observed due to the impact of road bumps in the
seat suspension system (Front-Left and Rear-Left). This indicates that most of the energy was
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transferred to the left side of the wheels due to the difference in vertical loads between the sides
of the car.

Seat Displacement
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Figure 4. Dynamics of fluctuation of vertical movement and tilt of four seats

The greatest vertical acceleration is recorded synchronously for the rear left and front left
(Rear-Left and Front-Left) seats and is approximately 2.5m/s2. The acceleration indicator is the
main indicator of comfort, since a person perceives acceleration rather than displacement. The
graph shows that with vertical acceleration, a,,,, = 2.5 m/s? the passenger experiences the
greatest impact from road unevenness due to the resulting vibration of the suspension system,
which gradually goes out with a corresponding decrease in amplitude. The minimum amplitude
values are reached at a = 0.5 + 0.75 m/s?, and at t = 0.6 s the acceleration goes into harmonic
mode. This indicates a fairly effective vibration isolation of the body and an acceptable level of
impact on passengers.
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Figure 5. Dynamics of acceleration fluctuations in the rise and tilt of the seat

The above calculation results are consistent with the classical theory of vehicle oscillations and
show that when a car wheel encounters a road irregularity, its ride smoothness deteriorates, which
is further exacerbated by the standard rear-dependent suspension of the calculated vehicle. At the
same time, these impacts of road bumps (longitudinal or transverse) also impair the handling and
stability of the car and, respectively, the safety of its movement. Taking into account the propensity
of a rear-wheel drive car to oversteer, the rigid dependent suspension of the design vehicle during
frequent turns in urban conditions with incomplete loading will tend to skid the rear axle in
adverse road conditions, which will also worsen the safety of its movement. These circumstances
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seem to be especially important for the road and climatic conditions of our country, where the
traction quality of roads periodically tends to decrease.

It is known that an increase in the stiffness of the suspension leads to a decrease in the margin
of adhesion of the wheels to the road of the corresponding axle [21]. Therefore, if the front
suspension of the calculated car is more rigid relative to the rear, then the balance of its turnability
will shift towards insufficient. At the same time, the margin of adhesion of the wheels of the rear
axle to the road will increase, which will help to increase the safety of its movement. Therefore, for
vehicles primarily used in urban conditions with partial load, it is recommended to provide a less
rigid rear suspension.

Thus, taking into account the calculation results and the analysis of the suspension
operation, the paper presents a draft stabilizer for the lateral stability of the rear axle of the design
vehicle in the form of a drawing of design documentation (pucyske 6).
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This project will increase the diagonal mobility of the suspension, which will ensure a
smoother ride by gently working out holes and road bumps. This is confirmed by the fact that, in
relation to the calculated case of hitting the left wheel of the calculated car on an unevenness, less
force will be transmitted to the opposite wheel. To do this, it is necessary to equip the rear
suspension of the car with a similar lateral stability stabilizer. It is not difficult to install such an
option for vehicles mainly intended for frequent use in urban environments, since the disassembly
and installation of the stabilizer is of little complexity.

This upgrade will allow the rear suspension of the design vehicle to work more
independently by reducing stiffness by about 25%, which will reduce the amplitude and frequency
of body vibrations from road bumps in the urban cycle and will increase the reserve of wheel
traction when exposed to lateral forces, including cornering. Also, the proposed recommendation
will make it possible to safely operate such vehicles with a full load, but on mostly straight tracks.
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Conclusion

According to the obtained results of modeling the dynamics of the oscillation, the calculated
graphs show that the impact of road unevenness on the suspension of the car at the initial moment
causes sharp body vibrations; that is, their maximum values are observed at a time of 0.09 s, which
subsequently fade due to the action of damping suspension elements. At the same time, the greatest
amplitude of oscillation is observed in vertical movement. From the graphs obtained, the roll
fluctuations after reaching the peak value show a sharp attenuation, and the vertical fluctuations
in the center of gravity of the body show an exponentially attenuating character. Consequently, after
the initial jump of vertical oscillation, the body is relatively quickly restored to the equilibrium
position.

At the same time, stability remains constant for the calculated pitch conditions. The results
obtained indicate that, in general, the suspension system of the design vehicle suppresses body
vibrations quite effectively, but at the initial moment, rather high oscillation amplitudes are
demonstrated, which worsens its operational properties. High body vibration amplitudes occur
due to the influence of suspension parameters, as it impairs the smoothness of the car under the
influence of road bumps, which, along with the traction qualities of the roads, determine its
directional stability and traffic safety.

Therefore, to improve the safety of a design vehicle with an incomplete load for operation on
the urban road network in the road and climatic conditions of Kazakhstan, it is proposed to install
an appropriate lateral stability stabilizer on its rear axle. This recommendation will reduce the
amplitude and frequency of vibrations of the car body in the urban cycle of operation and increase
the grip margin of the wheels of its rear axle. Therefore, the proposed recommendation makes it
possible to improve the smoothness and handling of the car.
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AHHOTanma. B gaHHOW paboTe mNpeAcTaBJeH KUHEMAaTHYeCKUM aHaJu3
pOOOTU3UPOBAHHOM PYyKH TyMaHOMJHOro pob6orta Zhugirmek v1.0.
Po6oTu3npoBaHHas pyKa UMeeT IeCTb CTelneHel CBOO0/ibl, YTO 0b6ecreyruBaeT
BO3MOXXHOCTb BBINIOJIHEHUS IIMPOKOr0 CIeKTpa MaHUIMYJSLUOHHBIX 3aJad.
Jng MaTeMaTH4eCKOTO ONMHWCAaHUS NPOCTPAHCTBEHHOIO [ABWXKEHHUS 3BEHbLEB
MCI0JIb30BaH MeTo/, [leHaBUTa-XapTeHOepra, M03BOJIAKIIMNA cPOPMUPOBATH
KMHEMaTHU4YeCKyl0 MoJesb MaHunyaaTtopa. [losydeHbl ypaBHeHHUS NpsAMOM
KWHEMaTHKH, Ollpe/ie/iIloliye N0JI0KeHMe U OpUEeHTALMI0 paboyero opraHa B
npoctpaHcTBe. Ha  ocHoBe  pa3paboTaHHOW  MOJeJU  BbINOJHEHO
MOJieJIMPOBaHUE JBUKEHUSI pPOOOTU3UPOBAHHOM pykd B cpeige MATLAB.
[IlpoBeneH aHanu3 paboyed 30HbBI MaHUNYJAATOpPA U MCCIeLOBaHbl €ro
KMHeMaTHU4ieCcKue BO3MOXXHOCTHU. [losiydeHHble pe3ysbTaTbl MOTLYT OBITh
WCIOJIb30BaHbl MpPU pa3paboTKe CHUCTeEM yIOpaBJeHUs W JajibHeHllel
MOJlepHU3alMu ryMaHouZHoro po6orta Zhugirmek v1.0. IlpeacraBieHHbie
pe3yJbTaThbl aHa/M3a MOTYT CAYXXUTb OCHOBOM [Jis1 pa3pabOTKU aJilrTOPUTMOB
06paTHOM KUHEMAaTUKW W TpPAeKTOPHOro ymnpasieHus. PaspaboraHHas
MoJie/ib  TO3BOJIAET ONTUMU3MPOBATb KOHCTPYKTUBHblE MapaMeTpPhl
MaHUNYJAATOpa [Js MNOBBbILIEHUS ero (QYHKLHOHAJAbHOCTHU. [losyyeHHbIE
JlaHHbIe BaXXHBI A1 c03JaHus 3P PeKTUBHBIX CUCTEM BU3YaJIbHOT'O KOHTPOJISA
Y aJlalTUBHOTO B3aUMO/IENCTBUS C OKpY>Kalolllel cpefioi.

KiwyeBble ci0Ba: ryMaHOMJHBIA pPoOOOT, pOOOTU3MPOBAHHASA pYKa,
KMHeMaTHKa, npsiMmasg kuHeMmaTtuka, MATLAB, JlenaBuTt-XapTeHbepr.
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BBeaeHue.

B nocnenHue roapl HabJOAAETCS aKTUBHOE pa3BUTHE TyMaHOUJHOW pPOOOTOTEXHUKH,
00yCJIOBJIEHHOE HEOOXOJMMOCTbI CO3/1aHUS POOOTU3MPOBAHHBIX CHUCTEM, CHOCOOHBIX
B3aHMMO/IENCTBOBATh C OKPYXKaIlel cpeJloll Mo aHaIOTHUU C YeJ0BeKOM. OZJHUM U3 KJI0Y€EBbIX
3JIEMEHTOB TyMaHOUJHOTO po60Ta SIBJAAKTCA POOOTH3UPOBAHHbIE PYKH, 06eclnevyrBaloliye
BbINIOJIHEHME MAaHUMYJSLUOHHBIX OINepaluid pasaudyHOW Cca0KHOCTH. [l 3ddeKkTUBHOrO
yIpaBJieHUs ABUKEHHEM POOOTU3MPOBAHHOM PyKH HEOOXO0AUMO pa3paboTaTh MaTeEMATHUYECKYIO
MOJie/ib, TO3BOJISIOILYI0 OMNpeAessiTh IMO0JIOKEHHWE W OpUeHTaludil0 paboyero opraHa B
IPOCTPAHCTRE.

B HacTosillee BpeMsi BeAylde MUPOBble KOMNaHWH, Takue Kak Tesla, Figure Al u Agility
Robotics, akTHBHO pa3BUBAKT TIyYMaHOWJAHble pPO6GOTHI, MpeJHA3HAUYEHHble [Ji1 pabOThl B
IPOMBIIIJIEHHOCTH, JIOTUCTHKEe U cdepe obcayxkMBaHusA. OJJHUM M3 OCHOBHBIX TpeOGOBaHUM K
TakKUM poOOTaM fBJSETCAd HaJHW4Ue BbICOKOMAaHEBPEHHbIX pPOOOTU3UPOBAHHBIX PYK C
HECKOJIbKUMMU CTeleHsIMU CBOOoAbl. Pa3paboTka U BHeJ[peHHe TaKUX POOOTOB TPeOYeT MHOIO
3aTpaT, U HAJ0 OTMETUThb, 4YTO elle He ObLIM pa3paboTaHbl T'yMaHOWUAHbIE pPOOOTHI
O0Te4YeCTBEHHOT0 MPOU3BO/CTBA. JlaHHOE UcCcieJOBaHUE BeZleTCsl B paMKax npoekTa AP25796579
npu noaaepxkke Komutera Haykd MUHHCTepCTBa HayKH U BbICIIEro o6pasoBaHusi Pecnybyinku
KaszaxcTaH 1 HampaBJieH Ha pa3paboTKy ryMaHoujHOTo po6oTa Zhugirmek v1.0. KoHcTpyKkius
po60oTa BKJIIOYAeT MOOUJbHYIO MJIATGOPMY C YeThIpbMs MeKaHYM-KOJieCaMH, TOJIOBY C JBYMS
CTeNeHsIMU CBOOOJIbI U JIBe POOOTHU3UPOBAHHbIE PYKH, KaxKJasd K3 KOTOPBbIX MMeeT IIeCTh
cTteneHel cBo6o/bl. Takass KoHGUTYpalMsl MO3BOJISIET BbINOJHATh IIUPOKUM CIIEKTP OMNepalui,
CBSI3aHHBIX C 3aXBaTOM U llepeMeleHHeM 00'bEKTOB.

Pucynok 1. 3D mogens o61ero Buja pooora Zhugirmek v1.0, paspa6oraHHas B
nporpamme SolidWorks
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KruHeMaTHyeckuil aHain3 pob6oTU3upoBaHHOM pyku Zhugirmek v1.0

Ha pucynke 1 npuBesena 3D mogenb po6ota Zhugirmek v1.0. llenbto gaHHOU paboOThI
SIBJISIeTCA pa3paboTKa KUHeMaTU4YeCKOM MoJiesd pPOOOTU3MPOBAHHOM PYKHM TYMaHOUJHOTO
po6oTa Zhugirmek v1.0 u nosyyeHre ypaBHeHUH NPAMOM KUHEMATHUKU.

MeToaos10rus

MeTogosi0rusa uccae0BaHUs BKIKOYAET:

1. Bubamorpaduveckuil 1 CpaBHUTENbHBIN aHAJIU3 — IOUCK, CHCTeMaTU3al U U U3yyeHHne
MHUPOBOM Hay4HOM JINTePaTyphl, CTaTe! U NaTEHTOB B 06/1aCTU TyMaHOU/JHOW POOGOTOTEXHUKHU U
IPOEKTUPOBAHUSA aHTPONOMOPPHBIX MAHUIYJIATOPOB.

2. MaTtemaTu4yeckoe MOJieJIMpOBaHUMe — HCCAeOBaHHWE NMPUHLUIIOB INPOCTPAHCTBEHHOTIO
JIBW)KeHUs] 3BEeHbeB pPYKU poboTa M NpUMeHeHUe KHHeMaTHdeckoro Metoja /JleHaBuTa-
XapTeHbepra.

3. MeTo OJHOPOJHBIX MaTPUYHBIX NpeoOpa3oBaHUMW — pa3paboTKa aHaJIUTUYECKUX
YpaBHEHUU [Ji1 TOUHOTO OIpejie/leHUs] MOJI0KeHUs] U OpUeHTalMu KoHeyHoro s¢dekropa B
IPOCTPAHCTBE.

4. MeToJ, KOMINbIOTEPHOTO M MMHUTALMOHHOTO MOJEJUPOBaHUS — BepUPUKaLus
NOJIyYEHHBbIX MaTeMaTU4YeCKUX MoJieJied W BH3yalu3alUs NPOCTPAHCTBEHHOTO INOBeJeHUS
MaHUIYJIATOpPA B CeLMaJIM3UPOBAHHON IPOrPaMMHOM cpeJie.

OcHOBHBIE HCC/Ie0BaTeNbCKHAE BONPOCH], HA KOTOpbIe HAllpaBJIeHO JaHHOe HCC/e[j0BaHue,
KacalTCd BO3MOXXHOCTU TOYHOTO MaTeMaTH4YeCKOTO ONHWCAaHUS TeOMEeTPUU JABUIKEHUH
pOOGOTU3UPOBAHHOM PYKH C IIECTbI0 CTENeHSIMM CBOOOJbI U OLIEHKH e€ KUHeMaTH4eCKHUX
BO3MOXXHOCTel. B 4acTHocTH, wucciaenyercs, Kak napaMmeTpbl JleHaBUTa-XapTeHb6epra
aJlanTUPYIOTCA 1MoJ GU3UYECKYH CTPYKTYpy IJIeueBOro, JIOKTEBOTO M 3alsICTHOTO CyCTaBOB
po6oTra Zhugirmek v1.0, kakue aHaJIUTHUYeCKUEe 3aBUCUMOCTH CBA3BIBAIOT YIJIbI IOBOPOTa B
CycTaBax C KOOpJAHWHaTaMU paboyero opraHa, a Takke NpPU KaKHUX YCJOBUAX pa3paboTaHHasd
MoJZe/ib  obecreyMBaeT KOPPEKTHbIM  pacyeT TpaeKTOpUM 06e3  BbIYMCIAUTEJbHBIX
Heolpe/ieJIeHHOCTEM.

B pamkax uccyiejoBaHus BbIIBUTAaeTCd TMIIOTE3a O TOM, YTO IpUMeHeHHe MeTo/a JleHaBUTa-
XapTeHb6epra K OpuriHaJIbHOW ECTUO0CEBOY KOHCTPYKLIMA MaHUMYJIITOPA NO3BOJISET NOJyYUTh
3aMKHyTble  ypaBHEHMs  INpSAMOM  KUHEMaTUKH, obeclleduBawllue  MNpPeLU3UOHHOE
NO03WIMOHUPOBaHUe paboyero opraHa po6ota Zhugirmek v1.0 B peajibHOM BpeMeHH.

JdTanel UCCIe0BaHMS BK/IOYAOT YeThlpe OCHOBHBIX 3Tana: Ha IEPBOM 3Talle ObLI IPOBe/eH
cO0Op HAy4yHO-TEXHUYECKOW JIUTepaTypbl IO TeMe TIYMaHOUJHOW POOOTOTEXHUKU U
CYLeCTBYIOIIMX METO/I0B aHa/IM3a MHOT03BEHHbIX MaHUIYAATOPOB. Ha BTOpoM 3Tane nu3ydeHsl
CTPYKTYpPHO-reoMeTpHUUYecKrue acneKkTbl pob6oTa Zhugirmek v1.0, padpabotana 3D-mMozenb ero
06111ero BM/ia U onpesesieHbl TOYHbIE KOJIMYEeCTBEHHbIE MTapaMeTphl AJWH 3BeHbeB. Ha TpeTbeM
rane cpopMHUpOBaHAa KHUHeMaTUdeckasd JuarpaMMma JieBOU pyKd poOO0Ta, paccTaBjeHbI
JIOKaJIbHble CUCTEeMbI KOOPAUHAT U paccyvMTaHa Tabauna napameTpoB /leHaBuTa-XapTeHbOepra.
Ha ocHOBe 3THX JaHHBIX CHHTE3MPOBaHbl MaTPUIbl OJHOPOJLHOT0 IPpeoOpa3oBaHuU A5 KaXKJ0r0
couneHeHUs1. Ha 4eTBepTOM 3Tame MOJIyYeHO HWTOrOBOE YpaBHeHHWE MNPSIMOM KUHEMAaTUKH,
IpOBeJIEHO 4YuCJeHHoe MoJenupoBaHue B cpege MATLAB u cdopmysnnpoBaHbl BBIBOJbI O
pPaboTOCIOCOOHOCTH pa3paboTaHHOU MO/IeJH.

PesyabTaThl U 06CyKaeHHe.

['ymanou bl po6oT Zhugirmek v1.0 pazpaboTaH 4151 BbINOJTHEHNUSI MAaHUITYISILIUOHHBIX
3aJlad U BOCIPOM3BeJleHUS OCHOBHBIX JBMKeHUM 4esioBeKa. KOHCTpykius pob6oTa BKJIKOYaeT
rOJIOBY C [IByMs BpalllaTeJbHbIMU CTeNEeHAMU CBOOO/bI, iBe pOOOTU3UPOBAaHHbIE PYKH, KaXKAas
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M3 KOTOPbIX 00J1a/laeT IIECThbI0 BpalllaTe/JbHbIMU CTENEHSIMU CBOOO/bI, a TaKXKe MOOHJIbHYIO
m1aTGopMy Ha MeEKaHYM-KoJlecax.

Mob6usibHas maTdopmMa UMeeT TPU CTENEHU CBOOO/bl: IBE MOCTYNAaTe/bHbIE 10 0CsIM X U Y U
OZIHy BpalllaTeJbHyl0 BOKpPYr BepTUKaJbHOW ocu Z. Takad KHHeMaTHyecKass CTPYKTypa
obecreyrMBaeT BO3MOXKHOCTb IepeMellleHusi pob60oTa B MPOM3BOJILHOM HalpaBjJeHUU 6e3
M3MEHEeHUs] OpPHEHTALMU KOpIyca, a TaKXe BbINIOJIHEHME MaHEBPOB B OTrpPaHUYEHHOM
IPOCTPAHCTBE.

COBOKYNHOCTb MOJBMXKHBIX 3BEHbEB T0JIOBbI, POOOTHU3UPOBAHHBIX PYK W MOOHJIbHOMN
maTGopMbl 06ecredrMBaET BbICOKYI0 MAaHEBPEHHOCTh po60Ta M MO3BOJISIET BHINOJHATDL CIEKTP
3a/1a4, CBSI3aHHBIX C 3aXBaTOM, YJEepKaHHUEM U NepeMelleHueM 00beKTOB. CTPYKTypHas cxema
ryMmaHouiHoro po6ota Zhugirmek v1.0 npezacTaB/ieHa Ha pUCYHKe 2.

a)I-H-I6)D I

PuUCyHOK 2. a) nepegHMi BUJ po60Ta; 6) CTPYKTypHas cxeMa po60Ta; B) BUA po60oTa
crpaBa

[ panbHelllero MaTeMaTHYeCcKOro ONMCAaHUS JABHXKEHUST pyKU poboTa 6blia
chopMUpoBaHa KMHeMaTHyecKas auarpamMma (PucyHok 3) U BBeJleHbl CUCTeMbl KOOPAWHAT B
COOTBETCTBUU C MeToJ0M /leHaBUTa-XapTeH6epra (DH).

PucyHok 3. KuHeMaTH4ecKas CTpyKTypa jJieBo# pyku po6ora Zhugirmek v1.0.
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KuHemaTuueckass CTPYKTypa pOOOTU3MPOBAHHOM PYKU COCTOUT U3 YeTbIpeEX OCHOBHBIX
3BeHbeB. /lJInHa nepBOro 3BeHa coctaJiiseT Ly =170 MM, BToporo 3BeHa — L, = 300 MM, TpeTbero
3BeHa — L3 = 200 MM, a iyiMHA 4eTBEPTOro 3BeHa cocTaBJisieT Ly, = 70 MM. O611as AJIMHA PYKU OT
OCHOBaHU4 10 pabouyero opraHa coctasJjsieT 740 MM.

KoopaurHaTHbIE CUCTEMbI PacloJIOKeHbI C/IeAYIOIIMM 06pa3oM. ba3oBas cucteMa KOOpAUHAT
Op,Xp,Yp,Zp, yCTAHABJIIMBAETCA B LIEHTPE IIEU U CIYXKUT 6Aa30BOM CUCTEMOM KOOpAMHAT [
rosioBbl ¥ pyk [1][3]. [IpsiMas kuHeMaTu4ecKas 3a/jlaya 3aKJII04aeTCs B ONpe/ieJIEHUU 0JI0XKEHU
M OpUEeHTalUu paboyero opraHa IO H3BECTHbIM 3HAYEHUSM OOOOIIEHHBIX KOOPAUHAT
MaHUMyJasATOpa. B paccMaTpuBaeMoil poOOTU3MPOBAHHOM pyKe TaKHMH KOOpJUHATaMU
ABJISIIOTCS YTIJIbl IOBOPOTA LIECTU BpalaTeJbHbIX COYJIEHEHU .

Jl/1s1 MaTeMaTHU4YeCKOTO OMKUCAHUs MPOCTPAHCTBEHHOTO JBMXKEHUSI POOOTU3MPOBAHHON PYKH
ucnoJsib30BaH MeTo/, DH, KoOTOpbIil sIBJIsIETCA OJJHUM U3 HanboJiee pacnpoCTPaHEHHbIX METO/I0B
MO/JIeJIMPOBaHUS NOC/Ie10BATENbHbIX MAHUNYAATOPOB [2]. CoryiacHO JaHHOMY MeTO/ly KaXK/[OMY
3BEHY MaHMIyJIATOpa MPHCBAUBaeTCs COOCTBEHHas cucTteMa koopauHat (PucyHok 3), a
B3aMMHO€ pacloJIOKeHUe COCeAHUX 3BEHbEB OMNHKCBHIBAETCS YEThIPbMS NapaMeTpaMu: YIJ0oM
noBopoTa 6;, TMHEeNHBbIM CMellleHHeM d;, IVIMHOM 3BeHa a; U YIJIOM CKpyuuBaHus «a; [3]. B nensax
yOpoIleHHsT KHHeMaTU4YeCKOW MoZieJiu 6a30Basi CUCTeMa KOOP/AUHAT Obljia pa3MellleHa B [eHTpe
NJIE4YeBOTO CyCTaBa PyKU. B CBSI3W € 3TUM paccTOsiHME OT LieHTPa KopIyca 0 IJie4eBOro CycTaBa
L, He yYUTBHIBAETCA B MOJIEJIU.

1. Onpenenenuve napameTtpa d;.

[TapameTp d; XxapaKTepU3UpyeT paccTossHUe OT Havyasa (i — 1) —-H cucTeMbl KOOPAUHAT [0
TOYKHU MepecevyeHus OCH Z;_; C OCbI0 X;, U3MepsieMOoe BJl0JIb OCH Z;_;. B aTOM ciyyae:

1.1) d;=0 MM (paccTosiHHE OT Hayasia KoopAHHaThl O\ 4,0 TOUKU NepeceyeHust OCH Z, C OCbIO
X1, U3MepsieMoe BJI0JIb OCH Z);

1.2) d,=0 MM (paccTosiHMe OT Hava/la KoopAUuHAThI 04 10 TOYKU IlepeceyeHust OCH Z; C OCbIO
X,, U3MepsieMoe B/I0JIb OCH Z; );

1.3) d3=300 MM (paccTosiHMe OT HaYyas1a KOOpAUHATHI 0, 10 TOUKU IlepecedeHHs OCH Z;, C OChIO
X3, U3MepsieMoe B/I0JIb OCH Z; );

1.4) d4,=0 MM (paccTosiHMe OT Hayasa KoopAuHaThl O3 0 TOYKHU NepeceyeHus OCH Z3 C OCbIO
X4, U3MepsIEMOE BJI0JIb OCH Z3);

1.5) d5=200 MM (paccTosiHME OT HavyaJsia KoopAruHaThl O, 0 TOYKHU IlepecevyeHus OCH Z, C OCbIO
X5, U3MepPSIEMOE BJI0JIb OCU Zy);

1.6) d¢=0 MM (paccTosiHMe OT Hayasa KoopAuHaThl Os 1,0 TOYKHU NepeceyeHusi OCH Zs C OChbIO
Xg, U3MepsiEMOE BJJ0JIb OCH Zs).

2. OnppaeneHue napaMmeTpa a;.

[lapameTp a; npeacTaB/isieT cO601 pacCTOSTHUE OT TOYKU NepecedeHus OCHU Z;_; C OCbIO X; [10
HayaJja i-! cucTeMbl KOOPAWHAT, U3MepseMoe BA0Jb 0CH X;. B aTOoM ciy4dae:

2.1) a;= 0 MM (paccTosiHMEe OT TOYKU NepeceyeHrsl OCHU Z, C OCbI0 X; [0 Hauyajla CUCTEMBI
koopAuHat 04, U3MepsieMoe BJI0JIb OCH X1 );

2.2) a,= 0 MM (paccTosiHHe OT TOYKU NepecedyeHUs1 OCU Z; C OCbI0 X, [0 Hadyaja CUCTEMbI
koopauHat O0,, U3MepsieMoe B/I0JIb OCH X );

2.3) az= 0 MM (paccTosiHMe OT TOYKU IepecedyeHUst OCU Z, C OCbI0 X3 [0 Hayajla CUCTEMBI
koopAuHaT O3, U3MepsieMoe B/I0JIb OCH X3);

2.4) ay= 0 MM (paccTosiHME OT TOYKU IepeceyeHUst OCU Zz C OCbI0 X, J0 Hayajla CUCTEMBI
koopauHaT 0,4, N3MepsieMOe BJJ0JIb OCH X4 );

2.5) as= 0 MM (paccTosiHHe OT TOYKU IepecedyeHUst OCU Z, C OCbI0 X5 [0 Hayajla CUCTEMBI
KoopAuHaT Os, U3MepsieMoe B/I0JIb OCH X5 );
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2.6) ag= 70 MM (paccTosiHUE OT TOYKU MEpPeceYeHusi OCU Zs C OChbI0 Xg [0 Hauasla CUCTEMbI
KoopauHaT Og, U3MepsieMoe B0JIb OCH Xg).

3. Onpepesienre napamertpa 6;.

[lapameTp 6; onpejenseT yroj NoBOpoTa OCU X;_q BOKPYT OCH Z;_;, HEOOXOJUMBIN /1 eé
COBMeILeHHUs € OCbI0 X;. /11 BpallaTeJbHOTO COYJIeHEeHUs napaMeTp 8; ABJdeTcsa nepeMeHHON
00600111EHHON KOOpAUHATOMN. 3HAK yrJa 6; onpejesseTcs B COOTBETCTBHUU C MPaBUJIOM MPaBOH
pyku. HanmpaB/ieHHe MOJIOKUTEJNbHOIO BpallleHHWs pacCMaTpPUBAETCs BJOJIb IMOJIOXKUTENbHOIO
HanpaBJIeHUs1 OCHU Z;_;. [Ipy moBopoTe OcH X;_; K OCH X; NPOTHUB 4YAaCOBOU CTpesKU yroJ 6;
CYUTAETCS MOJIOKUTENbHbIM, a IPU TOBOPOTE 10 YaCOBOM CTpesiKe — OTpULATeJbHbIM. B 3TOM
ciay4vae:

3.1) 6, = 0 (yroJs noBOpOTa OCH X BOKPYT OCH Z;, HEO6XOMMBbIH JiJIs €€ COBMELEeHUs C 0CbIO
X1, TOCKOJIbKY OCH X Y X1 COBIIAJIal0T N0 HallpaBJIeHHWI0 3HaYeHue napametpa 6;=0);

3.2) 6, = 0 (yros moBopoTa OCH X; BOKPYT OCH Z;, HEOOXOJUMBbIH /151 €€ COBMELEeHUs C OCbIO
X, IOCKOJIBKY OCH X; Y X, COBIIAJIalOT [0 HAllpaBJIEHUO 3HaYyeHue napameTpa 6,=0);

3.3) 65 =90 (yros1 moBopoTa 0CH X, BOKPYT OCH Z,, HEOO6XOJMMBbIH /1J151 €€ COBMELEeHUS C OChIO
x3. /i1 onpeiesieHUs 3HaKa yrJia 6; Heo6XoMMO pacCMaTPUBATh HallpaBJleHU e BpalleHUs B0Jb
MIOJIO’KUTEJIbHOTO HallpaBJIeHUsl OCH Z,. [Ipy MOBOPOTE OCH X, K OCH X3 [0 KpaT4yaullieMy NyTH
HabJIojaeTcsl BpallleHUe MPOTUB YaCOBOM CTPeJIKU. B COOTBETCTBUH € NPaBUJIOM NPABOU PYKHU
yroJi 65 IBJSETCS MOJIOKUTENbHbBIM );

3.4) 6, = 0 (yroJs noBOpOTa OCH X3 BOKPYT OCH Z3, HEOOXOJMMBbIH JiJ1s €€ COBMELEeHUs C 0CbIO
X4, IOCKOJIBKY OCH X3 U X, COBIIQ/IAIOT 110 HAallpaBJIeHU 0 3HaYeHue napameTpa 6,=0);

3.5) 65 =-90 (yros1 noBOpOTa OCU X, BOKPYT OCH Z,, HEOOXOUMBbIH J1/151 €€ COBMEIILEHHUS C OChIO
Xs. [l onpefiesieHMs 3HaKa yrJa 05 He06X04MMO pacCMaTPUBAaTh HallpaBJ/IeHU e BpalLleHUA BJ0J1b
II0JIO’KUTEJIbHOTO HaIlpaBJIeHUs OCH Z,. [Ipy moBOpoTe 0CH X4 K OCH X5 10 KpaT4yaullueMy IyTH
HabJI0iaeTcs BpallleHHe 110 YaCOBOM CTpeJiKe. B COOTBeTCTBUU C IPaBUJIOM NPABOW PYKH yroJ1 G5
SIBJIIETCS OTPULATE/IbHBIM);

3.6) 65 =90 (yros noBOpoTa OCH X5 BOKPYT OCH Z5, HE06X0JUMBbIH JJ151 €6 COBMeIlleHUs C OCbI0
Xe. [l11 OIpeiesieHr s 3HaKa yrJa 0, He06X04MMO pacCMaTPUBAaTh HallpaBJ/IeHU e BpaLleHUA BJ0JIb
II0JIO’KUTEJIbHOTO HaIlpaBJIEeHUS OCH Zs. [Ipy IOBOpPOTE OCH X5 K OCH X4 10 KpaT4yaulleMy IyTH
HabJolaeTcA BpallleHUe NPOTHUB YacOBOM CTPeJIKU. B COOTBETCTBUHM € NPAaBUJIOM NIPABOW PYKH
yroJi B¢ ABISAETCS NO0JI0KUTENbHbBIM).

4. OnipepesieHre napaMeTpa «;.

[lapameTp «@; 3aAaéT yros MmoBOpOTa OCU Z;_i; BOKPYI OCH X;, HEOOXOAMMBIA JJA eé
COBMeIlleHHUA C OCBIO Z;. 3HaK YIJIa a; ONpeJessaeTcs B COOTBETCTBUHU C IPAaBUJIOM IIPABOM PYKH.

4.1) ;=90 (yros1 noBOpOTa OCH Zy BOKPYT OCH X1, HEOOXOAMMBIH /11 €€ COBMELIEHUS C OCbI0
z,. lIlpu noBopoTe ocH Zy, K OCH Z; IO KpaTyaullieMy IyTU HaAOJIOJaeTcd BpallleHhe NMPOTUB
4acoBOM CTpeJKA. B COOTBeTCTBMM C MpaBUJIOM IpPaBOM pPYKH Yroa aq SABJIAETCA
MI0JIOKUTEJIbHBIM);

4.2) a,=-90 (yros noBopoTa 0CH Z; BOKPYT OCH X,, HEOOXOJUMBIH /1J151 €€ COBMEILEHHUS C OCbI0
Z,. [Ipy nmoBopoTE OCH Z; K OCH Z, 10 KpaTyaulleMy NyTH HAOJ/I0jaeTcA BpalleHue 10 YaCOBOMU
cTpeJike. B cOOTBeTCTBUM C NpaBUJIOM NIPAaBOU PYKH yToJl &, SABJSAETCH OTPULLATEbHBIM );

4.3) a3=90 (yros1 noBOpoOTa 0CH Z; BOKPYT OCH X3, HEOOXOJUMbIU /151 €€ COBMEIEHUS C OChI0
z3. [lpn moBopoTe ocH Z, K OCU Z3 MO KpaTdyahlueMy NyTH HabJlojaeTcs BpallleHHe NMPOTHUB
4acoBOM CTpeJKA. B COOTBeTCTBMM C NpaBUJIOM TMPaBOM pPYyKU Yroa @z SABJIAETCA
MI0JIOKUTEJIbHBIM);

4.4) a,=-90 (yros noBOpOTa OCU Z3 BOKPYT OCH X, HEOOXOJUMBbIH /1J151 €€ COBMEILEHUSI C OChIO
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z,. llpy nmoBopoTe ocHU zz K OCUM Z, MO KpaTyaWlleMy NyTU HabJ0faeTcs BpalleHue M0
4acoBOM cTpeJsike. B COOTBeTCTBUM ¢ MNpaBUJIOM IMpaBOM pyKU Yyroa a, SABJASIETCA
OTpHULIATE/IbHBIM);

4.5) a5=90 (yros noBOpoTa 0CH Z, BOKPYT OCH X5, HEOOXOJMMBbI JJI1 €€ COBMELIEHUS C OCbI0
Zs. [lpy moBOpOTe OCHU Z, K OCU Zs MO KpaTyallleMy NMyTH HabJtoaeTcsl BpallleHHe NMPOTUB
4acoBOM CTpeJKd. B COOTBeTCTBMM C NpaBUJOM MPaBOM PpPYKH Yroa «as SABJASETCA
HOJIOKUTEJIbHBIM );

4.6) ag=-90 (yros moBOpOTa OCH Zs BOKPYT OCH X5, HEOOXOAUMBI JJ151 €€ COBMELEHUS C OCbI0
Zg. [Ipy IOBOPOTE OCH Zs K OCU Zg 110 KpaTyalllieMy NyTH HabJt0laeTcs BpallleHre 10 YaCOBOU
cTpeJike. B cOOTBETCTBUM C NPaBUJIOM NIPAaBOU PYKH yTOJI Qg SABASAETCA OTPULLATETbHBIM )

Ha ocHOBaHHM BBINOJIHEHHOTO aHa/i3a B3aUMHOTO PaCIMOJIOXKEHUS CUCTEeM KOOpPAUHAT U
onpefesieHuss napametpoB DH pansa kakjoro coudsieHeHUs] POOOTH3MPOBAHHOW PYKU ObLIU
H0JIy4yeHbl 3HaYeHHUs napaMeTpoB 6;, d;, a; v a; [4]. Pe3ysbTaTbl pacuéTa U IPUHATbIE HapaMeTPhI
KMHEMaTH4YeCKOW MOJieJIU Npe/icTaBJieHbl B Tabiule 1.

Ta6smna 1. [lapameTpsl [leHaBuTa XapTeHOepra JieBou pyku po6ora Zhugirmek v1.0.
i 0; a; a; d;
1 0 90 0 0
2 0 -90 0 0
3 90 90 0 300
4 0 -90 0 0
5 -90 90 0 200
6 90 -90 70 0

Matpuna DH wucnosib3yeT 3TH 4YeTbipe MNapaMeTpa JJis OMNpefesieHUs] IOJI0KEeHUS U
HampaBJIeHUsI KaKJOW [JOMOJHUTEJNbHOU CBA3U WM coeAuHeHMs. Matpuna DH aaa kaxzgoro
coeJJMHEHUS 3aMKChIBAETCSA CJeAYIOIIMM 06pa3oM:

[0 0 0 | ]
c0; —ca;-s6; sa;-s8; a;-co; [0 R, 0 | pi,]|

Ai-l =[S0 cai-cOp  —sai-cO; a; SO _ lo ;)_1 0 Pi | (1)
l 0 sa; ca; d; | | |
0 0 0 Vo500 0o 0y 1l

B ¢popmyne (1) ucnosb3yloTcs ciaeAyloliue coKpalleHus: cl; = cos6;, s8; = sinb;, ca; =
cosa;, sa; = sina;.

MaTpuua R onvcbiBaeT BpalleHHEe WM OpPUEHTALUI0 06'beKTa. ITa MaTpUIlA NPeJCTaBJSET
co60ii U3BMeHeHHe CUCTeMbl KOOPJAUHAT 00'beKTa B npocTpaHcTBe. O6bIYHO MaTpulla R numeert
pa3Mep 3x3 U BBINIOJIHSIET BpallleHUe, HE06X0AMMOe /1J1s1 epexo/ia U3 OJHOM CUCTEMbI KOOPAUHAT
B Zipyryto. OHA ONKChIBAET BpallleHHe 06'beKTa B TPEX OCHOBHBIX HAallpPaBJIeHUSIX.

BekTop p mpejacTaBiisieT cO60M MOJIOXKEHHE WJIM NepeMellleHHe 06beKTa B MPOCTPAHCTBE.
ITOT BEKTOpP MpeACTaBJIsIeT KOOPAUHAThl HAYaJbHOI'0 MJIM KOHEYHOIr'0 IMOJIOXKEeHHSI 06'beKTa B
npoctpaHcTBe. OGBLIYHO BEKTOpP P NpeJCTaBJsIET IMOJIOXKEHHe TO4YKW (Hampumep, LEeHTpa
00beKTa) B OJHOU CHUCTEMe KOOpPAMHAT. JTOT BEKTOP OIMUCHIBAET IOJIOKeHHe 00'beKTa WU
M3MeHeHHe MOJIOKEHU S OTpe/ie/IeHHON TOYKH B HOBOM CHCTEMe KOOPAHUHAT.
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[loacTaBnsis 3HaYyeHus mapameTpoB /IX, mpuBeieHHbIE B Tab ke 1, B MaTpHUIly OJHOPOJHOT O
npeo6po3oBanus A."!, mosiydaeM MaTpuUIbl NPEO6pa3soOBaHUA [l KaKJOr0 COYJEHEHHs
pPO6GOTHU3UPOBAHHOU PYKH:

cosf; 0 sinf; O 1 0 0 O

OA. — sing; 0 —cosf; Of_|0 0 -1 O
o 0 1 0 of lo 1 0 o
0 0 0 1 0 0 0 1

[locne mosiydeHHs1 MaTpul, OJHOPOJHOrO MpeoOpa3oBaHUA [Js KaXAOro COYJIeHeHHUs
BBINIOJISIETCS UX MOCJe/loBaTeJbHOE NepeyMHOXeHue. B pesynbTaTe popMuUpyeTCcs UTOroBas
MaTpulla NPSIMON KHHEMATHKH, ONpeeidiolias MoJIoXKeHHe U OPEeHTAllMI0 KOHEYHOTo 3BeHa
PO6GOTO3UPOBAHHOM PYKU OTHOCUTEIbHO 6Aa30BOM CUCTEMbI KOOP/IUHAT:

1 0 0 0 0 0 -1 0
1_0010 4_—100 0
‘A2_0 -1 0 0 ~As = 0 1 0 200

0 0 0 1 0 0 0 1

001 0 0 0 -1 0
,n _ |1 0 0 0 s |1 0 0 70
‘A3_0 1 0 300 ‘A6_0 -1 0 0

00 0 1 0 0 0 1

1 0 0 0
s [0 0 1 0
—A4_0—100

0 0 0 1

13 popmysbl (2) BUAHO, YTO NP NOJHOCTHIO BBITAHYTOW KOQUTYpPALUU PYKU PACCTOSTHUE
OT OCHOBaHHS [0 KOHeYHOoro 3dpdekTopa paBHO 570 MM [5]. BepxHUi1 JieBbIi 6JIOK MaTPHULbI C
pasMepaMu 3x3 xapaKTepHU3yeT OpPHUEHTAlMI0 KOHEYHOro 3BeHa OTHOCUTEJbHO 6a30BOM
cucteMbl KoopauHaT. [locseaHUM cTo6€el MaTPHUILbI ONpesesisieT MoJI0XKeHHe KOHEYHOTO 3BeHa
OTHOCHUTEJIbHO 6a30BOM CHUCTEMbI KOOPAUHAT:

0
= tyar= o | ®
570

Ha ocHOBe kMHeMaTHuYecKOl Mo/iesv O6bl1a pa3paboTaHa U peajiM30BaHa IporpaMMma B cpefie
MATLAB (pucyHok 4), no3BoJisiioliasi BBIYUCAUTD MOJI0KEHUEe paboyero opraHa npu 3aZlaHHbIX
yriax IOBOpPOTa CyCTaBOB, a TaKXe BHU3yaJIM3UPOBAaThb MPOCTPAHCTBEHHOE II0JIOXKEHUE
pPOOGOTU3UPOBAHHOW PYKU B pea/lbHOU BpeMeHHU. JTa porpaMMa Mo3BoJiseT 3a/laBaTh 3HAa4EeHHUS
YyIJI0B MOBOPOTA BCEX IIECTH CYyCTAaBOB U OTOOpakaThb COOTBETCTBYIOL[ME NPOCTPAHCTBEHHbIE
N0JIOXKEHHSI 3BEHbeB PYKU poboTa. KoopauHaTel KOHeYHOro sddekTopa BBIYUCIAAIOTCA Ha
OCHOBE KMHEMaTU4YeCKOW MoJeau U Marpul npeobpaszoBanuss DH. Takum o6pasom, npu
3a/laHHbIX NTapaMeTpax 3BEHbEB U YIJIOBBIX MOJIOKEHUSIX COYJIEHEHUN pabo4yuil opradH poboTa
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Zhugirmek v1.0 pacnosiaraetcs Ha paccTossHUM 570 MM OT 6a30BOM CUCTEMbI KOOPJMHAT B/I0JIb
OCH Z;.

Zhugirmek 30 KHHEMITHECKIR MORENE

X= 5700

4
300 End Effector
2 Y00

z=00

PucyHok 4. KnHeMaTu4ecKas AuarpaMma JieBo pyku po6ota Zhugirmek v1.0.

3aK/IloyeHue

B jpaHHOM pa6oTe pa3paboTaHa HWXKHAA MoOWJbHas muardopma poboTa C KojecaMH
MeKaHyM, MpoBeJieH CTPYKTYPHbIM aHa/lU3 M pa3paboTaHa KOHCTPYKLHYSA pOoOOTH3MPOBAHHOU
PYKM rymaHoupaHoro po6orta Zhugirmek v1.0, BeinoJIHEH ee KWHeMaTH4eCKWH aHaaus. /lnd
ONMMCaHUs MPOCTPAHCTBEHHOTO MOJIOXKEHUS 3BeHbeB Oblla cHopMHpOBaHA KUHeMaTHyecKast
cxeMa pyKd po60Ta ¥ IOCTPOeHa CUCTeMa KOOPAUHAT JIJIS1 KAXKJL0T0 COYJIEHEHUS B COOTBETCTBUHU
c MeToZioM /leHaBuTa-XapTeHbOepra. Ha ocHOoBe moJiydeHHBIX MapaMeTpPOB ObLIU ONpefeseHbl
MaTpULbl OAHOPOJAHBIX NMpeoOpa3oBaHUMW M pa3paboTaHa MaTeMaTHU4yecKas MoJesb NpPSIMOU
KMHeMaTUKU. [loslyyeHHbIe aHAIUTUYECKH e 3aBUCHUMOCTHU MO3BOJIAIOT BBIYUC/ATD MOJI0XKEHHUE U
OpPHEHTALMI0 KOHEYHOro 3pPeKTopa Mo 3aJaHHbIM 3HAaYE€HHUAM YIJIOB IOBOPOTA CyCcTaBOB. /[l
NPOBEPKU KOPPEKTHOCTU pa3paboOTaHHOW MoJesd Obllia peaju30BaHa NporpaMma B cpeje
MATLAB, obecrneynBamuias BU3yaJIM3aLUI0 MPOCTPAHCTBEHHOTO MOJIOYKEHU A
pPOOGOTHU3UPOBAHHOW PYKHU U pacyeT KOOpAUHAT paboyero opraHa. Pe3ysibTaTbl MOJeIMpOBaHUA
NOATBEPAUINA PaboTOCIOCOOHOCTh pa3pab0TaHHOU KNHEMAaTUYECKOM MO/ZIeJIU U BO3MOXKHOCTD €€
Jla/IbHENIIEero UCNoJb30BaHUsA NIPU pa3paboTKe aJITOPUTMOB yIIpaBJeHUs poOOTa.

[lonyyeHHass KuMHeMaTu4yeckKasd MoOJe/ib B JaJibHEWIIEeM MOXEeT CJIYyKUTb OCHOBOM [Jif
pellleHUs 3aJa4 0OpaTHOM KWUHEMATHUKH, JUHAMUKH, IAHUPOBAHUSA TPAEKTOPUU [ BIKEHUS U
CO3/JaHUS CUCTEMBI yIIpaBJIEHUsI pOOOTU3MPOBAHHOU PYKHU.

ByaroaapHocTh, KOHQJIMKT HHTEpPECOB

JlaHHas paboTa BbINOJHEeHa Npu noajep:kke KomuTera Hayku MuHHCTEpCTBa HayKu M
BbICIIero oopasoBaHusl Pecnybsmku Kasaxcran B pamkax npoekta AP25796579 «Pa3paboTka
rymMaHouiHoro po6orta Zhugirmek v1.0».

Bkiiag aBTOpOB
Kymamea XK.T. - BHec/1a 3HaUMTeNbHBIM BKJIAJ, B pa3paboTKy KOHLENLUU, CHCTeMAaTHU3aLUI0
napaMeTpoB U KPUTUYECKUH NepecMOTp cojep:kaHus ctaTbu. OHa omnpejennsa KJK4eBble
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HalpaBJieHUs1 KHHeMaTU4eCKOT0 aHa/IM3a leCTU3BEHHOT0 MaHUIYJIATOPa, IPOBeJia eTalbHbIN
aHa/IM3 CyILeCTBYIOIUX MUPOBBIX aHAJIOI'OB TyMaHOU/AHBIX POOOTOB, YTO MO3BOJIUJIO 0O0CHOBATH
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Kinematic analysis of the Zhugirmek v1.0 robotic arm

Abstract. This paper presents a kinematic analysis of the robotic arm of the Zhugirmek v1.0

humanoid robot. The robotic arm has six degrees of freedom, enabling it to perform a wide range
of manipulation tasks. The Denavit-Hartenberg method was used to mathematically describe the
spatial motion of the links, allowing the formation of a kinematic model of the manipulator.
Forward kinematic equations were derived that determine the position and orientation of the end-
effector in space. Based on the developed model, the robotic arm's motion was simulated in
MATLAB. The manipulator's working area was analyzed, and its kinematic capabilities were
investigated. The obtained results can be used in the development of control systems and further
modernization of the Zhugirmek v1.0 humanoid robot.

Keywords: humanoid robot, robotic arm, kinematics, forward kinematics, MATLAB, Denavit-

Hartenberg
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PacyeT KOHCTPYKTHMBHBIX NIAPaMEeTPOB pery/jasipHON HacagKu
TeIJIOMAaCCOOOMEHHOr0 annapara Ha Tpy6ax-CTpyHax
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AHHoOTanuA. B paboTe paccMOTpeHbl KOHCTPYKLHUH TeNJI0MaccOOOMEHHBIX
anmnapaToB C peryJisipHON Haca/lkol Ha Tpy6ax-cTpyHax. Hacazika BbiloJIHEHA
B BU/I€ IUIACTUHYATBIX U JIONIACTHBIX 3JIEMEHTOB, 3aKpeIJIEHHbIX HA TPyO6YaTOM
kapkace. Ha ocHOBe aHa/M3a reoMeTpPUM HACAJOYHBIX 3JIEMEHTOB U UX
pacrnoJiokeHUs1 B paboyeM 06bEMe anmnapaTa npejJjioKeHa paciéTHasi cxeMa
3JieMeHTapHOH sguelKU. C y4€TOM 0COOEHHOCTEN ABUKEHUS ra30BOT0 MOTOKA
10 KaHaJs1aM, 06pa30BaHHbIM 3JIEMEHTAaMU HAaCcaJKH, 10J1y4eHbl ypaBHeHUS JJisl
omnpejesieHUs1 MOPUCTOCTHM HaAcaJJKU B MONEpPeYHOM CeYeHUHU alnapara,
00bEMHOM TMOPUCTOCTH M SKBHUBAJIEHTHOrO JAuaMmeTpa. B pacyéTHbIX
3aBHCHUMOCTSX YYTEHbI FeOMeTPUYeCKHe NapaMeTpbl HACaZ0YHbIX 3JIEMEHTOB.
Takke yuTeHbl pajUajbHble W BepTUKaJbHble IIAard HMX pasMelleHus.
[IpoBefieHO CpaBHEHHME PACYETHBIX JAHHBIX /JIs JIACTUHYATON U JIONACTHOM
HacaJlok Ha Tpyb6ax-cTpyHaX. KpoMe Toro, BBINOJIHEHO COINOCTaBJIEHUE C
AHAJIOTUYHOW  KOHCTPYKIMEeH HacaJkKh Ha TMPOBOJIOYHBIX CTpYyHax.
YcTaHOBJIEeHO, YTO JIONMacTHasi Hacajka o6JiajlaeT 6GoJiee  BBICOKOM
IOPUCTOCTbIO B CEYEHHWM almnapata. IJTO CHOCOGCTBYET CHUIXKEHUIO
TU/IPaBJIUYECKOTO CONPOTHBJIEHUS. B To ke BpeMs mJlacTuHYaTasl HacaJkKa
XapaKTepU3yeTCcsl MEHbIIUM 3KBHUBAJIEHTHBIM JIMaMeTPOM U 6oJjiee pa3BUTOM
IIOBEPXHOCTbIO KOHTaKTa ¢a3. bsiarosaps aToMmy co3zaroTcs 6J1aronpusiTHbIe
yCJI0BUSA AJI1 UHTEHCUPHUKAIIMU MPOLIECCOB TEIJIO- U MacCOOOMeHa.
Kiro4yeBble c/I0Ba: TenjoMaccoOOMeEHHbIM amnmapaT, peryJspHas HacaJka,
TPYObI-CTPYHBI, MJIACTUHYATasl HacaJiKa, JIONMACTHasi HAca/lKa, MOPO3HOCTH,
06'beMHasi IOPO3HOCTb, 3KBUBAJIEHTHbIN IMAMETP, Y/ieJbHasi TIOBEPXHOCTh.
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PacueT KOHCTPYKTUBHbBIX NapaMeTPOB PeryJsipHON HacaJlKu
TEeNJ0MacCOOOMEHHOTO anmnapaTa Ha Tpy6ax-CTPyHax

BBeaeHue

B xuMuyeckold, HePTeXMMHYECKOH,  3SHepPreTU4ecKou U MeTa/lIlyprudeckou
IPOMBILIJIEHHOCTU UIMPOKO MPUMEHSIOTCA amnmnapaThl JJs NPOBeJeHUs MpOLecCOB TEMIOo- U
MaccoobMeHa. OlHMMU U3 HauboJiee pPacHpPOCTPAHEHHBIX aNNapaToB SBJAAKTCHA HacaZ04Hble
KOJIOHHBI, KOTOpble obecrneyuBalOT 3PGEeKTUBHBIA KOHTAKT Tra30BOM M KUAKOU a3 u
OTJIMYAITCS BbICOKON MPOU3BOAUTENBHOCTbI U OTHOCUTEJIbHON MPOCTOTOM KOHCTPYKLuUHU [1].
[ToBbilieHHEe 3GPEKTUBHOCTU TENJI0MAaCCOOOMEHHBIX IMPOLIECCOB fIBJASETCS BaXXHOM 3ajaved
COBPEMEHHOM XWUMMYECKOM TEexXHOJIOTMHM, MOCKOJIbKY IO03BOJISeT CHU3UTb 3HeprosarpaThbl U
HOBBICUTb IPOU3BOAUTENBHOCTb TEXHOJIOTUYECKUX YCTAaHOBOK.

B HacTosulee BpeMs pa3paboTaH LIMPOKUH CIEKTp amnmapaToB C TpybyaToM HacaJKou
peryyisipHOM CTPYKTYPbl U pa3/IMYHbIMU BapUaHTaMu pa3MelleHus TpyO [1]. B yacTHoCcTH, K HUM
OTHOCATCS ammnaparbl C [JIQAKUMU 0OpsAMbIMM TpybaMu [2], a Takke KOHCTPYKLHUU C
TypOy/aM3aTOpaMu TeIJIOHOCUTENs], pa3MeléHHbIMU BHYTpU Tpy6 [3,4]. 3HauuTesbHOE
BHUMaHUeE y/leJIeHO annapaTaM C KOMOMHUPOBAHHBIMU PeryJisipHO-B3BeLIeHHbBIMU HacaJKaMH,
BKJIIOUasl TpyO4yaTo-B3BellleHHble [5] U Tpy64yaTo-PpoHTaHUpYWOIHe cucTeMbl [6]. KpoMe Toro,
npeJ/Jio’KeHbl KOHCTPYKLIMU C pa3Zie/IbHbIMU  KOJJIEKTOpaMHM [iJIs  NoJayd U OTBOJaA
TEIJIOHOCUTEJIS] B YeTHBIX U HEUETHBIX C/I0SIX PETYISIPHOM KOJIbLIeBOUM TpybuyaToi Hacaaku [7]. C
IleJIbI0 MOBBIIIEHUS KOMIAKTHOCTU pa3paboTaHbl anmapaThl C pa3MelleHUeM KOJIJIEKTOPOB
HeNocpe/ICTBEHHO B 30He KOHTakTa ¢a3 [8], a Takke AByXCTyleHYaThble amnmnapaThbl yAapHO-
BUXPEBOr0 JeHCTBUSA C Tpyb6uaTod Hacagkod [9]. OTAesbHBIA HHTEpeCc NpeJCTaBISAIT
KOHCTPYKIMH, obecneyrMBawlilye 4YepeJoBaHUe MPOTHUBOTOYHOTO JBIKEHHS IOTOKOB
TeNJIOHOCHUTEJIEW B Tpybax MO cedyeHUIO paboder 30HbI Hacaaku [10]. A mnpoBeneHus
UCCIeJOBAaHUM THUAPOAUMHAMUKMU M IPOLECCOB TelJoMaccooOMeHa paHee ObLI pa3paboTaH
anmnapaTr ¢ peryJspHOM HacaZlkoW, BBINOJHEHHOM B BHJE CHUCTEMbl HENPEPBIBHO W
10C/IeZ0BaTe/IbHO COEeJAUHEHHBIX TPyO OJHOIrO JAWAaMeTpa, pasMelLléHHBbIX BHYTPHU Koplyca
annapara [11].

CoBpeMeHHble HCCAe0BaHUsl MOKa3bIBAlOT, YTO 3QPEKTUBHOCTb PETrYJSpPHbIX HACalOK B
3HAQYUTEJIbHON CTeNeHU OINpeJessaeTcs UX reoMeTpPUYeCKMMM IapaMeTpaMu U YCJIOBUAMHU
pacrnpeze/sieHus NOTOKOB ¢a3 B anmnapare [12]. B cBA3uU ¢ 3TUM 0O0JibllIoe BHUMaHUe yeaeTcs
pa3paboTKe HOBBIX KOHCTPYKLHMH peryJjsapHbIX HAcaJoK. Takke aKTMBHO COBEPILIEHCTBYHOTCS
MeTO/bl pacyéTa X 'MAPOJAUHAMHUY€CKHUX U TEIJIOMacCOOOMEHHbIX XapaKTePHUCTHK.

14 vccieloBaHUSA NPOLLECCOB, NPOTEKAOLMX B HACAA0YHBIX allllapaTax, IPUMeHSATCA KaK
JKCIepUMeHTa/IbHble METOJbl, TaK M YMUCJIEHHOe MoOJeJUpoBaHHe. B 4acTHOCTH, LIMPOKO
HCIO0JIb3YIOTCS METO/bl BbIYMCAUTENbHOU ruipoguHaMuku (CFD) [13-14].

OfHMM U3 MepCleKTUBHBIX HaNpaBJeHUM COBEPUIEHCTBOBAHMUS TelNJI0MacCOOOMEeHHBIX
annapaToB fIBJISETCS MUCIOJb30BaHUE PeryJsapHBbIX HAcaJl0K, YCTAHOBJIEHHBIX Ha TPyO4YaTbIX
KapKacCHbIX 3JleMeHTax — Tpybax-cTpyHax. [I[pyuMeHeHHe Tpy6-CTPYH MO3BOJIAET NOBLICUTh
MEeXaHWYeCKyl0 NPOYHOCTb KOHCTPYKLIMM HacaAku. OJHOBpeMEHHO C 3TUM (QOpPMHUPYeTCH
pa3BUTad NOBEPXHOCTb KOHTAKTAa das.

B kayecTBe HacaZj0YHbIX 3JIEMEHTOB MOTYT UCIOJIb30BaThCsl pa3/IMYHble KOHCTPYKTUBHbBIE
pewenust. Haubosiee pacnpocTpaHEHHBIMU ABJISIOTCA MJIACTUHYATHIE U JIONACTHbIE 3J1EMEHTBIL.
X nprMeHeHHe CI0COOCTBYeT MHTeHCUPUKALIMKY IPOLEeCCOB TEIJI0- U MacCoOOMeHa.

[Ipy NpoeKTUPOBAaHUU TeNJIOMacCOOOMEHHBIX alllapaTOB C PeryJspHOW HacaJKoOW BaXKHOe
3HauyeHUWe HMeeT oOIpeJie/leHMe OCHOBHBIX KOHCTPYKTMBHBIX IapaMeTpoB Hacaaku. K HuM
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OTHOCSITCSI IOPUCTOCTh HACA/IKWU B CEYEHUH almapara, 06’b€éMHAsA MOPUCTOCTb U SKBUBAJIEHTHBIN
JIUaMeTp.

3TH mapaMeTphbl OKa3bIBAIOT CYUIeCTBEHHOE BJMsSHHE HA THJPOJUHAMHYECKHE
XapaKTEPUCTUKHU ammnapara, pacnpegesneHue $pa3 U 3$PeKTUBHOCTb TEMIOMACCOOOMEHHBIX
npoueccoB [15]. BMecTe ¢ TeM /151 peryJisipHbIX HacaJl0K, yCTaHABJIMBAEMbIX Ha TPybHaX-CTPyHaX,
BOIPOCHI ONpe/iesieHHs] YKa3aHHbIX TapaMeTPOB MOKa U3y4YeHbl HEJOCTAaTOYHO.

B CBSI3U C 3TUM LIeJIbI0 HAaCTOsIEN PAabOTHI ABJSETCS Pa3paboTKa pacu€THBIX 3aBUCUMOCTEN
JUIsl oTlpe/ie/IeHUs] KOHCTPYKTHUBHBIX TapaMeTPOB PEryJsipHON HACaZKH TEMJIOMacCOO6MEHHOTO
ammapara Ha Tpy6ax-CTpyHaX. AKTYaJbHOCTb HCCJI€0OBaHUsS OOYCJIO0BJEeHA HEeOOXOJAMMOCTHIO
COBEpIIEHCTBOBAHUS KOHCTPYKIUH PEryJspHbIX HAcaZioK U TMOBbIIIEHUSA 3PPEKTUBHOCTU
MPOILIECCOB TEIJIO- U MacCOO6MeHa.

B pa6oTe paccMoTpeHbl IJIaCTHHYaThble W JIONMACTHbIE 3JIEMEHTHl HacaJKu. JlJisi JaHHBIX
KOHCTPYKI[UM TMOJIy4eHbl YPaBHEHHUSI pacuyéTa MOPUCTOCTH B MOMEPEYHOM CeYEeHUM ammapara,
00bEMHOW TOPHUCTOCTH M 3KBUBAJEHTHOTO JuaMeTpa. [Ipy 3ToM B pacuérax y4YTeHbI
reoMeTpUYeCcKre XapaKTEPUCTUKHU HACa/[0YHbIX 3JIEMEHTOB U IIard UX pa3MelleHHUs.

HayuyHass HoBM3Ha pabOThl 3aK/I0YaeTCsd B pa3pabOTKe pPaCUYETHBIX 3aBUCUMOCTEH MJIs
onpe/iesieHHs TOPO3HOCTU HACAAKU B CEYEHUHU U 06'beMe allliapaTa U 9KBUBAJIEHTHOTO IMaMeTpa
HOBOM KOHCTPYKI[MU PETYJSIPHOU HAacaJKU Ha Tpyb6ax-cTpyHax. OTJIMYHUTENbHONW 0COOEHHOCTbIO
KOHCTPYKIIUM SIBJISIETCSI MCIOJIb30BaHWE TYpPOYJU3UPYIOUIUX IJIACTUHYATBIX MU JIOMACTHBIX
3JIEMEHTOB.

MeToaos10rus

B HacTosleld paboTe aHa/JuM3 KOHCTPYKTUBHBIX NapaMeTpPOB pEryJsipHOW HacaAKu
TEeNJIOMacCOOOMEHHOIr0 anmapara Ha Tpy06axX-CTpyHaXx OCHOBAaH Ha TeOMeTPUYECKOM
MoOJleJIMPOBaHUK GOPMBI HACaJIKU U ONpeJesieHHU e€ KJIUYeBbIX XapaKTepUCTUK. OCHOBHbIE
napaMeTphbl, MNOJJieXalllde pacyeTy — I3TO INOPO3HOCTb B CEYeHHWHM ammnapara, 006beMHas
NOPO3HOCTh M 3KBUBAJIEHTHBIN AHaMeTpP HACaAKH.

PerynsipHasd Hacajka pacCMaTpPUBAeTCsd KaK YNOpsiodeHHash CTPYKTYypa, COCTosIlash W3
NOBTOPSIOUIMXCS 3JIEMEHTOB, 3aKpeEIJIEHHbIX HAa TPYyOax-CTPYHAX M pacnpe/ie/IEHHbIX 110 00bEMY
annaparta. B 3aBUCHUMOCTU OT KOHCTPYKTUBHOT'O BApHUAaHTA, TAKUMU 3JieMEeHTaMHU SIBJISIOTCA JINO0
IJIaCTUHYAThIE, TMO0 JIOIACTHbIE TeJ1a, 00ecnedyBalollMe PAa3BUTY0 IOBEPXHOCTb KOHTAKTa (as.

[lepen Haya/oM aHAJUTHUYECKUX PACYETOB HEOOXOJUMO OINpPeAEeJUTb TeoOMeTpUYecKUe
HCXO/IHble NTapaMeTpPbl HACaJKU: AUaMeTp TPyO, pa3Mepbl HACAJA0YHbIX 3JIEMEHTOB U LIATH UX
pasMelleHusI M0 TOPU30HTAJIA U BEPTHUKaJM. JTU NapaMeTphbl 3ajaloT GopMy KU pa3Mepsbl
PaCUYETHBIX sTYeeK, KOTOpble Cy>KaT OCHOBOM /IS OC/Iey0IMX BbIUHCAEeHU .

[lopo3HOCTh HacaZKyu B MOMEPEYHOM CEYEeHHH OMNpeesisieTcss KaK OTHOIeHHe CBOOOIHOIO
NPOCTPAHCTBA, Yepe3 KOTOPOe MOXKET NPOXOJUTh MOTOK, K 001LeH MJIOLAAU CeYeHUs anmapara.
Jlns1 3TOro paccMaTpUBAETCS 3JIeMeHTapHas iYelKa ceueHusl, pa3Mepbl KOTOPOU onpeesssoTCs
11aroM MexJy COCeJHUMHU TpyOaMU-cTpyHaMu. CBOOGOAHAA MJOUIAAb SYEHMKHU MOoJydyaeTcs Kak
Pa3HOCTb MeXAy 00I1lel MI0UaAbo SYEeHKH U MJI0LAJbI0, 3aHSATOW TPy6aMU U HACaZOYHBIMU
3JIeMeHTaMH.

O6béMHas MOPUCTOCTb XapaKTepU3yeT [0JII0 CBOOOAHOr0o 00bEMa HacaJjKu B paboyeM
00béMe amnmnapara. [l e€ pacyéTa BblZiesIsIeTCsl 3JieMeHTapHasi 00'béMHasl siuelika, pa3Mepbl
KOTOpPOW COOTBETCTBYIOT lllaraM pasMellleHUs] 3J1IeMEHTOB KOHCTPYKLUUHU. [Ipu 3TOM cBOGOAHBIN
00'bEM Onpe/iesIsieTcst KaK pa3HOCTb MeX/AYy 00bEMOM pacuéTHOU TUEMKU U CYMMapHbIM 00'bEMOM
HacaZ0YHbIX 3J1IEMEHTOB, PACIOJI0KEHHBIX BHYTPU HEE.
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JKBUBaJIEHTHBIN JUaMeTp pacCMaTPUBAETCH KaK 0000IEHHAs XapaKTEPUCTHUKA FeOMETPHUHU
Hacaaku. Ero onpesessiloT Ha OCHOBE COOTHOIIEHUSI MEX/Jy CBOGOJHbIM OO'bEMOM HACaJKU U
0011eH MJIOIA/IbI0 TOBEPXHOCTH €€ 3JIeMEHTOB.

YnenbHasi MOBEPXHOCTb HACAJKU BKJIIOYAET IMOBEPXHOCTb TPY6-CTPYH M MOBEPXHOCTH
IJIACTUHYATBIX WJIM JIONMACTHBIX 3JIeMeHTOB. /laHHBIA NapaMeTp HMeeT BaXKHOe 3HavyeHHe,
IIOCKOJIbKY OKa3bIBAaeT BJIUSIHUE Ha pacupejiesieHre a3 U HHTEHCUBHOCTD MPOIECCOB TEIIO- U
MaccooOMeHa.

[Ipensio’keHHBIN MOJXO0/ MO3BOJISIET AHAJUTUYECKH OIeHUBATh BJIUSIHUE TeOMeTPUYECKUX
napamMeTpPoB HACaJKH Ha €€ KOHCTPYKTHBHbIe XapaKTepUCTUKU. [losydeHHble 3aBHCHUMOCTH
MOTYT NPUMEHSAThCS NPU MPOEKTUPOBAHUHU U ONITUMHU3AIMU TEMJIOMACCOOOMEHHBIX alllapaToB C
peryJiipHbIMM HacaJlKaMHu Ha TpyOaxX-CTPYHaXx.

Pe3ysibTaThl M OGCYyKAeHUe
KeadpamHble naacmuHbl Ha mpy6ax-cmpyHax

KoHCTpyKTUBHBIE MapaMeTphbl NJIACTUHYATON HacaJKU Ha Tpybax-cTpyHax (MOpPO3HOCTb B
CeyeHUHU anmnapara, 06'beMHasi IOPO3HOCTb U IKBUBAJIEHTHbIN AUaMETP).
Ha pucyHnke 1 npezcraBieHa a4elKa JIACTUHYATON HACAIKU B CEUEHUH aNapaTa pa3sMepoM

tpXt.
dwp 8
4 ) ©
P -
Vs 70
|V U
by

PucyHOK 1. ®parMeHT IJIACTUHYATOMN HACaJKH HA TPy6aX-CTPYHAX B CEYEHUH
anmapara

HOpO3Hocmb Hacadku 8 ceyeHuuU annapama ornpeaeadeTrcd 110 3aBUCUMOCTHU:
& =1—-=, (1)
rze S.,, - I0Wa/b 3JJeMEHTOB B MU/[e/IeBOM CeYeHHUH, BXOAIMX B A9eiKY, M%; S, - IJI0LIa/b

AYEeH KU, M2
[lnouaib 3/71EMEHTOB B MU/I€JIEBOM CeYEeHUHU OIpe/iesiuM o popmyiie:
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Son = b* — 0,785+ d2, (2)
[lnomazb a4elKu onpesenM no Gopmyie:

Spq = t2 (3)
[Tocne noacranoBkU popmy. (2) u (3) B BeipaxkeHHe (1) nosydum:

b%2-0,785-d%,

€0=1— >
tp

(4)

Ha pucyHke 2 npejcraB/ieHa siueiika MJIaCTUHYATON HACaZKK B 06'beMe amnnapaTa pa3Mmepom
tpXtpXts.

o

\\‘ ¥

\‘\l d
SRR R AT

R AN
¥ AR RN

=
AR

PucyHok 2. flueiika nIJIacCTUHYaTO#M HacaJAKU Ha TPy6Gax-CTpyHaxX B 06'beMe anmnapara

O6seMHass NOpo3HOCMb TJACTUHYATOM HACAJKU Ha TPyOax-CTPyHaX oOIlpejesseTcsd Io
dbopmy.ie:

- (5)

rae V,, - 06'beM 371eMEeHTOB HacaKH, BXOJSLUX B A4erKy, M3; V- 06beM sueiikuy, M3.
06'beM 3/1eMEHTOB HACA/IKU OllpesiesisieTcs o popmyJie:

V,, =2-8-(b*—0,785-d2, (6)
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06beM sUelku onpeesuM 1o Gpopmy.Jie:
Vg =t2-t, (7)
[TopgctaBassa (6) u (7) B ypaBHeHue (5), nonyyum:

5-(b%-0,785-d%,)
t5ty

e=1 (8)

IJKeusaseHmHbIl duamemp TJIACTUHYATON HACA/JKK Ha TPyDOAX-CTPYHAX PACCYUTHIBAETCS MO
dopmye [16]:

4-&
dBKB = (9)
aH
Y nenbHy10 MIOBEPXHOCTh MJIACTUHYATON HACAIKU OIpPEeIesIUM 110 GopMy.Ie:
SH
Ay == (10)

Vﬂ'—l

YaenbHas MJI0LA/b COCTABJSIOUIMX 3JIEMEHTOB IJIACTUHYATOM HacaZKK Ha TpyOax-CTpyHax
onpegeauM no popmyie:

Ssn = Stn + Stp (11)
Y,C[eJIbHaH IMOBEPXHOCTD IIJIACTHUH:
wo=2-[(b*-0,785-d2)+2b- 6] (12)
YaenbHast 10BEPXHOCTb TPYO:
SE =T dyp -t (13)

[ToacrtaBass (12) u (13) B popmyay (11), nosydum:
St =2-[(b2-0,785-d%)+2-b-8|+m-dpy-t, (14)

O6beM suerku onpeznenum no ¢opmyse (7). lloacrasass (14) u (7) B ypaBHeHue (10),
HOJYYUM:
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_ 2:[(b2-0,785-d%,)+2:b8|+ mdpp-ty
L t2-t,

(15)

Torpa c yuetom (8) u (15) ypaBHeHue (9) npuMeT BUJ:

4-[t3ty—8-(b%-0,785-d%,)]
2:[(b%2-0,785:dZ,)+2:b-8|+ m-drp'ty

Ayxs = (16)

JlonacmHas Hacadka Ha mpy6ax-cCmpyHax

Ilopucmocmb s10nacmHoll Hacadku 8 nonepe4HoOM ceyeHuU annapama 3agucum om zeomempuu
eé KOHCmpyKyuu.

Ha pucyHke 3 mnpejcraBsieHa 3JieMeHTapHasd f4YelKa JIOMACTHOM HACaJlKU B CeYeHUH
anmnapara c pasMepamu tpxtp.

3de6

PN

PucyHok 3. flyeiika JionacTHOM HacaJKM B CEYEHHH anmnapara

,Z[JIH HaCaAKH C HAKJIOHHbIMH JIOIIACTAMHU IIOPUCTOCTD B IIOIIE€EPEYHOM CEHEHUH ONpeaedeTCcd
CJieAyIOI KM BbIpaKE€HHEM:
SSJ'[

o =1—" (17)

)
Sﬂ‘{

rae S,, — CyMMapHasl IUIOIIA/lb KOHCTPYKTUBHBIX 3JIEMEHTOB HacaJKu, M2; S, .- IJIOIIAJb
3JIeMeHTapHOM IYeHKH HacaJKu, M2,

Tak Kak OCHOBHYI0 YaCcTb KOHCTPYKIUU COCTABJISIIOT JIOTIACTH, IJIOLA/lb 3JIEMEHTOB HacaJJKH
NPUHUMAETCS paBHOM IJIOIA/X JIOMTACTEH:

SBJ'[ = SJ'[OH' (18)
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[lnoma b JionacTei onpeaesseTcs mo Gopmy.ie:
Sion =8:b-cos xl, (19)

rae b - miMpuHa JionacTty, M; [ - JyinHa JIonacTH, M; & - yroJl HAaKJI0Ha JIONAaCTH.
[liomwaab s4eMKyU HacaZJKU pacCUUMThIBAETCS KaK:

Saa = 1, (20)

rae t, — pajuajJbHbIA LAl MeXJAy OCAMHU TPYy6 C HAcaJOYHbIMU 3JieMeHTaMu. B paHHO#M

KOHCTPYKLMHU:

rae d,,; — AMaMeTp 3aBUXPUTEIS, M.
[Tocne noacTtaHoBKY BeipaxkeHU# (19) u (20) B popmyny (17) nonydum:

8-b-cosx-l
2
&

go=1— (21)

Ha pucyHke 4 noka3saHa 3JieMeHTapHas s4yelKa HacaJKu y»Ke B 00'b€éMe annaparTa. Pazamepsbl
SIYEeUKU COCTaBJSIOT tp X tp X ts, IZle BEPTHUKaJbHBIM LIAr MeXAY 3JIeMeHTaMH NPUHHUMaeTcs
paBHBIM (t, = 3,5 " d..p, dsgp — AUAMETP 3aBUXPHUTEISA, M).

PucyHok 4. flyeiika JIOmacTHOM HACaJAKM B 00beMe annapara

O6bEMHas1 MOPUCTOCTh PETYJISIPHOM JIONACTHON HACA/IKU OTpe/iesIsIeTCsl BbIpaXKeHUEeM:
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(22)

061Kl 06bEM 3J1EMEHTOB HACaJKU CKJIa/IbIBAeTCS U3 00'bEMaA TPYyObl M 06'bEMA JIOTIACTEM:
+ Vion- (23)

06éM TpyOBI ONpeiesisieTcs CAeAyoUUM 06pa3oM:

m-d?
V= 2%, (24)

O6bEM JlonacTeil paccUUThIBAeTCs 10 GopMmy.ie:
Vien=8"b-cos «1-6§,,, (25)
O6bEM 3/1eMEeHTAapHOU TYEMKU HAaCaJ|KHU:
Vaa = £5 " (26)

rze t, - BepTUKaJbHBIN AT MEXAY HACaZ0YHbIMHU 3JIEMEHTAMH.
[Toacrasass ¢opmysbl (24) v (25) B ypaBHeHHe (23), a 3aTeM C yuyeToM (26) B ypaBHeHUE
(22), mony4um:

0,785-d%, ty+8b-cosa '8 on
tZy

e=1- (27)

JkeusaseHmMHbIl duamemp pe2yAsipHOU 1onacmHol Hacadku onpedessiemcs no gpopmyse [16]:

4

daKB = a_H (28)

YnenbHasi MIOBEPXHOCTh HACAJIKU PACCUMTHIBAETCS KaK OTHOIIEHHE IJIOUIA/[U TOBEPXHOCTHU
3JIEMEHTOB K 00bEMY STYEHKHU:

S3h
a, = E (29)

[losiHasg MOBEPXHOCTH 3JIEMEHTOB HACa/IKM BKJ/IIOYAeT MOBEPXHOCTb TPYyObl U NOBEPXHOCTH
JIOMIACTEeu:

San = Srp + Sion (30)
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[lnonaib MOBEPXHOCTU TPYOBI ONpeieisieTCsl BbIpaXKEHHUEM:

Sip =T dpp " ty (31)
[lnomaab NOBEPXHOCTHU JIONIACTEM:
Syon=16-b -1 (32)
YnenbHas NOBEPXHOCTb HacaJku ¢ yueToM (31) u (32):
a, = T dppty+16:b-1 (33)

t3ty

[Tocne noactaHoBKU BbipaxkeHUH (27) u (33) B dopmysy (28) mosiyuuM BblpaskeHUE [Jist
39KBUBAJIEHTHOTO JijMaMeTpa Haca/IKU:

d,. = 4-[t3-t,—(0,785-d%, ty+8b-coSA1'S0n)| (34)

3,14dyp ty+16b-1

B Tabsuue 1 npuBeAeHbl pacuyeTHble JdaHHble KOHCTPYKTUBHBIX IapaMeTpoB [Jisl
peryyisipHO¥M MJIaCTUHYATOM HAcaZKM Ha MPOBOJIOYHBIX CTPYHAX U PEryJsipHON MJIacTUHYATOMN
HacaJIK1 Ha Tpybax-CTpyHax.

Ta6smmna 1. CpaBHUTE/IbHbIE XapaKTEPUCTHKH HACaJ0K

PacueTHble C peryssipHod | C peryasspHod Hacakou Ha Tpyb6ax-
napaMeTphbl IJIaCTUHYATOMU CTpyHax
HacaJKou Ha | KBaJ[paTHbIe JIoacTHbIEe
IPOBOJIOYHBIX MJIACTUHBI 3JIEMEHTHI
cTpyHax [17]
[Topo3sHoCTB B 0,75 0,758 0,882
CeYeHUM anmnapara
&g, MZ/M2
O6beMHada 0,997 0,997 0,994
MOPO3HOCTH &, M3 /M3
JKBUBaJIEHTHBIU 0,608 0,388 0,66
JuaMeTp d.,,, M

HOJIy‘-IEHHbIe pacdeTHbl€e [JaHHbl€ MNOKAa3bIBAKT, 9YTO KOHCTPYKIHA HACAAKHW OKa3bIBA€T
CyleCTBEHHOE BJIMAHHUE Ha eé rmapogruHaMH4eCKH e XapaKTEePUCTHUKH. B yacTHOCTH, JlonacTHas
HaCaZKa Ha pr6aX-CprHax XdpaKTepHUu3yeTca 6oJiee BBICOKOH IIOPO3HOCTbIO B CEYE€HHHU
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anmnapara Mo CpaBHEHUIO C IJIaCTUHYATOMW, YTO CBUJIETEJLCTBYET O MEHbIIEM I'M/IPaBJIUUYECKOM
CONPOTHBJIEHUHU U 60Jiee CBOOOHOM NPOXOKAEHUHU Ira30BOr0 MOTOKA.

B TO ke BpeMsl yMeHbllleHHE 3KBUBAJEHTHOTO JWaMeTpa /Js IJACTUHYATOW HacaJKu
yKa3bIBaeT Ha 6oJiee pa3BUTYI0 NMOBEPXHOCTb KOHTAKTa $a3s, YTO NOTEHLUAJIbHO CIIOCOOCTBYET
MHTEeHCUPUKALIMU TPOLIECCOB TeIo- U MaccoobMmeHa. [losiydeHHble pe3yJibTaTbl XOPOILIO
COTJIACYIOTCSl C U3BECTHBIMU NPECTABJIEHUSMHU O BJAUSHUU T€OMETPUH PEryJisipHbIX HAacaJIOK Ha
CTPYKTYpPY NOTOKa U 3G PEeKTUBHOCTH aNNapaToB.

/i1 00'b€KTHBHOTO CPaBHUTEJbHOTO aHa/li3a NPOBEJEM CONOCTABJEHUE PACUETHBIX U
3KCIIEPUMEHTA/NbHbIX [JAaHHbIX KOHCTPYKTHUBHBIX M THJPOJAMHAMHUYECKUX I[IOKa3aTeJieil
CO3/IJaHHbIX HAaMM aNNapaToB C peryJspHOM HacaJKOW Ha TpybaxX-CTpyHax C JAHHBIMH,
MOJIyYeHHBIMHU JIJ1sl HEPETYJISAPHBIX U PETYJISPHbBIX HACAJOUHbIX 3JIEMEHTOB U NMPE/ICTABJIEHHBIMU
B paboTax [16,18-20].

B kadecTBe HeperyJspHOW HacaJAkd BblibepeM HauboJiee pacnpoCTpaHEHHbIE B
NPOMBIIIJIEHHOCTH THIbl KOJIbIEBBIX HACa[0K: KepaMHuyecKue KoJblla Pamura pasmepom
25x25x3 MM, uMerouive yAebHy0 noBepxHocTb a=200 M?/M3; 06'beMHYI0 Opo3HOCTb €=0,74
M3/M3; 3KBUBaJIeHTHbIM auaMeTp d»=0,0148 M, a Takke MeTa/ndyeckhe KoJblia [lanis
pasmepoM 25x25x0,6 MM (BHYTpeHHHE JIEIECTKM 3TOW HACaJ KU CylleCTBEHHO YBEJUYUBAIOT
CBOOO/IHBIM 06b€M M CHHIKAIOT CONMPOTHBJIEHHWE MO CPABHEHHUIO CO CTAHJAAPTHBIMU KOJIbLIAMU
Pamura), uMeronye yeJbHY0 MOBEpPXHOCTb a=235 M2/M3; 06'beMHYI0 MOpo3HOCTb £=0,9 M3 /M3;
3KBUBaJIeHTHbIN AuaMeTp d»xs=0.0153 m [16,18,19].

B kadecTBe peryJisspHOi HacaZjKu BblbepeM MeTaJJIM4eCcKy0 roppupoOBaHHYIO PEry/spHYIO0
Hacazky Tuna Mellapak 250.Y, umewnyw yaeabHyI MoBepxHOCTb a=250 M2/M3; 06beMHYIO
nopo3HocTb €=0,96 M3/M3; skBUBa/leHTHbIH aAuaMeTp d>s=0.01536 M, a TakXKe ceT4yaTylo
PYJIOHHYIO peryJsipHylo HacaZKy (4acTo u3roraBJiMBaeTcs no Tuny Hacagku ['yanoy (Goodloe),
HMeWINyl0 yAeJbHYH mNoBepxHOCTb a=500 ™M?Z/mM3; o6beMHyw mnopo3HocTb €=0,93 ™m3/M3;
3KBUBaJIeHTHbIN gUuaMeTp ds>ks=0.00744 M [20].

AHann3 KOHCTPYKTHUBHBIX I[apaMeTpoOB BbIOpDAaHHBIX HAcaZO0K BO MHOTOM OIpeJesseT
rUpoJMHaMHYecKre oKa3aTeJu U MHTEHCUBHOCTD TelsioMaccoobMeHa. [Iopo3HOCThb B cedyeHuH
omnpegesisseT UCTUHHYIO CKOPOCTb ra3a M JIOKaJIbHYI0 THJpOAMHAMUKY. B peryispHbIx HacagKax
OHa MOCTOSIHHA 10 BBICOTE, @ B HeperyJsipHbIX (HacbIMHbIX) — KoJiebseTcsd. Ocoboe 3HaUYeHUe
MMeeT B NPUCTEHHON 30He, TIZe NMOPO3HOCTb B CeYEHWM BCerja Bblllle, YTO NPUBOJAUT K
«MPUCTEHHOMY 3P PeKTy» (MPOCKOKY rasa v 6alnacupoBaHUI0 XkuakocTu) [16,18,19].

AHanu3 peKoMeHyeMbIX pab04MX CKOPOCTeN 3aBUCUT OT 00’ beMHOM NOPO3HOCTH HACaJKHU
[16,18-20]. [nsa kouseny Pamura u3-za Majsoro cBo6oaHoro ob6beMa &£=0,74 3axsebbiBaHUE
HacTynaeT O4eHb paHo, U paboyas ckopocTb rasa cocrasusiet 0,4-0,6 m/c. [lnsa kosnen [lannsa
o6beMHass mnopo3HocTb ¢€=0,9 no3BoJsiseT mNpomnyckaTb OoJibllle raza M paboyhe CKOpPOCTH
cocraBasawT 0,6-09 m/c. [lna ceTtyaTod pyJIOHHOUN (pery/asipHOM) HacaAKd HpU 0OBbEMHOU
nopo3Hoctu €=0,93 pabouasa ckopocTb rasa cocrasiset 0,8-1,2 M/c, a gna Hacaaku Mellapak
250.Y npu o6'beMHOM nopo3HocTH £=0,96 pabouyas ckopoctb — 1,2-1,8 m/c.
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TEeNJ0MacCOOOMEHHOTO anmnapaTa Ha Tpy6ax-CTPyHax

JleiicTBUe pa3pabOTaHHbIX HAMM alllapaTOB C peryJspHON HacaJKoOW Ha Tpybax-CTpyHax
OCHOBAaHO Ha BHUXpPEBOM MexaHHW3Me B3aUMOJEHCTBHUA IOTOKOB rasa M XUAKOCTU. llpu
onpeJieJIeHHOM pacloJIOKEHUU OOTeKaeMbIX 3JIEMEHTOB B BepPTHUKaJbHOM HalpaBJeHUU
BO3MOXXHO JIOCTHXKeHHEe CUH(}A3HbIX PEXXUMOB B3aUMO/JEeNCTBUA BUxpel [21], a pacnoJioxkeHue
00TeKaeMbIX 3JIEMEHTOB B paZjia/ibHOM HalpaBJIeHWU ompejiesisieT MeXxaHW3M GOpMHUpPOBAHUA
BUXpeld B 3a30pe MexX/Jy pPsJJ0M pacloJOoXXeHHbIMU 3jieMeHTaMu [22]. Pa3Mmepsbl 11aros
pa3MelleHUsl 06TEKAEMbIX 3JIEMEHTOB B BEPTHKaJIbHOM U paZjia/ibHOM HallpaBJIeHUU SBJSAIOTCSA
3HAYUTEJbHBIMHY, YTO U OlNpesiesisieT BbICOKYI0 00beMHYI0 IOPO3HOCTb HACaAKU U3 KBaJpaTHbIX
IJIACTUH Ha Tpybax-cTpyHax €=0,997 1 HacaiKu C JIONACTHBIMU 3JIEMEHTAaMU Ha Tpybax-CTpyHax
€=0,988 (tabsuua 1). [Ipu sToM JJis peanu3alnMi BUXPEBOTO MexaHU3Ma B3aUMO/JIENCTBUS
IOTOKOB paboyue CKOPOCTH cocTaBsAoT 3,5-4,5 M/c. [Ipy Takux paboyux CKOPOCTAX AUAMETP
KOJIOHHBIX allllapaToB fIBJISE€TCS HAUMEHbIIUM M3 KOJIOHH C CPaBHMBAaeMbIMU HacaJjKaMH.

JKBUBaJIEHTHbIM JuaMeTp KaHaJOB HacaJKH pacCYUMTBIBAETCS 4epe3 OTHOLIeHWe
CBOOOZIHOT'0 06'beMa K y/ieJIbHOM MOBEPXHOCTH HacaJku. ConocTaB/ieHHMe YUC/IeHHbIX 3Ha4YeHU !
3KBUBAJIEHTHOTO JiMaMeTpa CpaBHHBaeMbIX HAacaJloK I[OKa3blBaeT, 4YTO /[Jis pearu3aluu
BUXPEBOI'0 B3aUMO/I€MCTBHS NMOTOKOB ra3a U »XUJKOCTHU TpPebyTcs 60Jiee BBICOKME 3HAUYEHUS
3KBUBAJIEHTHOTO JAuaMeTpa. Tak, AJid HacaJKu W3 KBaJpaTHBIX MJACTHH Ha Tpybax-CTpyHaX
ds>xs=0,388 M, a A/19 HACAZKH C JIOMACTHBIMU 3JIEMEHTAMH Ha TPyOax-cTpyHaX dsxs=0,66 M.

[lnsa panpHeWIero aHaau3a BJAUAHUA KOHCTPYKTUBHBIX IapaMeTPOB NPOBeZleM CpaBHEHHE
10 OCHOBHOMY 3HepreTU4ecKoMy napaMeTpy — FHApPaBJIUYE€CKOMY CONPOTHUBJIEHUIO KOJOHHBIX
anmnaparos.

CpaBHeHMe T'H/paBJIMYeCKOr0 CONPOTUBJIeHUA AP ocyiiecTBUM /11 TpeX pa3MepPOB BbICOTHI
HacagoyHou 30HbI Huac - 0,5 M; 1 M 1 1,5 M. B Tabsmue 2 u Ha pUCyHKe 5 NpeacTaBJIeHbI
pe3yJIbTaThbl pacyeTOB U 3KCIIEPUMEHTAJIbHbIe JJaHHbIe CDABHUBAeMbIX HaCa0K.

Taﬁjmua 2. I‘n,qpannnqecxoe CONMPOTHUBJICHUE B 3dBUCHUMOCTH OT BbICOThI HACAAKH

BricoTa ['napaBinyeckoe conpoTuBieHrue AP, M

ciod Kosbua | Kosbua PerynsapHas PerynsipHas | KBagpathsblie | JlonmacTHas

Hacagku | Pamura | [lanna roppupoBaHHas | pyJOHHas [JIACTUHEI HacajKa

H, m HacaJiKa HacaJiKa Ha Tpybax- | Ha Tpy6ax-

CTpYHax CTpYHax

0,5 156 46,8 12,5 32,5 2,18 0,7
1,0 324 97,2 25,0 65,0 5,36 1,4
1,5 504 151,2 37,5 97,5 8,04 2,1

Kak BUAHO M3 pHUCYHKA, HAWOOJIBUIMM THAPABJIUYECKUM CONPOTUBJIEHHEM O006JaJAI0T
arrmaparsl ¢ HeperyasipHOU HacaJikou (kosbua Pamvra v [anns). [Ipu yBesiMdYeHUU BbICOTHI CJ10ST
HabJsojal0TCcd ABa HeraTuBHbIX 3¢dekta [16,18,19]: nepBbil — 3QPeKT yNI0THEHHUA
(nedbopmanus), Korja HUIKHHE CJI0M HACAJKH MCOBITHIBAIOT 3HAYUTEJbHOE CTAaTUYECKOe
JlaBJIeHHe OT Beca BEPXHUX CJIOEB U 33/IeP>KUBAIOLENCS B HUX XXUJKOCTU. JJIEeMEHThI HACaIKU
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BHH3Y KOJIOHHbI MOTYT e(pOPMUPOBATHCA UJIH YKJIAAbIBAThCS MJIOTHEE, U3-3a YEro MOPO3HOCTh
B HU>KHEU 4acTU aJilaeT, a y/ieJibHOe CONPOTHUBJIEHUE pACTeT U, BTOPOU — IPUCTEHOYHbIN 3QPEeKT.
[lo Mepe cTekaHUs BHU3 KUJKOCTb YXOJUT OT LeHTPAa K CTEHKAaM KOJIOHHBbL. B 30Hax y CTEHOK
006pa3yroTCcs JIOKaJlbHbIE «TPOOKU» U3 XKUAKOCTH, JJOKAJbHO YMEHbIIAOL[KE }KUBOE CeYeHUE JJIs
rasa. ['a3 HauMHaeT UATH 4Yepe3 LIEHTP C 0O0JIbIIEd CKOPOCTHIO, UYTO BbI3bIBA€T HeJHMHEHHbIN
CKayOK CONPOTHUBJIEHUS BCeU cUCTeMBI. B annapare ¢ kosibliaMu Panivra cTeHKH KoJiel, ABJASI0TCA
CIJIOUIHBIMU, U Ta3 MOCTOSIHHO MeHsIeT HanpaBJieHue noJ yrjaamMu A0 90° u 6oJiee, yaapssch 06
3JIeMeHTbl HacajKW, M TPaTUT KHHETHUYECKYK 3SHEepPrul Ha I[peoJioJieHHe MeCTHBIX
CONPOTUBJIEHUU.
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Yc0BUS ONBITOB: Cpejia BOAA-BO3/yX; CKOPOCThb raza wr=0,5M/c
PucyHok 5. 3aBUCMMOCTBb rMApPaB/INYECKOr0 CONPOTUBJIeHUS AP OT BBICOTBI
HacaAo04HOM 30HbI Hyac

B annaparte ¢ kosbuamu [lannsa 6aarofaps Belpe3aM B CTEHKaxX HacaZika 00J1afaeT Jydlleil
a’3poJMHAMHUKOMU, UYTO CHMKAaeT CONPOTHUBJIEHUE C/1051 HACAAKU B CPAaBHEHUH C KOJIbLlaMu Pamura.

B perynsipuoit Hacagke tuna Mellapak 250.Y roppupoBaHHbIe GJIOKU KeCTKO GUKCUPYIOT
reOMeTpUI0 KaHaJIOB, MCKJIOYas YIJIOTHEHWE WJIU CMelleHUue 3JeMeHTOB TMO0J, BecoM
BbIllIeJieXKalux caoeB. JKUAKOCTb pacnpefesnsieTcsl KalWJJISPHBIMU CUJIAaMU U Te4eT B BU/JE
CTPOTO OJJHOPOAHOU IJIEHKU N0 roppam. biaropaps OTCYyTCTBUIO XaOTUYHBIX 3aBUXPEHUU U
3dpdekTa ynIOTHEHUS, yAelbHOE CONPOTHUBJIEHHE PETYJSPHOW HacaJKU MOCTOSIHHO N0 BCeH
BBICOTE CJ10s1, B 3,6 pa3a HUKe KoJiel [lanis u B 12 pa3 HuKe KoJtel Pamura [16,18-20].
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B perysisspHOM pYyJIOHHOM HacajiKe KaHaJbl JAJ NPOXOXJEHHUA IOTOKOB y3KHe, MO03TOMY
6a30Boe yJieJibHOe CONPOTHUBJIEHHE B HUX BbIlle, YEM y JIMCTOBOM peryJsspHOM Hacafku. Ilpu
3TOM OHO BCe PaBHO OCTAeTCs 3HAYUTEJbHO HUXKe, YEM Y Hepery s pHbIX HacaZok (KoJien Pamura
u [lannsa), 6;1aroaps ynops/Jo04€eHHOCTH M OTCYTCTBUIO TYNHUKOBBIX 30H 3aBUXpeHus [20].

HauMeHbIIMM THUAPABJIMYECKUM CONPOTHUBJIEHUEM IMPU 33JaHHBbIX YCJAOBUSAX 00J1afal0T
anmnapaThbl C peryJasspHON HacaJKol Ha TPybax-CTpyHax. ITO NPOUCXOJUT U3-32 3HAYUTETbHOTO
PacCTOSAHUSA MeXAYy THUPJSAHAAMH C HACaJlOYHbIMM 3JIeMEHTaMU U MeX/JAy WX CJ0SIMU B
BEPTUKAJIbHOM HallpaBJIEHUMH.

3ak/iloyeHue

B JjaHHOWl paboTe pacCMOTpPeHbl KOHCTPYKIHUHM TeIMJOMacCOOOMEHHOTO ammnapaTta c
peryJissipHOM HacaJjKol Ha TpyOax-cTpyHaX. Hacajka BbIllOJIHEHA B BHJE IMJIACTHHYATBIX U
JIOTIACTHBIX 3JIEMEHTOB, 3aKPEIJIEHHbIX Ha TPybuyaTOM Kapkace. Ha ocHoBe aHasiM3a reoMeTpuu
HACaZI0YHbIX 3JIEMEHTOB M OCOOEHHOCTEM HX pa3MelleHUs MpejJioKeHa pacyéTHasg cxema
3JieMeHTapHOU s4yellku. OHA MO3BOJISIET YYUTHIBATH OCHOBHbIE KOHCTPYKTHBHbIE MapaMeTpPhl
HaCaKH.

[Ipu paccMOTpeHUH IBUXKEHU I TA30BOT0 MOTOKA Yepe3 KaHa/ibl, 00pa30BaHHbIE 3/IeMEHTaMHU
peryJispHOd HacaJKu, ObLJIM MOJIydeHbl 3aBUCUMOCTHU /ISl pacyéTa MOPO3HOCTH B MOMEPEYHOM
Ce4eHHUH anmnapara, 00’ bEMHON MOPO3HOCTHU U SKBUBAJIEHTHOI'O AMaMeTpa Hacaaku. [losiyyeHHbIe
BbIpaXKeHHUS YYUTHIBAIOT pa3Mephbl 3JIEMEHTOB HAacaAKHU. TakKe B pacyéTax yuYTeHbl paJiuajibHble
Y BepTHUKaJIbHblE ATy UX pa3MelleHus .

[IpoBe/iéH CpaBHUTEJNbHbIM aHa/JU3 PacYETHbIX MapaMeTpPOB IJIACTUHYATOM W JIOMACTHOU
HacaJlok Ha Tpybax-cTpyHaX. JJOMOJHUTE/NbHO BBINOJHEHO CONOCTABJEHHE C aHAJOTMYHOU
HacaJIkol Ha MPOBOJIOYHBIX CTPyHax. YCTAHOBJIEHO, YTO JIOMACTHasi Hacajka HUMeeT GoJiee
BbICOKYI0 TMOPO3HOCTb. JTO CHOCOOCTBYET CHHXXEHHIO THUAPABJIMYECKOr'0 CONPOTHBJIEHUS
anmnapara. B To »e BpeMs mjiacTUHYaTasl HacaJiKa XapaKTepu3yeTcsl MEHbIIUM 3KBUBaJIEHTHBIM
JiuaMeTpoM. JTO yKa3blBaeT Ha 6oJiee pPa3BUTYI MOBEPXHOCTb KOHTAKTa pa3 U BO3MOMKHOCTb
MHTeHCUPUKALKU IPOLECCOB TEMNJI0- U MaccoobMeHa.

[IpoBesieHO conocTaB/eHUe pa3paboTaHHbBIX HACAJ0K U YeThIPeX U3BECTHbBIX TUIIOB HACAAKH,
UCIIOJIb3YEMbIX B KOJIOHHBIX TeINJIOMAacCOOOMEHHBIX ammnapaTrax [0 KOHCTPYKTHUBHBIM
IIoKa3aTeJssIM: IOPO3HOCTH B CEYEHUHU U 00'beMe allapaTa, 9KBUBAJIEHTHOMY AUaMeTPY, a TaKXKe
U/ PaBJIUYECKOMY CONIPOTHBJIeHHI0. COMOCTaB/IeHUE BBINIOJIHEHO C HEPEryJIsipHbIMU HacaJiKaMu
(kosibuamu Pamvra u [lanisi) v peryysipHbIMUA HacaZlkaMu — MeTa/lJInYeCKOH roprUpoBaHHOHU U
CeTYaTON PYyJIOHHOU. AHa/IM3 MOKa3aJ NepCreKTUBHOCTb MPUMEHEHHUS PEeTyJIIPHOM HACaIKU Ha
Tpy6ax-CTpyHax.

[TonydeHHble pe3yJbTaTbl MOTYT ObITb MCHOJb30BaHbl MPH MPOEKTUPOBAHUU HOBBIX
TEIMJIOMacCOOOMeHHbIX anmnapaToB. KpoMe TOro, oHU MOTYT NMPUMEHSATbLCS MPU MOJlepHU3AIUU
CYLIECTBYIOIIUX KOHCTPYKIHM.

BJsiarogapHocTb, KOHQJIUKT UHTEPECOB

PaboTa BbINOJIHAETCS MPU MOJJIep’KKe TpaHTOBOro ¢uHaHcUpoBaHUs KoMmuTeTa Hayku
MuHHCTEpCTBA HAayKd W Bbicuiero o6pasoBaHusi Pecny6snku Kaszaxcran (mpoekt No
AP26199841).
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Bkyax aBTOpOB.

E.A. XKuseb6aeB: KOHIeNMs, pacieTHas METO/MKA, HAalMCaHHUE TEKCTA.

0.A. llloxaeB: pacyeTHasA MeTOAMKA, HAlUCAHUE TEKCTa.

A.A. BolHeHKO: TeopeTUYeCKHUU aHA/IU3, IEPeCMOTP TEKCTa.

A.K. XKymazynnaeB: aHa/iu3 KOHCTPYKTUBHBIX pellleHUH, 00CYy»/jeHue pe3ybTaToB.
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E.A. Zhidebayev, 0.A. Shokhaev, A.A. Volnenko, D.K. Zhumadullayev
M.Auezov South Kazakhstan University, Shymkent, Kazakhstan

Calculation of the Design Parameters of Regular Packing in a Heat and Mass Transfer
Apparatus with Pipe-Strings

Abstract. This paper considers the design of a heat and mass transfer apparatus equipped
with a regular packing based on pipe-strings. The geometric parameters of the packing elements
and their arrangement within the working zone of the apparatus are analyzed. Based on the known
principles of gas flow through tortuous channels formed between packing elements, calculation
relationships are obtained for determining porosity, volumetric porosity, and equivalent diameter
of the apparatus cross-section. The derived equations take into account the geometric
characteristics of the packing elements as well as their spacing in vertical and transverse
directions. A comparative analysis of calculated parameters is performed for plate-type and blade-
type packings mounted on pipe-strings. The results show that blade-type packing is characterized
by higher porosity, which contributes to lower hydraulic resistance, whereas plate-type packing
provides a higher specific surface area, enhancing the efficiency of heat and mass transfer
processes.
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AHHOTauMAa. JKCIJyaTaluydss MallMH U 060pyZoBaHUS TpebyeT O6OJIbILINX
JHepreTU4YecKUx 3aTpaT. B 3TOU CBA3M TpaJAULIMOHHAs 3HepreTHKa Ha
COBpEMEHHOM 3Tale pa3BUTHUSA TpebyeT KaueCTBEHHOrO0 OOHOBJIEHUS U
r11y0OKOW MoJepHU3alUUU. B ycl0BUSX CTpeMUTEbHOrO pocTa LU(POBBIX
TEeXHOJIOTUM MBI BCE 4allle CTaHOBHUMCS CBUJIETEJNSIMM TOr0, KaK Ha CMeHy
KJIaCCMYeCKHMM IOJX0/laM NPUXOAAT MHHOBALMOHHble LIU(POBbIE pelleHHs.
CerogHsi, B BeK LUPpoBU3ALUH, HabOIOAAEeTc OecnpelefeHTHbIM pocT
MHTepeca K TEeXHOJOTUAM MAUIMHHOTO OOy4eHHs1 M MCKYCCTBEHHOIO
uHTessnekta (HMHU), KoTopble CTAHOBATCA KJ/IHYEBBIMU HHCTPyMEHTaMU
pellleHUs CJA0XKHEWIIUX WHXEHEepHbIX 3aZady. JlaHHas cTaThsl MOCBSLIEeHA
OJHOM M3 Haubosiee OCTPbIX Mpo6GJieM COBPEMEHHOW ISHEPreTUKU -
NOBBIUIEHWI0 TOYHOCTU NPOTHO3UPOBAHUS TEXHOJIOTUYECKUX MOTepb
3JIEKTPUY€ECKOW 3HEPTUU B HALlMOHAJIbHOMW 3JIEKTPUYeCKOl ceTu Pecny6iMKu
Kazaxcrah, Haxogdamekca nog ynpasieHrneM AO «KKEGOC».

B oTsiMuue oT cTaHAapTHbIX anroputmoB, LSTM cnoco6Ha 3dpdeKTUBHO
06pabaThiBaTh BpeMeHHbIe ps/ibl, yYUTbIBAsA [OJTOCPOYHbIE 3aBUCHMOCTH U
NUK/JIW4YecKue TpeH/Abl. PaboTa BkJilO4aeT B cebs JeTaJbHOE OINHUCaHUE
npolecca WHTeJJIEKTYaJlbHOW NpefoOpabOTKU JAaHHbIX W CPaBHUTEJIbHbIN
a”Hasu3 (6eHuMapkuHr) mogenein LSTM, ARIMA u rpasgueHTHOro GYCTHHTa.
PesysibTaThl MOKasbiBalOT, 4YTO BHeApeHue MWW mno3BosigeT CHU3BUTH
HOTPEUIHOCTh [0 YpOBHS MeHee 5%, 4YTO KPUTUYECKHM BAXXHO [Jid
ONTUMHU3ALMU PEKUMOB PabOThI 3HEPTOCHUCTEMBI.

KiroueBble €/10Ba. IPOrHO3UPOBaHME 3JIEKTPONOTPEOJIEHUS, STEKTPUUECKHUE
NIOTepPH, UCKYCCTBEHHbINM HMHTes1eKT (MH), MalmiMHHOe 0Oy4yeHUe, ryyboKoe
o6yyenue, LSTM, HelipoHHBbIe ceTH, IMdPOBasi IHEPTeTHUKA.
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npOFHOSI/II)OBaHI/Ie JJIEKTPHUYECKUX IIOTEPD MMPHU 3KCIJIYaTAllUU MAllIUH U 060pyﬂOBaHI/IH Ha OCHOBe
METO/J0B HCKYCCTBEHHOI'O HMHTEJIJIEKTA

BBeaeHue

Bosibmiie 06'beMbl 3aTpaT 3JIEKTPO3HEPTUH INPU IKCIVIyaTallMM MallMH U 000py/0BaHUA
CONPSKEHBI C NepexofoM K KoHuenuuu Smart Grid, rae K/ro4YeBYyHO POJIb UTpaeT He TOJIBKO
dusmyeckass UHGPACTPYKTypa, HO U HMHTEJJIEKTyaJbHble CUCTEMbl YIpaBJeHUs AaHHbIMU. B
YCJIOBUSAX POCTa LHUPPOBBIX TEXHOJOTUM TPaAULIMOHHASA JHEPreTUKA CTAaJIKUBAETCA C BbI30BAMH,
KOTOpble HEBO3MOXXHO PELIUTh KJIaCCUYeCKUMHU MeToAaMU. Cero/iHs UCKYCCTBEHHbIA HHTE/JIEKT
(M) m m™MammHHOE 00y4YeHUMe TIepecTaloT ObITb BCIOMOraTeJbHbBIMM HWHCTPYMEHTAMH,
npeBpaljasicb B OCHOBY /JJisl oOecrniedyeHUs HAJIEKHOCTH U 3KOHOMHUYECKOU 3(PeKTUBHOCTU
sHeprocucteM. KaszaxcraH, ciefys riobalbHOMY TpeHAy LudpoBu3aunuu, uHTerpupyet HHU-
pelleHUs AJIA yIpaBJIeHUs CJ0XHBIMU HEJIMHEHHBIMU NpOLecCCaMH, K KOTOPbIM OTHOCUTCS U
IPOrHO3MpPOBaHUeE noTepsb [16].

JHeprocucteMa Pecnyosuku Kasaxcrtan B nociefHue roabl GyHKLIHOHUPYET B pexuMe
becrnpele/leHTHOr0 pocTa Harpy3ok. [Io utoram 2025 roga paktudeckoe norpebdaeHre B Eaunon
asekTposHepretudyeckoil cucreme (E3C) mocturno ormetku 124,6 mipa kBt-y [1]. Ocobyro
CJIOXKHOCTB [IJI1 CHCTEMHOTI0 OllepaTopa NpeACTaBJISI0T 3KCTpeMaJibHble IUKHU: TaK, 18 nekabps
2025 roza 6bL1 3aPpUKCHPOBAH UCTOPUYECKUA MAaKCMMyM Harpysku B 17 724 MBT [2]. Takoit
MHTEHCUBHBIM pOCT NOTpebsieHUs HeHu30eXHO BeJeT K YBeJWYeHWI0 00beMOB IepeAadu
MOIHOCTHU 1o MaructpaibHbiM ceTAM AO «KEGOC», 4TO B pU3U4YECKOM BbIpaKEHUMU O3HA4yaeT
pPOCT Harpy3o4HbIX oTepb. TakKe yca0BUA TPeOYIOT COBEPLIEHCTBOBAHMA METO/0B aHA/IU3a.

PacyeT nmnoTepb 3/IeKTpHYeCKOM DJHEpPruM fABJAETCA  BaXKHEMIIMM IOKasaTeJseM
3pPeKTUBHOCTH pabOThl 3JIEKTPUYECKUX CEeTEd M TPaJULMOHHO BOCTPeOOBAaH IHpU
IPOEKTUPOBAaHUM, HOPMUPOBAaHUM U yIpaBJEHUU DPEXKUMAMU ITHUX CeTeh. AKTYaJbHOCTb
UCCeJJOBaHUSI U COBEpPLIEHCTBOBAHHUS METOJMK pacyeTa MNOTepb, a TakXe O0OOCHOBaHHUeE
HOPMaTHUBHBIX XapaKTePUCTUK NOTepPb, 00YCJI0BJIeHa HEOOXOAUMOCTBIO NMOBBILIEHUS TOYHOCTH
IPOrHO30B U MUHUMM3aLlUM 3KOHOMUYECKUX NOTepb. [6]

Ha cerofHsIlIHMN JleHb NIPUMEHSIIOTCH CTaTUCTUYECKHE METO/bl TPOTHO3UPOBAHUSA MOTEPH
3JIEKTPO3HEPIHH, KOTOpPble BKJIIOYAKOT aHa/IM3 UCTOPHUYECKHUX JAHHBIX U TPEH[O0B. XOTA 3TH
MeTO/ibl MOTYT JIaBaTh HEMJIOXUeE Pe3yJbTaThl B CTAOWUJ/IbHbBIX YCI0BUSAX, OHU MeHee 3P PEeKTUBHBI
B YCJIOBUSIX BBICOKOM MU3MEHYHUBOCTHU NTapaMeTpoOB ceTH. TpaJULIMOHHbIEe MeTO/ibl pacyeTa oTephb
XapaKTePHU3yTCH PAAOM KPUTHYECKUX HeJOCTAaTKOB, OrPaHUYUBAKOIIUMX UX 3PPEKTUBHOCTL B
COBpeMeHHBbIX ycjoBUsAX. [Ipex/Je Bcero, oHM 006J1a/jlal0T OrpaHMYEHHON TOYHOCTbIO, TaK KakK
6a3MpylOTCA Ha YIPOLIEHHbIX MaTeMaTU4YeCKUX MO/Je/IfIX, He CIIOCOOHBIX y4YecCTb CJIOXKHbIe
HeJIMHEeHHble 3aBUCUMOCTU M JUHAMHUYeCKOe BJMsSHHE BHEIIHUX (PaKTOpoB. JTa mpobseMa
yCcyryoJisieTcsl BbICOKOM 3aBUCUMOCTbI0 OT TEOPETHYEeCKUX MNpeJNoJIOKEHUU U [IONyLieHUH,
KOTOpbIE 3a4aCTyI0 He COOTBETCTBYIOT peajibHbIM PeXXMMaM paboThl 3HEPTOCUCTEMBI, YTO BeZleT
K [10JIy4eHUI0 HeI0CTOBEPHBIX pe3y/bTaToB. KpoMe Toro, Takue noAxo/bl OTJIMYAIOTCSA BBICOKOU
TPYA0EMKOCTBIO: IIPOLieCcC TPeOyeT KOJIOCCAJbHBIX 3aTpaT BPeMEHU U YesJI0BeYeCKUX PecypcoB
JUIsl peryJjsipHoro c6opa, BepuUKauUuu U OOHOBJIEHUS JAHHBIX, YTO JleJlaeT HEBO3MOXXHbIM
olnepaTHBHOE yIpaBJIeHUE CETBIO B peXXUMe peaJbHOr0 BpeMeHH.
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B cBfI3M C BbIIEU3JIOKEHHBIM, BHeJpeHUe MeTOJ0B HCKYCCTBEHHOIO MHTeJJIeKTa
CTAaHOBUTCA He IPOCTO WHHOBALMeHW, a NPOU3BOACTBEHHOM HEO0OXOAMMOCTBIO. AJITOPUTMBI
MaIlXMHHOTO 00y4eHUs], B YAaCTHOCTHU IVTyO0KMe HEUPOHHbIE CETH, CIOCOOHBI BbIIBJAATDH CKPBIThIE
3aKOHOMEPHOCTH B OIPOMHBIX MaccuBax AaHHbIX (Big Data) [3, 15].

[Ipumenenne MU no3BosisseT 3Ha4YMTENIBHO YCKOPUTD U YJIYYIIUTDb IPOLLECC aHAIN3a JaHHBIX,
YTO MOXeT NMPHUBECTH K 60Jiee TOYHbIM NPOrHO3aM M 3HAYUTEJbHOU 3KOHOMUM BpeMeHM [8].
Bbiies1MM OCHOBHBIE IpeUMyILlecTBa Ucno/b30BaHusa .

006 beKT uccaej0BaHUA U CTPYKTypa OTepPb

JJIeKTpHUYeCKHe NIOTepPHU B CeTAX KJIACCUPULMPYIOTCA HAa TPU OCHOBHBIe Irpynsl [9]:

e TexHuyeckue mnoTepu: o6ycjoBJIeHbl GU3UKON Npolecca (HarpeB NpPOBOJOB, IOTEPHU B
ctasu TpaHchopmaTopoB). OHM [JleIAITCA HaA YCJOBHO-NIOCTOSHHbIe U Harpy3o4yHble
(mepeMeHHbIE).

e Pacxoj Ha coGCTBEHHble HYX/bl: 3Heprus, Heobxoaumas s paboTbl 0060pyJ0BaHUA
MOACTaHIHA.

e KomMepueckue noTepu: 00yc/0BJIEHb]I NOIPELIHOCTAMU NIPUOOPOB y4eTa, XULEeHUAMU U
OLIMOKaMH B pacyeTax.

TexHoJiOrMYecKHe NOTEPU B MaruCTPajbHbIX CETAX UMEIOT CI0XKHY0 GU3NUYECKY0 IPUPOLY.
CorslacHO aHa/IM3y 3KCIJIYaTallMOHHBIX JAHHbIX, JJIOMUHUPYIOLYIO POJIb UTPAIOT Harpy3o4yHble
IOTEePHU B IMHUAX 0K0JI0 63 % U noTepu Ha KOpoHY okoJio 20 % (cMoTpeTh AuarpamMmy 1).

1% @ Harpy304Hbie B MHNAX
© Kopoha
3% @ PeaKTopbl

XonocToii xoa B TpaHcdopmaTopax
CHIC

63% o) Harpy3ouHble B TpaHchopMmaTopax

i

,Zluaapamma 1. Cmpmeypa mexHo/z102U4eCcKuUx nomeps 8 Mac2ucmpa/ibHbIX cemsx

Eciu  yc/i0BHO-NIOCTOSIHHbIE TMOTEepPU (XOJIOCTOM X0Ji TpaHCcPOpPMATOPOB, pPEAKTOPHI)
NOAJAI0TCA pacyeTy KJIAaCCUYeCKMMHU MeTOJaMH, TO IepeMeHHble COCTaBJIAKILUE HANPAMYIO
3aBUCAT OT METEOYCJOBUM UM HeJWHEeWHbIX HW3MeHeHWW Harpy3dku [10]. WmeHHO [uis
NPOrHO3UPOBAHUA I3TUX JWHAMHUYECKHUX IMapaMeTpoB Haubosiee 3PPeKTHUBHO MpPUMeEHEHUE
HEUPOCETEBBIX MO/IEJIEN.

TpaguioHHble MeTO[bl (HampuMep, METOJi CPeJHUX HArpy3oK WJMU pacyeT MO CXeMaM
3aMelleHHs1) 4aCcTO He YYUTHIBAIOT [WHAMHU4YEeCKOe M3MEHEHUEe METEeOYyCJOBHUM W CJ0XHbIe
HeJIMHeWHbIe CBSI3W B TPAH3UTHBIX ceTsax 220-500 kB. 3To co3/aeT He06X0AMMOCTD Mepexosa K
VMHTeJIJIEKTYaJIbHbIM CUCTEMaM IIPOrHO3UPOBaHUS.
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MeToaoJi0orust

Be160p anroprTMa 3aBUCUT OT AOCTYIHOCTH JAaHHBIX, CJIO)KHOCTH 33/jla4U U TpebyeMon
TOo4uHOCTH. Hanpumep, /151 CJI0KHBIX CETEX € OOJIBIINM KOJIUYECTBOM llepeMeHHbIX MOTYT JIyvlle
NOJOUTH IJIy60KMe HEMPOHHbIE CeTH, a [J1s 60Jiee IPOCTHIX 3a/ja4 — perpecCUOHHble MoJenH [7].

Jliss JaHHOTrO NMpoeKTa BbIGpaH alropuTM «PeKyppeHTHble HEHpPOHHBbIE CETH», TaK Kak
IJyOOKKE HEMPOHHbIE CETU UCIO0Jb3YIOTCS NPU HAJIMUUH B IEPEMEHHbIX CJI0XKHbBIX 3aBUCHUMOCTEHN
JlaHHBIX W MPOCTPAaHCTBEHHbIE JaHHble. A B C/ly4yae NPOTrHO3UPOBAHHUA MOTepPb MJIAHUPYETCHA
MCII0JIb30BaHHE B OCHOBHOM BpEMEHHBIX JAHHBIX, [Jisl Yero OTJIMYHO MOAXOAUT aJrOPUTM
«PexkyppenTHble HelipoHHble ceTd (RNN)», a TouHee «Long Short-Term Memory (LSTM)» [4].

B oTsinume oT cTaHAapTHBIX HEMPOHHBIX ceTel, LSTM o6J1aiaeT MexaHM3MaMHU «IaMSATH», YTO
N103BOJIIET €M YYUThIBATh:

® CYyTOYHbIE U CE30HHbIE IJUKJIbl OTPEOIEHUS;

® 3aBHCHUMOCTb TEKYILET0 COCTOSIHUS CETH OT NPEAbIAYIIHNX PEXXUMOB PabOTHI.

B xoze uccnenoBaHus NpoBeJieH CPaBHUTE/bHbIN aHA/IM3 aJITOPUTMOB (6€HYMapKHUHT) Tpex
NO0AXOA0B K MPOTHO3UPOBAHUIO:

o ARIMA (Statistical) — xopo1io pa6oTaeT ¢ TUHEUHBIMH TPEHAAMH, HO IJIOXO CIIPABJISETCS
C pe3KMMU MU3MeHEeHUsIMU Harpy3ku [14].

o CatBoost (Gradient Boosting) — a¢pdexkTuBeH JJis1 TaOJIUYHBIX JAHHBIX, HO HE YYUTbIBAeT
BpPEMEHHYI0 NIOC/IeJ0BATE/IbHOCTb HanpsaMyo [13].

e LSTM (RNN) — riny6okasi HepoceTb, CIOCOOHAsA «3allOMUHATb» COCTOSIHUE CUCTEMBI.

O6ocHOBaHHE BbIOOPA apXUTEKTYPhI

Jlnsa peanusanuuu CUCTEMbl IPOTHO3UPOBAaHUS OblLIa BblOpaHa peKyppeHTHash HeWpOHHas
ceTb apxuTekTypbl LSTM (Long Short-Term Memory).

LSTM — 3TO pa3HOBUAHOCTb peKyppeHTHOW HelipoHHOU ceTu (RNN), koTopas ocobeHHO
XOpOLIO MOAXOAWUT JJisl 33Zlad MPOTHO3MPOBAHUS HAa OCHOBE BPEMEHHBIX PSJIOB, TAaKUX KaK
IPOrHO3UPOBAHHUE MOTEPH 3JIEKTPOIHEPTHH.

Bbi6op [JaHHOW MoJesiM O0OYC/I0BJIE€H HECKOJbKHMU €€ YHUKaJbHbIMU CTPYKTYPHBIMHU
0COOEHHOCTSMHM, NO3BOJISIOLUMU MPEOJOJEeTh OrpaHUYEHUs KJIACCUYECKUX PEKyppPEeHTHbIX
ceteit (RNN) 1 cTaTucTUUYECKUX MOJIeJIeN.

[lepBoe — 3TO MexaHH3M 3allOMHWHAHUA. biarogaps HaJIU4MIO ClieliMaJbHBIX «BOPOT» (gates)
— BXO/JHOTO, BBIXOJHOTO UM 3a6biBawouiero — LSTM addekTuBHO pelraeT npobseMy ncue3aroniux
rpaZjueEHTOB. JTO MO3BOJIIET MOJENH COXPAHATb U MCNO0JIb30BaTh UHPOPMALUIO O COOBITUAX B
OTZaJIEHHOM MPOULJIOM, YTO KPUTHUYECKU BaXKHO [1JIs yYeTa CE30HHBIX [JUKJIOB U J0JTOCPOYHbIX
TpeH/10B aHepronoTpeodieHUs B ceTax AO «kKEGOC».

BTopoe — 3TO MoZile/IMpOBaHHE CJIOXKHbBIX HEJIMHEUHOCTEN. JHEPTOCUCTEMA — 3TO CpPeJia, re
3aBUCUMOCTb IMOTEpPb OT HArpy3KH, HaNpsKeHHWs W MeTeOyCJOBUHW HOCUT BbIpaKeHHbBIN
HeJMHeWHbIA XapakTep. LSTM o6sajaeT BBICOKOM aNNpOKCMMUPYIOLENR CHOCOOHOCTBIO,
NO3BOJIAIOLIEN BbIABJAATb 3T CKPbITble 3aKOHOMEPHOCTH 0e3 IKEeCTKOro 3aJlaHus
MaTeMaTU4ecKux GQyHKLUH [5].
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[IpenmyiectBa mogenu LSTM

[lpuMeHeHUe [aHHOW apXUTEKTypbl B KOHTEKCTe NPOTrHO3UPOBAHHUA TEXHOJIOTHUYECKUX
MOTepPb N03BOJISAET PeajM30BaTh KOMIIJIEKCHbIM aHAJIMTUYECKU M TTOAXO/.

Mogzenp obydaeTcs Ha pacClIMPeHHOM BeKTOpe INPU3HAKOB, BKJKYAWIEM HE TOJbKO
HWCTOpUYECKHE [aHHble O NOTepsAX, HO U 3K30TeHHble IepeMeHHble: MeTeOpOJIOTUuYecKUe
napaMeTpsbl (TeMIepaTypa, BJaXXHOCTb), KaJleHJapHble IPU3HaKU (JleHb HeJlesld, IPa3JHUKHU) U
onepalMOHHbIE JaHHbIE CeTU. JTO N03BOJISAET yYUThIBATh, HAIPUMeD, HeJIMHENHBINA POCT OTEPh
Ha KOPOHY IIPU U3MEHEHUH BJIAXHOCTH BO3JyXa.

Apxutektypa LSTM nmno3BoJisieT OAHOBpPEeMEHHO 00pabaThiBaTb KaK KpPaTKOCPOYHbIE
KoJsie6aHUs (10YacoBble U3MEHEHUsI Harpy3KHu), Tak U J0JIr0OCPOYHbIE 3aBUCUMOCTH (CYTOUYHYIO U
Ce30HHYI0 LMKJIMWYHOCTb), YTO CYIeCTBEHHO MOBBbILIAET TOYHOCTb MNPOrHO3a B MEPUOJbI
3KCTpeMaJiIbHbIX NTUKOBbIX Harpy3o0K.

Ucnonb3zoBanue LSTM-ceTelt TpaHcPopMHUpyeT NpoLiecC MPOTHO3UPOBAHUS U3 MPOCTOHU
3KCTPANoOJISIlMU LAAHHBIX B WHTEJJIEKTya/bHbIM aHA/JU3 COCTOSIHUS CUCTEMbl. MUPOBOW OMNBIT
BHeJIpeHHUS aHAJIOTUYHBIX pellleHUH B BeJylux sHeprokoMnanusax (HanpuMep, REE B Ucnanuu
nau TenneT B [epMaHMM) NOATBEPKAAET, YTO MepeXos K NIyOOKOMY OOy4YeHUIO MO3BOJISIET HE
TOJIbKO CHU3UTb ONlepallUOHHbIE 3aTPaThl 3a CYeT ONTUMHU3ALUU 3aKYIOK 3JIEKTPOIHEPTUU Ha
INOKpPBITHE NOTEPb, HO U 3HAYUTEJIbHO MOBBICUTh HAOJII0Ja€MOCTb U HAJ|e)KHOCTb YIpaBJIeHUs
BCeW 3HepreTuYecKor HHPpPacTPyKTypoH [4].

Pe3ynbTaThl M 06CYKAEHUE

ApxutekTtypa Mozesnu LSTM

[IporpamMMHas peasin3alus BbloJIHEHA Ha f3bIke Python. Mozesb o6y4yanach Ha peajbHbIX
VMCTOPUYECKHUX JAHHBIX 32 MHOTOJIETHUM Nepuoj. BxogHol BeKTOp GOpMUPOBAJICA Ha OCHOBE
CKOJIb34111[eT0 OKHa I1y6uHo# B 90 4acos.

| E |
L L n rh oy
i e
==

PucyHok 1. UHTepaKTHBHAsA MOAeJ/Ib NPOrPaMMbl NPOTHO3UPOBAHUSA
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npOFHOSHPOBaHHeSHEKTqueCKHXHOTepbIHH&SKCHﬂyaTauHHBMHHHHIiO60pyﬂOBaHHH}H10CHOBe
METO/J0B HCKYCCTBEHHOI'O HMHTEJIJIEKTA

[Iponecc BkJtoYaa npefo6paboTKy JAaHHBIX TeJeMeTPUU, HOpMaJu3alUul U QUIbTpaLUIO
aHOMaJIMH, 4YTO 06eCcrnevyunsio yCTOMYMBOCTD aJITOPUTMA K «LIyMaM» B JaHHBIX.

Kak mokasaHo Ha pUCyHKe 2 Ha 3Talle NpeAoOpabOTKU NporpaMMa BbINOJHSAET NapCUHT
BpPEMEHHBIX METOK U MpeoOpa3oBaHMUeE lleJIeBOro Mpu3Haka ¢aiia ¢ JaHHbIMU B YHCJIOBOU
¢dopmat. Ha sTame uHXeHepHOro aHa/vW3a NPU3HAKOB 0C000e BHHMaHHE YJleJIEeHO Yy4YeTy
JIOJITOCPOYHOU MEPUOJUYHOCTH. B Mojesnb BKJ/IOYEHbl JaroBble 3HAaYeHUs MOTepb 3a
aHaJIOTUYHbIe IepUO/bl TpeX NpeAblAyuX jeT. Ha aTane popMupoBaHusa obydaroliel BbBIOOpKU
MCII0JIb30BAH METO/ «CKOJIb3s11ero okHay (Sliding Window) ¢ rmy6uHo# aHasiu3a (look-back) 168
4acoB /IJ1s IPOTHO3UPOBAaHUs BEKTOpa U3 24 nocjeAywoniMx 3HadyeHu. Ha aTane koHdurypanuu
MO/JIeJIU apXUTEKTypa BKJ/OYaeT JiByHanpaBJyieHHbIA cioi Bidirectional LSTM, yTo mo3BoJssieT
CETH YYHUThIBATh KOHTEKCT BPEMEHHOTO psi/ila B 000Mx HanpasjeHusx [11] u ciou Dropout guis
MMHHMMH3AILMU pYUCKa nepeobydeHus [12].

A[BxogHwe pannbe: Lossesl2345.csv] --> B[Npegobpabotka w ouncrkal
B --> C[Feature Engineering]

subgraph "renepauua npussakos"

C Cl[BpemeHHsie meTku: uyac, AeHb, CE30H]
C --> C2[Naroesie npusHaku: notepu 3a 3 ropa]
end

Cl & C2 --> D[Macwrabuposanne StandardScaler]
D --> E[¢opmuposanme okna: Look-back 168u]
subgraph *
E --> F[Bid tional LSTM - 256 wneiiponos]
G[Dropout Layer - 6.2]
H[LSTM Layer - 128 ueiiponos]
I[Dropout Layer - 6.2]
J[Dense Output - 24 weiipona]

ApxuTekTypa HelpoHHoit cetw LSTM"

K[06paTHoe macuTabuposanmue]
L[Nporuos wa 24 uaca]

M[Ouenka: MSE, MAE w Busyanusauma]

PUCYHOK 2. ApXMTEKTypa NporpaMMHOro KoMIJIeKca IPOrHO3MpoOBaHUA NOTeph
3JIEKTPO3HEpPruu

[ KoHTpoJisi 00y4yeHUs1 MpuMeHeHbl MexaHu3Mbl EarlyStopping u ReduceLROnPlateau,
KOTOpble aBTOMaTH4YeCKH KOPPEKTUPYIOT CKOPOCTb 06ydeHUs (learning rate) u octaHaB/JIMBaOT
IpoLecc NPH AOCTHXKEHUHX ONTUMaJIbHbIX IOKa3aTesiel Ha BaJIMJalluOHHOU BIOOPKe.

Pe3ysbTaThl TeCTUPOBaHUA

PazpaboTaHHasa MoJesb NpollJa TECTUPOBAaHUE Ha peasibHbIX 3KCIJIyaTallMOHHBIX JAHHBIX
sHeprocucteMbl PK. Moziesib 6bly1a IpOoTECTUPOBaHA Ha JJaHHbIX 3a Npollejiiue Tpu roga (2021-
2023 rr.). Ucnonb3oBaHnue (GaKTHYECKUX MOYACOBBIX I'PapUKOB MOTEPh MO3BOJIWJIO OOYYUTH
HelpoceTb yYUTHIBATh peaJibHble pU3UUEeCKUe MPOLECChl B CETH.

KadyecTBO mMporHo30B OIleHMBaJOCh C NOMOIIBI0O METPUK CpeJHEKBaJApPaTUYHOW OLIMOKHU
(MSE) u cpepHeli abcontoTHOM ominbku (MAE). /lig oLileHKM TOYHOCTU HEMpOCeTeBbIX MOJieJiel B
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3aJila4ax IO MPOTrHO3WMPOBAHHIO YHCJIIOBBIX 3HaueHUuH TPaAULIHUOHHO HCIIOJIB3YIOTCA METPHKH,

Mo3BoJidroiue KOJHNY€CTBEHHO HU3MEPHTb OTKJ/JIOHEHHE IIPOTHO3HBbIX 3HaYeHUH norepb OT

dbakTuyeckux. B JaHHOM ucc/ieJ0BaHUM OCHOBHBIMH UHAWKATOPaMU KayecTBa BbICTynuau MSE
u MAE.
CpenHekBaJpaTuyHas omnbka (MSE) - aTo MeTpuKa aKLleHTUPYeT BHUMaHHe Ha KPYMHbIX

OTKJIOHEHHAX, BO3BOJAA Pa3HULY B KBaAparT.

A

MSE = (1/n) * 2 (I1; - IT’;)?,
e:

N — KOJIMYECTBO HaOJIIOeHUH;

X —cymMma ot i=1 o n;

IT;

— paKTHUYeCKoe 3HaueHHe (peasibHble IOTEPHU);

[I'; — npeficka3aHue Mojiesid (IPOTrHO3).

Cpennsis abcosoTHass omubka (MAE) - 3To MeTpHKa, KOTOpasi MOKa3bIBaeT CpejHee

JINHENHOe OTKJIOHEHHE NIPOTHO3a OT PeaJbHOCTH B TeX e eJuHULax u3MepeHus (KBT-4).

MAE = (1/n) *X | IT; - IT; |,

rie:

I1;

MNoTepwn 3neKTpo3Heprum, KBTy

OTHoCHTENbHan

- I’y — abcostoTHOE 3HAYeHUE (MO/YJb) PAa3HOCTH Mex Ay GaKTOM U MPOTHO30M.

MSE: 3,064,338.42 | MAE: 1151.06 KBT-4 | MAPE: 20.7%

20000 4 = ®aKTU4eCcKWe NoTepn Mporxos Boiwe akTa
MporHos LSTM MporHos HUXe hakTa

17500 1

15000

30Ha YCTOAYMBOro NPOrHo3a
(N0r PeLHOCTb 5% B 11% Cnyyaes)

125001

10000 4

7500 1

5000 +

2500 4

CTaTWCTIKa NOrpelHOCTH:
404 s *5%: 11% vacos
= +£10%: 29% vacoe
= +£20%: 55% vacoe
MAPE: 20.7%

NOrpeWwHoCTL, %
o

—404

. £5% (11% 4acos) +5-10% +10-20% W >:20%

15.10 16.10 17.10 18.10 19.10 20.10 21.10
00:00 00:00 00:00 00:00 00:00 00:00 00:00

NaTa v Bpems

PucyHok 3. ConocraBieHre paKTUYE€CKUX U IPOTHO3HbIX 3HAYEHUI NOTEPh
3JIEKTPO3HEPruM Ha TECTOBOM BpeMEeHHOM UHTepBaJie
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Pe3ysbTaThl TeCTUPOBaHUSA NOKa3aJH, YTO B IePUO/bl YCTOMYUBBIX PEXHUMOB paboOThI CETH
npegyioxxeHHass LSTM-apxuTekTypa obGecneyuMBaeT BbICOKYI0 TOYHOCTb NPOrHO3UMPOBAHHUA C
OTHOCHUTEJIbHOW NOTrpeltHoCcThb0 MeHee 5%. Kak BugHO u3 PrucyHka 3, Moze/ib HauboJsiee TOYHO
npe/icKa3blBaeT IOTEPHU B IEpPUO/ibl CTAOUJIbHBIX TEMIIEPATYPHBIX PEXKUMOB. B nepuosbl peskux
MMKOB Harpy3KH1 OTKJIOHEHUs] BO3PACTAIOT, YTO 0O’ bACHSAETCS
HeJI0CTaTOYHOU MpeJCTaBJeHHOCTbI0 3KCTpPeMaJIbHbIX PEXUMOB B oOyyarouied BbIOOpKe U
TpebyeT A0MNOJHUTENbHOI0 0060y4YeHUsI MOZie/IM Ha 9KCTPeMaJIbHbIX OTOAHBIX CLieHapHUsX.

[IpenmyimecTBa MmeTo a

TpasauLMOHHBIN pacyeT NOTephb [0 METOAUKAM CPeJHUX Harpy30K TpebyeT coopa JaHHbIX U3
MHOKeCTBa CUCTEM y4eTa U UX PyYHOU CBepKU. ABTOMAaTHU3UPOBaHHas MO/iesIb COKpalllaeT BpeMs
NOATOTOBKM pacyeTOB [0 CYUTAHHbIX MUHYT. KpoMme 3TOro, pydHble pacyeThbl MOJBEpP>KEHBI
omM6KaM Ha OCHOBe yesioBe4eCKUX (aKTOpOB, 0OCOGEHHO B YCJOBUSAX CTpecca WM BbICOKOU
3arpysku uHxxeHepoB. Mogenb UHU ogrHakoBo 3P deKTUBHO U OBICTPO 06pabaThiBaeT JaHHbIE B
J060e BpeMs, UCKJII0Yasl OIMOKK Py4yHOU paboThl. TOYHOCTh MPOTHO3MPOBAHUS TAKXKE MOMXKET
BJUATb Ha  (GUHAHCOBble T[OKas3aTeJHd  3JIEKTPOCETEBbIX KOMIAHUM B yCJIOBUSAX
GYHKIMOHMPOBAHUS PbIHKA 3JIEKTPO3HEPrUU. Bosiee TOYHBIM NMPOTrHO3 MO3BOJISIET 3aKylaThb
3JIEKTPO3HEPTUI0 Ha MOKPbITHE TEXHOJOTUYECKUX MOTepb N0 HauboJjiee BBIFOJHBIM Tapudam,
MHUHUMU3UPYS 3HAUYUTEJIbHbIe OTKJIOHEHUS.

3aK/IloyeHue

[IlpoBeseHHOe uccaefOBaHUE MOATBEPXKAAET, 4YTO IepexoJ OT TPaAULMOHHBIX
CTaTUCTUYECKUX METOJO0B K aJfOPUTMaM IJIyOOKOTO OOy4eHHs, B YaCTHOCTU K apXUTEKType
LSTM, saBaseTcsa HauboJiee MNepCIEeKTUBHBIM BEKTOPOM PAa3BUTHUSA /[IJi1 HAIMOHAJbHOMU
asiekTpuyeckoi cetu Pecny6avku KazaxcraH. UHTerpauus MeToZ0B MallMHHOTO OO0Y4YeHHUS C
peasibHbIMU HHXeHepHbIMU JaHHbIMU AO «KEGOC» oOTKpbIBaeT HOBble TOPU30HTbI Jis
HUPpoBOM TpaHCcPOpMaALMU 3JEKTPOIHEPreTUKH, TMO03BOJIsAS MPeooJieTh OrpaHUYeHHUs
KJIAaCCUYECKUX MaTeMaTU4YeCKUX MoJeJsied B YCJIOBUAX BBICOKOU BOJIATUJIBHOCTU HArpy3okK HU
KJUMaThUdeckux ¢akTopoB. B xoze paboThl ObLIa Jl0Ka3aHa BbICOKasg 3(PEeKTUBHOCTD
HEWpOoCeTeBOTO0 IMOAXO0Aa: MpeJJIOKEeHHasd MeTOJHKa IM03BOJIMJIA CHU3UTb [OIPEIIHOCTb
IPOrHO3UPOBAHUS TEXHOJOTUYECKUX TOTEPh B IEPUO/Ibl YCTOMYUBBIX PEXKUMOB pabOThI CETH /10
ypoBHAA MeHee 5%. ITO CTajJo BO3MOXHbIM 06J1aroZilapsi CIOCOGHOCTHM pPeKypPpPEeHTHBIX ceTei
Y4YUTBIBATh [JOJICOCPOYHble 3aBUCUMOCTU BO BpPEMEHHBIX pAAax, a TaKXe VCIelHOU
npeABapUTEJbHON 00paboOTKe JAaHHBIX, BKJIOYas HOpMaJu3alyio U QUAbTPALIMI0 aHOMaJUH.
CpaBHHUTe/NIbHBIN aHa/IU3 (0€eHYMaPKKHT) HAIVISIAHO NPOJEeMOHCTPUPOBaJ npeBocxoAcTBo LSTM
Ha/, aHaJOTHUYHbBIMU MOJEJSIMU B KOHTEKCTe HWHEPLMOHHBIX MPOIECCOB 3HEPrOCHUCTEMBI.
Pa3zpaboTaHHbBIM MHCTPYMEHTApUU MO3BOJISET IJyOXXe MOHUMaThb BHYTPEHHHE HeJIMHelHble
3aKOHOMEPHOCTH TMOBEJIEHUSI CJOXKHBIX CUCTEM M CJAYKUAT HaJEeXHbIM (QyHAAMEHTOM JJis
CO3/JJaHUS HWHTEJIJIEKTYaJIbHbIX CUCTEM HOBOTO MOKOJieHHUsA. CaMoCTosTesJbHasi NporpaMMHast
peanusauus Mojead Ha a3blke Python u eé ycnemHas anpobanusi A0Ka3blBalOT TOTOBHOCTb
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O0Te4eCTBEHHOW UHXXEHEPHOU MPAKTUKU K BHEJIPEHUIO BBICOKOTEXHOJI0TUYHbIX MU -pelieHUN.

CoBOKYNHBIN 3¢ }eKT OT BHeZ|peHUs JaHHBIX pellleHUH co3/iaeT CHHEePIruio: aBTOMaTU3alus
BbICBOOOXlaeT BpeMs KBaJMPULUUPOBAHHOI'O MepCcoHasa /[Jis NPUHATUA CTpaTeruyecKux
pelleHUil, TOYHOCTb MPOTHO3a MHWHUMMU3UpPYyeT IMpsMble (¢GUHAHCOBble YOBITKH, a
MaclITabMpyeMOCTb rapaHTUPYeT, YTO UHBECTULIMHU B pa3padboTky UMW OyAyT NpMHOCHUTD NO/IB3Yy
Ha NpPOTSKEHUM [ eCATUJIETUH, He3aBUCMMO OT POCTa WJM TpaHCPOpMalUM 3HEPTOCHUCTEMBI
Pecnybsimku  KasaxcraH. IlepcrieKTHBHBIM — HanpaBJeHUWeM  JaJbHEWIIero  pa3BUTHA
UCCJIeJOBAHUS AABJISETCA HUCIO0Jb30BaHUE MOJyYeHHbIX IPOrHO30B He TOJIBKO JJI MOBBILIEHUSA
TOYHOCTH OIllpefieJieHUs] O0O0beMOB TEXHOJIOTUYEeCKUX II0Tepb, HO MW [ MOCJAeAyollen
ONTUMHU3ALMU PEXKUMOB pabOTBl 3JeKTpPUYeCKOU ceTU. bosiee TOYHOe NpPOTrHO3UpOBaHHUE
BeJIMYMHBl I1OTepb CO3J4aeT HWHPOPMALMOHHYIO OCHOBY /JJid HPUHATHUA OOOCHOBAaHHBIX
IKCIUIyaTallMOHHBIX M  OPraHU3allMOHHBIX pelleHW{, HallpaBJeHHbIX Ha CHWXeHHe
JIONOJIHUTE/IbHBIX GUHAHCOBBIX 3aTPAT, CBSA3aHHBIX C UX NOKPBITHEM.

Bkiiag aBTOpOB
KocbibaeB 7K.3.: pa3paboTka KOHIENIMU W JU3ailHA HCCJIe[0BaHHs; HAy4YHOE PYKOBOCTBO;
obecrieyeHMe MeTOJ0JIOTUYEeCKON 6a3bl, KPUTUYECKUHM IepecMOTp TeKCcTa Ha MNpeaMeT
IPUHIUNHAJBHOTO UHTEJIJIEKTYaJIbHOTO COZlEPKaHUS; YTBEPK/AEHUEe OKOHYATEe/IbHOI'0 BApUaHTa
CTaTbHU.
KakumeB B.A.: obecnieyeHue MeTO/0JIOTHUYECKOM 6a3bl, NMpOBeJleHHE 3IKCIepUMEeHTaIbHBIX
uccaejoBaHul (cO0p AaHHBIX); CTaTUCTHYeCcKasd 06paboTKa U aHa/IU3 pe3yJbTaTOB; NOATOTOBKA
Havya/IbHOT0 BapHaHTa PYKOMUCH.
MycTtada O.T.: pazpaboTKka KOHIeNIUH, IPOBe/leHHEe IKCIIeEpUMEHTaIbHbIX UCCae0BaHUM (c60p
JlaHHBIX); CTaTUCTUYeCcKast 06paboTKa U aHaJIU3 pe3yJIbTaTOB; I0Ar0TOBKA Ha4aJlbHOTO BapHaHTa
pykonucy; odopmieHHe rpaduyeckoro marepdaja U 6GUOAMOTpadUYECKOro  CIHUCKA,
BU3ya/IM3alUs JaHHBIX.

Cnucok siuTepaTyphbl

1. MuHuctepcTBo 3HepreTuku PK. UToru paboTel TONJIMBHO-3HEPreTUYECKOTO KOMILJIEKCa 3a
2025 rox. — ActaHna, 2026.

2. AO «KEGOC». AHa/iuTH4YeCKUH oT4YeT 0 paboTe EMHON 3/1eKTPO3HEPTeTUYECKON CHUCTEMBI
KazaxcTaHa. [D71eKTpOHHBIH pecypc].

3. Nature Scientific Reports. Deep learning for electricity loss forecasting using LSTM networks.

-2023.-Vol. 13.
4. S&P Global Research. Energizing innovation: Exploring Al's impact on the energy industry. -
2024. https://www.spglobal.com/en/research-insights/special-reports/look-

forward/energizing-innovation-exploring-ai-s-impact-on-the-energy-industry
5. Sepp Hochreiter & Jirgen Schmidhuber (1997) - «Long Short-Term Memory».
https://www.bioinf.jku.at/publications/older/2604.pdf

202 Ne3(156)/ 2026 Eurasian Journal of Applied Engineering and Technology (EJAET)


https://www.spglobal.com/en/research-insights/special-reports/look-forward/energizing-innovation-exploring-ai-s-impact-on-the-energy-industry
https://www.spglobal.com/en/research-insights/special-reports/look-forward/energizing-innovation-exploring-ai-s-impact-on-the-energy-industry
https://www.bioinf.jku.at/publications/older/2604.pdf

npOFHOSI/II)OBaHI/Ie JJIEKTPHUYECKUX IIOTEPD MMPHU 3KCIJIYaTAllUU MAllIUH U 060pyﬂOBaHI/IH Ha OCHOBe
METO/J0B HCKYCCTBEHHOI'O HMHTEJIJIEKTA

6. Sudi¢l, Mesar M., Franc B., Capuder T, Ivankovi¢ T., Pavi¢ K., Pavi¢ I. Short-Term Transmission
System Losses Forecast Based on Supervised Machine Learning // IEEE Conference
Publication. - 2020.

7. Manycos B.3., 3awurpaeBa l0.5. Mogesb mNporHo3vpoBaHUs NOTepPb MOLIHOCTH B
BbICOKOBOJIBTHBIX 3JIEKTPUYECKUX CETSIX Ha OCHOBE MUCKYCCTBEHHBIX HEMPOHHBIX ceTel //
Hayunbiii BectHuk HI'TY. - HoBocu6upck, 2008. - Ne 1(30). - C. 131-146.

8. Kypo6aukui B.I,, Tomun H.B. AHa/113 noTepb 3/IEKTPUYECKON 3IHEPTHUM HA 6a3e COBpeMEHHbIX
aJITOPUTMOB UCKYCCTBEHHOTO UHTeJ1eKTa // dnekTpudectBo. — 2007. - N2 4. - C. 5-12.

9. Wenesko 10.C., AprembeB A.B., CaBuenko O.B. PacueTt, aHa/iu3 U1 HOpMUpPOBAHUE MOTEPD
3JIEKTPO3HEPTUHU B 3JIEKTPUUECKUX CeTsAX: PYKOBOACTBO [JI/1s1 IPAKTUYECKUX pacyeToB. — M.:
MU3na-so HIL 3HAC, 2002. - 280 c.

10. Navani ].P, Sharma N.K., Sapra S. Technical and non-technical losses in power system and its
economic consequence in Indian economy // International Journal of Electronics and
Computer Science Engineering. - 2016. - Vol. 1, Ne 2. - P. 757-761.

11. Schuster M., Paliwal K.K. Bidirectional recurrent neural networks // IEEE Transactions on
Signal Processing. - 1997. - Vol. 45, N2 11. - P. 2673-2681.

12. Srivastava N., Hinton G., Krizhevsky A., Sutskever I., Salakhutdinov R. Dropout: A Simple Way
to Prevent Neural Networks from Overfitting // Journal of Machine Learning Research. -
2014. - Vol. 15, Ne 56. - P. 1929-1958.

13. Prokhorenkova L., Gusev G., Vorobev A., Dorogush A.V,, Gulin A. CatBoost: unbiased boosting
with categorical features // Advances in Neural Information Processing Systems 31 (NeurIPS
2018).-2018. - P. 6639-6649.

14. Elsaraiti M., Ali G.,, Musbah H., Merabet A, Little T. Time series analysis of electricity
consumption forecasting using ARIMA model // 2021 IEEE Green Technologies Conference
(GreenTech). - 2021. - P. 259-262.

15.LeCun 'Y, Bengio Y, Hinton G. Deep learning // Nature. - 2015. - Vol. 521, Ne 7553. - P. 436-
444,

16. Balamurugan M., Narayanan K., Raghu N., Arjun Kumar G.B., Trupti V.N. Role of artificial
intelligence in smart grid - a mini review // Frontiers in Artificial Intelligence. - 2025. - Vol.
8. - Art. 1551661.

Zh. Kossybayev, B. Zhakishev, A. Mustafa
L.N. Gumilyov Eurasian National University, Astana, Kazakhstan

Forecasting electrical losses during the operation of machinery and
equipment using artificial intelligence methods

Abstract. The operation of machinery and equipment entails high energy consumption. In this
context, the traditional energy sector requires qualitative renewal and extensive modernization at
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the current stage of development. In the current era of digitalization, there is an unprecedented
surge of interest in machine learning and artificial intelligence (AI) technologies, which are
becoming key tools for solving complex engineering problems. This article addresses one of the
most pressing issues in modern power engineering: improving the accuracy of forecasting power
transmission losses in the national power grid of the Republic of Kazakhstan, managed by JSC
"KEGOC". Traditional statistical calculation methods used in current practice often exhibit
significant margins of error. This is due to the inability of classical models to fully account for non-
linear dependencies, dynamic changes in meteorological conditions, and the complex nature of
load processes in high-voltage networks. As an innovative solution, the article proposes a
methodology based on the use of recurrent neural networks with Long Short-Term Memory
(LSTM) architecture. Unlike standard algorithms, LSTM is capable of effectively processing time
series by considering long-term dependencies and cyclic trends. The work includes a detailed
description of the intelligent data preprocessing stage and a comparative analysis (benchmarking)
of LSTM, ARIMA, and gradient boosting models. The results demonstrate that the implementation
of Al reduces the forecasting error to less than 5%, which is critical for optimizing the operating
modes of the power system.

Keywords: power consumption forecasting, electrical losses, artificial intelligence (Al),
machine learning, deep learning, LSTM, neural networks, digital energy.
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AHHoOTanusa. B HacTosimiee BpeMss B MUpe 060JiblllOe BHUMaHUE yjieJIAeTCs
NPOEKTUPOBAHUIO CUMYJIATOPOB 3eMJieTpsaAceHUA. CUMyIATOP 3eMJIeTPSACEHUA
- YCTPOMUCTBO BOCIIPOM3BeJleHUSA CeMCMUYECKUX BOJIH, BO3HUKAKIUX IpPHU
3eMJieTpsicCeHUHU. B paboTe NpoBOAATCA 3KCIIEPUMEHTA/IbHbIE MCCJIELOBAHUS
CUMYyJIATOPa 3eMJIETPsSICEHHUS] Ha OCHOBe TPOCOBOTO MMapaJijieJlbHOro poboTa
(TIIP), pna Bocnpou3BeJeHUST TPEXMEPHOTO, JBWXKEHUS TpPyHTA MpH
3eMJIETPSICEHUH, COTJIACHO 33aJJaHHOMU CeWCMOrpaMMbl. JKCIIEpUMeHTaJbHble
¥CCJeJOBaHUA NPOBOJUJIUCh HA IPOTOTHUIIE CUMYJIATOPA 3eMJIETPSACEHUA Ha
ocHoBe TIIP, usrortosseHHoro B UMMami um. Y.A. [I)kongaco6ekoBa. [IpoToTun
CUMyJIITOpa 3€eMJIETPSICEHHUS] UMeeT [JIB€ TMOJABWXHBIX MJaT(OPMBI.
Mo6uibHas nyiatdopMa NpoTOTUNA CUMYJISATOPA 3€MJIETPSICEHUS] COBEPLIAET
NOCTyMnaTeJibHble IBUKEHUs B HallpaBJieHUU oceil X U Y 3a cueT NpuMeHeHUs
TIIP, a BepTHKa/ibHOE MOCTyNaTeJbHOE [ABWXEHUE IJIaTGOpPMbl MO OCU Z
coBeplIaeTcs MNPUBOJAOM C KyJadyKOBbIM MeXxaHU3MOM. [IpoBejeHbl
3KCIlepUMeHTaJIbHble YCCJleJOBaHUA [IPOTOTHUIIA CUMYJIATOpA
3eMJIETPSACEHUS, [Jid OIpeJieJieHUuss BO3MOXXHOCTH BOCIPOU3BEJ€eHUSA
3alaHHOM cercMorpaMMel 3emyieTpsACeHUH. [IpoBejeHbl 3KCIIepUMeHTaIbHbIe
YCCJIeJOBAaHUA IPOTOTUIIA CUMYJIATOPA 3eMJIETPACEHUSA C y4aCTUEM YeJIOBEKa,
KOTOpble NoOKa3aJu 3¢PeKT ollylleHUs peasbHOro 3emJjeTpsiceHus. C
noMolubio Aatyvka IMU Obl/IM CHATHI MOKA3aHUS MapaMeTPOB YCKOPEHHUS U
yIrJIOB OTKJIOHEHHS TOJIOBbI 4YesI0BEKa IPHU IOJIOKEHUAX Cujd U crtod. U3
aHaJ/IM3a NOJIyYeHHbIX pe3yJIbTaTOB NPOBEJEHHbIX UCIBITAHUWA CUMYJISTOpPA
3eMJIeTpsiICeHHUs], ObLJIM BbIJJaHbl pPEKOMEeHJal UM NOBeJeHUs JIJAed MpHU
CUJIbHOM 3eMJIeTPSCEHHUH.

KiwueBble ca0Ba: TpPOCOBbIM mapasieJibHbId  po6OT, CUMYJATOP
3eMJIETPSICEHUS], CEICMOTpaMMa, NPOTOTHUI, AATYUK IMU
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JKCcrepuMeHTa/IbHbIe UCC/IeIOBAHUS CUMYJISITOPA 3€MJIETPSICEHHUSI HA OCHOBE TPOCOBOTO
MapaJieJIbHOro po6oTa

BBeaeHue

3eMJieTpsICEHUSI IPOUCXOAAT HEOKUJAHHO U NPOU3BOJAST KaTacTpopUUyecKHre pas3pylleHUsl.
[Tocne 10-20 cekyHj KoJie6aHUUM TPYHTA, NOA3€MHbIE TOJYKH YCUJIUBAKOTCA, YTO NPUBOJAUT K
pa3pylleHUI0 3JJaHUi U COOpy:KeHUU. B CBSI3W C TeM, YTO 3eMJieTpsSiICEHUE HE MOXET ObIThb
npe/icKa3aHo, OoJibllloe 3HAaYeHUe HMeeT MOJeJMpPOBaHHE 3eMJIETPSCEHUM NpHU IOMOILHU
CUMYyJIATOPOB  3eMJjeTpsiceHUs.  CUMyasiTOp  3eMJIeTpsCeHUs npejHa3HayeH  [JJd
BOCIIPOM3BEJIeHUsI CEeNCMHUYECKHUX BOJIH, BO3HHUKAWOIIMX NpU 3eMJieTpsaceHUU. CHUMyaTOpHI
3eMJIeTPsSICEHUH TMOMOTalT BOCHPOU3BECTU peasibHble CeHCMUYECKHe BOJIHBI MPOILIbIX
3emJieTpsiceHUH. TpeHUPOBKM Ha CUMYJATOpaxXx 3eMJIETPSCEHUM IOMOralT BblpaboTaThb
3¢ deKTUBHYIO peakLUl0 y JoJed Ha 3emseTpsiceHUs. OCHOBHOe TpebGOBaHUE K CHUMYJISATOPY
3eMJIeTPsICEHHS 3TO BOCIPOM3BeJeHHMe 3aJlaHHOU celicMorpaMMbl 3emJseTpsiceHuda (Puc. 1) mo
TpeM JleKapTOBbIM ocsM. JlJis mpuMepa, Ha pUCyHKe 1 moka3aHa celicMorpaMMa OCHOBaHHUs I0Ma,
npu 3eMmjieTpsiceHuu 1964 roga B ropoae Huurara (Anounwus) [1].
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Bpewmsa [c]

PucyHok 1. CelicMorpaMMa OCHOBAaHUA A0Ma, IpU 3eMyieTpsiceHuu 1964 roaa B ropoae
Huwurara (Anonus) [1]

PaspaboTaHbl pas/idyHble BU/Jbl CUMYJATOPOB 3eMJIETPSCEHUH [Ji BOCIPOU3BEJEHUs
ceicCMUYeCcKUX BOJIH. B IMOHUM Ob1J NOCTPOEH 60JbLION cCUMYATOP 3eMieTpsiceHus E-Defense
[2] pns Bocipou3BeZeHUs pa3/IMUHbIX CEMCMUYECKUX BOJIH C BBICOKOM TOYHOCTBhIO. CUMYyITOP
3emseTpsceHuss E-Defense umeer pBmxkyuyrocsa niaatrpopmy pasmepom 20 x 15 M, ¢ 14
rUJpaBJUYeCKUMU TNPUBOJAMHM, NO3TOMY He MOXeT TpaHCHoOpTUpoBaTbcsA. B pabore [3]
npejcTaBjJeH IMOPTAaTUBHbIA CUMyJSATOp 3eMieTpsiceHus Jishin-The-Vuton 3D, koTopsbliit
peasu3yeT JBWXEHHE BBepPX M BHU3 [JI1 UMUTALMU TPEXMEPHOrO [ABW)XXEHUs TPYyHTa IMpHU
3emisieTpsiceHud. Hepgoctatkom cumysisitopa Jishin-The-Vuton 3D sBssieTcs CKJIOHHOCTb K
ONPOKH/ABIBAaHUIO M3-3a2 HEOOJIBIIOU NJIOIAAM KOHTAKTa IPUBOAHOU CUCTEMBI C CUAAIIMM Ha HEM
yesl0BeKOM. PazpaboTaH cuMyiATOp 3eMJieTpsiceHUs [4] ¢ BUbpupyouei niatdopmMou, KoTopas
ycTaHOBJieHAa Ha pame. [lnatdopma npuUBOAUTCA B BO3BPATHO-NOCTyIAaTeJbHOE [BWKEHHE
TUJpaBJIMYEeCKUM NPUBOJOM, 4Yepe3 CUCTeMy pblyaroB. HeJocTaTKoOM JaHHOIO CUMYyJIATOpPa
3eMJIETPSCEHNUA ABJIAETCHd CJO0XXHOCTb KOHCTPYKLLIMM M yIpaBJeHUs HW3-3a HaJW4YUA
TUJPONPUBO/IOB, HEBO3MOXXHOCTb  BOCHPOU3BEJleHHUS]  OOJIbIIMX  YCKOPEHUH, HHU3Kasd
TpaHCIOPTabe/bHOCTb, HENPUTOAHOCTh JJI1 MPOBeJIeHUSA CEMCMUYEeCKUX TPEHHUPOBOK JIIOJeM.
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PaszpaboTaH cuMysnsaTOp 3eMJjeTpsiceHHWss Ha 6a3e MNPOCTPAaHCTBEHHOTO MapasijieslbHOro
MexaHusMa 4-RPS (Range Positioning System) [5], ¥ ycTaHOBJieH Ha rpy30BOM MallMHe.
CumynsiTop 3eMJETPSCEeHUHN SIBJISA€TCS MOOMWJIbHBIM, NPOCTBIM MO KOHCTPYKLUMH, TUOKHUM H
TOYHBIM B YIpaBJeHUHU, U MOXKET WIHPOKO HCIO0JIb30BaTbCA JJisl HAyYHOH NOMNyJsipu3al Uy
HcC/leIOBaHUM 3eMJIeTPSICEHMU B IIKOJIaX U HaceJIeHHbIX MyHKTaX. B paboTe [6] 6b171 mocTpoeH
CUMYJIITOP 3eMJIETPSICEHUS] HA OCHOBE MJIOCKOTO NMapaJljieJIbHOTO TPOCOBOro MexaHu3Ma. Kpome
TOro, OH 06JiIaZlaeT MPOCTOTONH COOPKHM W PA3bOPKU M BBICOKYK TPAHCIOPTUPYEMOCTD.
HepocTaTKoOM [JaHHOTO CUMYJISITOpa 3eMJIETPSCEHUS] SBJISETCS CJ0KHOCTb U JIOPOTrOBH3HA
KOHCTPYKIIMM M3-3a HaAJU4YMUS BO3AYILIHBIX MOJALIUIIHUKOB, HecTabWJbHas paboTa KOTOPBIX
BbI3bIBAET NPO6JIEMBI C yCTOWYHUBOCTBIO MIATGHOPMBI.

1 ycTpaHeHUs BblllleyKa3aHHbIX HEJOCTAaTKOB CUMYJISTOPOB 3eMJjeTpsiceHuss B UMMainu
uM. Y.A. /lxonpacbekoBa Obla pa3paboTaH M M3TOTOBJIEH CUMYJSATOP 3eMJIETPSCEHUS AJis
BOCIIPOU3BEJIEHUSI TPEXMEPHOTO JBWKEHUSl TPYHTa, COrJIACHO CelCMOrpaMMe 3eMJieTpsCeHUs
[7]. ToaBwxHas myaTdopMa CHUMYJASATOpPA 3eMJIETPSICEHUS COBepIIaeT MOCTyNaTesbHble
JABYDKEHHUA B HanpaBseHUU ocel X uiaun Y, npu noMmoiny TIIP. TIIP uMeroT MeHbLINEe HHEP LIMOHHbIE
XapaKTepPUCTHUKH, 4YTO 0becrieduBaeT BbICOKYI0 CKOPOCTb M yCcKopeHUe [8-13].

lenbo JaHHOM paboThbl fBJETCA MpPOBeJieHHE 3KCIepUMEHTAJNbHbIX UCCAeJ0BaHUMI
IPOTOTHUIIA CUMYJIATOpPA 3eMJIETPSICEHUS, /ISl ONpejie/ieHUs] BO3MOXXHOCTU BOCIIPOM3BeJleHUS
3a/laHHOM celcMOrpaMMbl 3eMJIeTPSICEHUU U NIPOBeJleHHe UCTIBITAHWH C yyacTueM 4esoBeKa.

MeTogos10rusa

KoHcTpyKIMsa cumysisiTopa 3demyieTpsiceHuss Ha ocHoBe TIIP. Ha pucyHke 2 nokasaHa
KOHCTPYKTHBHAsA CXeMa CHUMYJIATOpA 3eMJIETPACEHUs [Jd BOCIPOU3BEJEeHUA TpPeXMepHOro
JABIKEHUS TPYHTA NpHU 3eMJieTpsaceHUH. /[l BOCIpOU3BeJeHUA MOCTYNATeJbHOTO JBWXEHUS
NoJBWKHOU naTPopmbl no ocaM X u Y, npumensierca TIIP c¢ 4-4 Tpocamu ynpasJisieMbIX
cepBoBUrarensamu) [loasmwxkHasa niaaTgopma coBepliaeT MJI0CKHe JBUKEHUSA 10 [T0JIy Ha IeBATH
LIapOBBIX CTaJIbHBIX KoJiecax. /lsd BOCIPOM3BeJleHUS BEepPTUKAJIbHOIO IOCTYIATEeJbHOTO
JIBVODKEHUS 10 OCHU Z, Ha MOJABWXHYIO MIaTPOPMy yCTaHABJIMBAEM BEPTHUKa/JbHYIO MOJBWXHYIO
niatdopmy. BepTukasbHasa noABWKHasA NjaTdopMma IepeMeliaeTc MO OCA Z HNpU MOMOLIU
IpHUBOJA COCTOALIMM M3 KyJa4yKOBOTO MeXaHM3Ma C IIOCTYNATeJbHO J[BUrAKLIAMCA
TOPU30HTAJILHO KYJIAYKOM M IOCTYINAaTeJbHO ABUralOLIMMCA BepTHUKaJbHO ToJIKaTeJeM. /Jlyid
IpOBe/leHUsl UCNbITAaHWH, 0ObEKT WJIM YeJIOBEK PacloJliaraloTcs Ha BEPTUKaJbHOW MOJBUKHOU
maTdopme.

nnarpopma

IoasuKRAA NIaTHopMma / BeprukansHasa nogsvHan
Jledeaka2

_ Tpoc
Jledenkal

Kygadox Tpoc

CepBoagurareibl CepBoasurareisl

o
|y
i - Jledenxa3
_ - CepBOABHIATETD,
/
Tpé‘ 1

\m 1 epBOABHTATEb3
1
apoBbie 0NOPbI

HenoaBHKHOE OCHOBAHHE

Jledenkad

Cepsous)‘rnnﬂb-&

PucyHoK 2. KOHCTpYKTHBHasA cxeMa CUMYJIATOpa 3eMJleTpsAAceHUA Ha ocHOoBe TIIP
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Jns BocnpousBeAeHUS 33JlaHHOW CeMCMOrpaMMbl CUMYJIATOP 3€MJIeTpPSICEHUs paboTaeT
ciaefywomuM obpasoM. KoMnbioTep, npyv MOMOIIM CHeliMaJbHO pa3paboTaHHOW MPOTrpaMMBbl,
BblJJa€T CUTHaJbl JJI1 yHOpaBJeHUs1 Ha KOHTpoJijep cepBojaBuratesed. CepBojBUraTesu
HAauYMHAIOT HAaTATUBATh TPOCH], NyTEM HaMaTbIBaHUS U pa3MaTbiBaHWS Ha GapabaHbl JebeloK,
OCYIIEeCTBJISASA MepeMelleHre MIaTGOopMbl TOPU30HTANBHO MO ocsAM X, Y. [l ocyliecTBIeHUs
BEPTUKAJbHOIO IepeMelleHUss MJaaTGOpPMbl, BKJOYAITCA CEpBOJABUraTesb MNpPUBOJA
KyJIAYKOBOT'O0 MeXaHU3Ma.

Kunematuka TIIP. PaccMoTpuM KuHeMaTHUKY 4-x TpocoBoro TIIP, rae Mo6uibHas niatdopma
COBepllIaeT NOCTynaTe/bHble IBUKEeHUs B HanpaBJaeHUHU oceil X U Y. KunemaTtudeckas cxema TIIP
C 4eTbIpbMSl TPOCAMU NOKa3aHa Ha pUCyHKe 3. OCHOBaHUe ompe/iesieTCsd YeTbIpbMA TOYKAMU
NpPUBOJIOB TPoCOB A;, i = 1, ...,4. [ob6anbHasa cucteMa koopauHaT {XYZ} ycTaHOBJIeHA B IleHTpe
ocHOBaHUs. JIoKasbHasi cCUCTEMAa KOOPAWHAT {XyZ} HAXOAUTCS B reoMeTPUYECKOM IieHTpe P
NpsIMOYTO0JIbHOW MJIaTGOPMBI C BEpPLIMHAMHU B TOUYKaxX coeJUHeHUs TpocoB B;,i =1, ..., 4.

P(xyz)
As b B3 uw Iz As

PucyHok 3. Kunematuyeckas cxema TIIP

Ha pucyHke 3 BBeZieHbl 0603HaUY€HUS: A; - BEKTOPHI MOJIOXKEHUSI TOUEK A; IPUKPENJIEHHbIX K
HENO/IBUKHOW paMe OTHOCHUTEJIbHO IJIaBHOW cucTeMbl kKoopAuHAT {XYZ}. JlokasibHasA cuctema
KoOpAWHAT {Xyz} HaXOJUTCS B TreoMeTpUYecKoM LieHTpe P kBaapaTHOW mnaaTdoOpMbl C
BEpUIMHAMU B TOYKax COeIMHEHUsI TPocoB B;,i = 1, ...,4 u b; - BekTOpBI N0OJI0XKEHUS TO4YEK B, 1;
- BEKTOp /JIMHbI TPOCOB OTHOCUTEJbHO TJIABHOW cUCTeMbl KoopauHaT XYZ. Pasmepnl
HeMOJABWXHON mpsMoyrosbHOW pambl TIIP: c- mwupuHa, d - asauHa. Pa3Mepbl moaBMXKHOU
kBaZipaTHoM muatdopMmbl TIIP: dp -pgnunHa cropoHbl. B kuHeMaTuueckou cxeme TIIP,
npeAIoJiaraeTcs, 4YTo TPOChl NPSAMOJIMHENHbIE U HaTsAHyTble. KpoMe Toro, npejnojiaraeTcs, 4YTo
BEKTOpa a; U b; He 3aBUCAT OT MO3ULUU MOOUJIbHOU MIATPOPMBI, T.€. BJAUSHUE BO3MOXKHBIX
HaMpaBJISIOUIMX IIKWUBOB WJIU 3JIEMEHTOB KpeNJieHUsl Ha IJ1aTOopMy He YUUThIBAETCH.

[IpuMeHsIss MeTOJ 3aMKHYTBbIX BEKTOPHBIX KOHTYpPOB (PUCYHOK 3), MOJYYUM CJIeAYIOUIYIO
CUCTEMY YpaBHEHUH

al-—r—bl-—li=0 l:1,,4 (1)

rae Bektop r = [x,y,z]T € R® - gekapToBo moJ/ioXeHHe IleHTpa MOOGUILHON MIaTGOPMBI,
OTHOCUTEJIbHO I106a/bHOM cucTeMbl KoopauHaT O(XYZ). 3neck koopauHaTta z = h, aBaseTcs
NOCTOSTHHOU U paBHA BBICOTE 3aKpelnJeHHs TPOCOB OTHOCUTEJIbHO OCHOBAHMUSA

YpaBHeHus (1) MOXKHO 3anucaThb B BU/JlE
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li=ai—r—bi i=1,..., (2)
n e,[[HHH‘-IHbeI BEKTOp U; B/JOJIb TpOCa UMeEeT BUJ

i Leilyilzi .
W= = R = (3)
Xl yi Zl
EJUHUYHBIA BEKTOp U; MO COIJIAlIEHWI0 HampaBJeH OT MOOWJIbHOM MIaTPOpMbl K
HEMOJBMXHOMY OCHOBAHHIO, 3TO 3HAYMUT, UYTO IOJIOXKUTEJNbHbIE CUJIbl HAaNpaBJeHbl B
HanpaBJIEHUH, KOTOPOEe YKOPAaYUBAET TPOChl U TEM CaMbIM yMeHbIlIAaeT 3HaUeHHEe CBSI3aHHOU C
Hell 060011eHHON KOOPAUHATHI |;.
KoopauHaThl BEKTOpa a;, OTHOCUTEJNbHO I'JIABHOU CUCTeMbl KoopAUHAT XYZ, NpuBeeHbI B
Tabaune 1

Ta6smmna 1. KoopauHaThl BeKTOpa a;

Tpoc i BekTop a;
X y z
1 -c/2 | -d/2 h1
2 c/2 | -d/2 h1
3 c/2 | d/2 h1
4 -c/2 | d/2 h1

KOOp,E[I/IHaTbI BEKTOPAa bi' OTHOCHTEJILHO JIOKaJbHOM CUCTEMBI KOOpAWHAT XyZ, IpDUBEAECHLI B

TabJuIe 2
Ta6smna 2. KoopauHaTtel BeKTopa b;

Tpoci BekTop b;
X y z
1 -dp/2 -dp/2 h2
2 dp/2 -dp/2 | h2
3 dp/2 dp/?2 h2
4 -dp/2 dp/?2 h2

Jlns pemenus npsiMo ¥ 3a1a41 KuHeMaTUKH TIIP, u3 ypaBHeHus (1) mosyyaeM 4 HeJIMHE MHBIX
ypaBHEHU U NPSIMOM KUHEMATUKH, KOTOpbIe 00pa3y0T CUCTEMY C U30BITOYHBIMU CBA3IMU

ALr) = llag—r—=byll; —F=0 i=1,..,4 (4)

Tpockl paccMaTpuBalOTCs, KaKk JUHEWHble MPYXUHbL. B 001eM, Mbl HE MOXEM O0XUJATh
TOYHOT'0 pelleHUs] BbIIIEYNOMSHYThIX YPaBHEHUU, HO Mbl MOXX€EM MHUHUMU3HUPOBATH OLIUOKY,
KOTOPYI0O MOXHO MHTEPINPETUPOBATh KaK MHUHHMU3ALUI NOTEHLMAJbHOM SHEPruu B
npeJBapyUTeJIbHO HATAHYThIX Tpocax. [lycTs U - moTeHIMa/ibHAsi SHEPTUSA CUCTEMBI

U =%k, kid? (5)

rae k; - »KeCTKOCTb i-ro Tpoca. Mbl mpejnoJsiaraeM, 4TO BCe TPOChI UMEKT OJUHAKOBYIO
»KeCTKOCTb k;. Torja MUHUMYM NOTEHI[MAJIbHOU 3HEPTUH U CUCTEMBI HE 3aBUCUT OT KOHKPETHOTO
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3HAYEeHUs KECTKOCTH k; U OJYHKIUIO TPsIMOA KHHEMATUKH MOXHO ONpeeIUTh U3
ONTUMU3ALMOHHO U 3a7jauu [13]

P() = min >r A%, 1) (6)

rae Bexktop | = [1y, 15, I3, 1,]T 3T0 3agannble gnunbl Tpocos. Pyukuus P(1) gaet sHadeHus r =
[x,y,z]T o6ecneynBaroniie MUHUMYM ypaBHeHus (6).

[IpyBO/A BepTHUKAJIbHOW MOABWXHOU MJIATPOPMbI CUMYJISITOpPA 3eMJieTpsiceHus1. J[jis Toro
4YTOOBbI CHMYJSTOP 3€MJIETPSICEHUN BOCHPOU3BEJ 33JaHHYI0 CeHCMOTrpaMMy 3eMJIETPSICE HUS
BAOJb ocu Z (cM. PucyHok 1), Heob6xoAuMMO o006ecneyuTb NOCTyNaTeJbHOe [JBUKEHUE
BEPTUKAJbHOU NOABWKHOW mJaTdopmbl. [l obecriedyeHUs] [ABWKEHHsS BepTHKaJbHOU
NOJBMKHOM NJIaTPOPMbl  MCIHOJIb3YIOTCA  KyJIAQuKOBbI MeXaHHU3M C IOCTyHaTesJbHO
JBUTAIOIUMCS TOPU30HTAJbHO KYJaYKOM M MOCTyNaTeJbHO JABUTAKUIMMCS BePTUKAJbHO
TosKaTesieM. Ky/slayok KpenuTcs K HalpabJsolled JMHEeHHOro aKTyaTopa C IIapUKOBOU
BUHTOBOU nepejiaueil. K TosikaTe 10 KpenuTcs NoJBKHas niaatdopma.

[lnsa obecrneyeHUs] [ABWKEHUSI BEPTHUKAJbHOM MNOJBWXHONW MNJIAaTGOPMBbI HCIOJIb3YIOTCSH
npuBoj (CM. pHUCYHOK 4), coCTOSLMM M3 KyJAuKOBOrO MeXaHHW3Ma C IOCTyHNaTeJbHO
JBUTAIOIUMCS TOPU30HTAJbHO KYyJadyKOM M TNOCTYNaTeJbHO JBUrAKOLUMCA BepPTUKAJIbHO
ToJiKaTeJieM. KyJladuoOK KpemnuTcd K HalpaBJsAUed WMapUKOBOM BHUHTOBOW Iepenayy,
coeJJUHEHHOUW 4yepe3 MydTy C 1IAroBbIM JBurartesieM. K ToJikaTesil0 KpPemuTcs BepTUKaJbHas
noABWXHas nJatdopma.

0ABHAKHAS
rnV/l;l?pTHKﬂ."leaﬂ

: njaarpopma
(O}
Toakareas A X (t) CepBoaBurare.b
g Ty | +— ¢ (1)
| | i / =
Homsyn
I‘amca/ Kynauox MydTa TS ( t)

OCHOBAHHe XOJ0BOii BHHT
PHCYHOK 4, ﬂpHBOA AJid moagbeMa BepTHKaJIbHOf/'I HO,Z[BI/I)KHOﬁ l'lJIaT(l)Oprl

3aBUCHUMOCTb X0/a KyJlauKa X(t) oT yr/ia moBOopoTa BUHTA @(t) onpenesseTcss GopMyJion
_ 3 e®
x(t) = hs o (7)
rae hg - mar BUHTA.
JInHeHasA CKOPOCTh ToJIKaTe s Z(t) onpeenseTcs 1o Gpopmyie
. w(t)
x(t) = hg o (8)
rae w(t) = ¢(t) - yraoBast CKOpOCTb CEpBO/IBUTATEJISI.
[Ipodusib KyJsiauka BbINOJHEH B BU/IE KJIMHA, C YTJIOM HAaKJIOHA X, TOTZA X0/ TOJKaTeJIs
(mopBmxKHOM NJIaTGOPMBI) onpefenseTcsa no popmyJie
z(t) = x(t)tg « (9
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CKOpOCTb NOJIBMXKHOM MJIATPOPMbI
z(t) = x(t) tg « (10)
[Toactasass (8) B (10) monyyum
#(t) = hs%) tg « (11)

o , h
HepeAaTquoe OTHOIE€HHWE BUHTOBOU Nepeaadur paBHO lg = ﬁ

KpyTsaumuii MoMeHT 7, (t) cepBoABUraTe,ig onpe/easeTcs no popmy.ie
75(t) = REOD (12)

ls

3HaYeHHe YCKOpEeHUs MOo/iBIKHOM niaTdopmbl Z(t) 6epeM u3 rpaduka yCKoOpeHus

celCMOrpaMMBbl 3eMJIeTpsSCEHUs
m=m, +my

rJe Macca m, — Macca HalpaBJgolLled U KyJladyka, my — Macca BepTUKaJIbHOU MOJABKHOU
nJaTGOpMBbI C TPy30M

[IpoToTun cumynsTopa 3emjetrpsiceHuss Ha ocHoBe TIIP. B na6opatopuu UMMam um. Y.A.
/bxonpac6ekoBa OblJ1  M3rOTOBJEH NPOTOTUN CHUMYJISITOpAa 3eMJIeTPSICeHUs, IMPOEKTHO-
KOHCTpYKTOpcKas fokyMmeHTauuu (I[1K/), kotoporo npuBesena B [14]. [[poToTun cumyastopa
3emiieTpsiceHUs1 cocTouT u3 TIIP (cMm. PucyHok 5) ¢ yeTbipbMs TpocaMu Mapku Dyneema, LIROS
D-Pro 01505-0200 u guametpoM 3 MM. Kablil TpoC NPUBOJAUTCA B JABWKEeHHE NPUBOJOM.
[IpuBOJ COCTOUT M3 CEpBOMOTOpA IMlepeMEeHHOro Toka MoLHOCTbI 600 BT, KOTOpBIM 4Yepe3
IJIaHETApHbI M pelyKTOp ¢ nepeJjaTouHbIM oTHoUeHUeM 1: 10 coefuHeH c sebekol, [IpuBob
YCTAHOBJIEHBI HA [10J1y, B yIJiax KBaJpaTa pa3mMepaMu 2,7 X 2,7 M. Tpocel TIIP npukpenJieHsl, yepes
Jatyuku cuibl S Type Load Cells DYLY-101 [15], k Mo6uibHO#M niatdopme, pasmepamu 0,8 x 0,8
x 0,8 M. /IBmKeHHe BepTHUKAJbHOU NOJABWXHOW MJaTGOPMbl OCYLIECTBJSETCA KYyJAauKOBBIM
MeXaHU3MOM C MOCTyINaTeJbHO JBUTalL[MMCH TOPU30HTAJbHO KyJIQYKOM M IOCTyNaTeJbHO
JBUTAIOIUMCA BEPTHUKAJbHO TOJIKaTeJeM K KOTOPOM KpeNUTCHd BepTHUKaJbHas IOJBWKHAfA
miatdopma. Kynayok KpenuTcs K HanpapJsiolled IIapUKOBOM BHUHTOBOW IHepejayy,
coeJMHEHHOU yepe3 MydTy € CepBOJBUraTeJIEM.

PucyHok 5. [IpoToTHN CUMYJISITOpa 3€MJIETPSACE HUSI
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Ha pucynke 6 nokasaH uHTep@eic nporpaMmsbl JJi yIpaBJeHUsA IPOTOTUIIOM CUMYJIATOPA
3eMJIeTpsICeHUSA

PORT v | FORWARD v | perion 0,101
SERIAL v LEFT \ o RIGTH | ser | 100
I DISCONNECT T ‘ BACK DOWN ‘ DELAY 0.05
sTOP X ¥ z X equation [sin(27pi*0.5%)sin(27pi0.057)

PATCH [ 0 | 0 [ 0 o | ¥ equation [ 0

STEP FOR MOTOR | 1000 | \ TEST GRAPH | z equation |
Motor 1 Motor 2 Motor 3 Motor 4 Motor Z

Enable motor 1 Enabie motor 2 | Enable motor 3 | Enable motor 4 \ Enable motor Z

Counter-doclwise Cloclowise Counter-clockwise ‘ Clockwise ‘ Counter-clockwise |  Clockwise ‘Counter-clock\uisc Cioclwise Counter-clockwise Clockwise

PucyHok 6. UHTepdeiic nporpamMmsl AJis yipaB/JIeHUsI IPOTOTUIIOM CUMYJISITOpa
3eMJIeTPsSICEHU

[Ipu nomo1u uHTepdeiica ynpaBaeHHs NPOTOTUIIA CUMYJITOPA 3eMJIETPSICEHUS], Mbl MOKEM
BOCIIPOU3BOIUTH 33/IaHHYI0 CEiCMOrpaMMy 3eMJieTpsiceHus1. KpoMe Toro, uMeeTcst BO3MOXKHOCTh
PY4YHOTrO yHpaBJeHUs] MOCTyNaTeJbHbIM ABIKEHUEM MPOTOTHUIA CUMYJIATOPA 3€MJIETPSICEHUS:
BIlepe/i-Ha3a/, BJIEBO-BIIPaBO.

Pe3y/ibTaThbl M 06CYyKAeHUE
JKCcnepyMMeHT MO ynpaB/IEeHUK JBUWKEHUEM NMPOTOTHIA CUMYJIATOPA 3eMJIeTPsSICeHUS.
3a/jaIuM TPAeKTOPHUIO ABIKEeHHUS MJIaTGOPMbI CUMYJIATOPA B BU/Jle YyPaBHEHUS

x = 0.2sin(2m - 0.5t) sin(2m - 0.05¢t)

=0,
Y= 0 (13)
0<t<10

YpaBHeHue (13) onuchiBaeT ABWXKEHHUE MJATPOPMbI B HAalIpaBJEHUU OCH X, C MAKCUMaJIbHOU
aMIJIMTYA0U B ipefenax + 0.2 M.

Poickanne

.,
b 9@3%0
<o < =< 4
e
L "o
Tanrax
’
(a) (6)

PucyHok 7. UHepuuaibHbIM U3MepuTesabHbIN 6/10K IMU: (a) WHEELTEC N200, (6)
Yriibl u3MepsieMble JaTYUKOM
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YpaBHeHUe [JBWXeHUs 3aJaeTcl B BHUJe CHUHyCOMJaJbHOW BoJiHBI ¢ 4actotod 0,5 I,
aMIJINTYZla KOTOPOU Moy uMpyeTcs orubaroen ¢ yacrorou 0,05 I'.

Jlnst u3MepeHuUs yCKOpeHHUs MJ1aTGOopMbl B HalpaBJIeHUHU ABUKEHHUS 0CU X, IPOBOAUJIUCH IPU
NOMOLIM MHepuuasbHOro muaMmepuresbHoro 6;soka WHEELTEC N200 [16], moka3aHHOro Ha
pucynke 7. WHEELTEC N200 npeacTaBJisieT CO60M MHEpPIMaJIbHbI U3MepuTeabHbIN 6J10K (IMU)
¢ 9 cTeneHsAMHU cBO6OABI B 0fHOM Kopmnyce. OH coZiep>XUT 3-0CeBOU aKcesepoMeTp, 3-0CEBOU
TUPOCKOT, 3-0CEBOU MarHUTOMETP.

Ha pucynke 8 nokasaHbl 3a/JaHHOEe U U3MepeHHOe yCKOpeHUs MaaTGopMbl B HallpaBJAeHUU
ocu X. [17]. Kak BUAHO, U3 PUCYHKe 8 CUMYJISITOP MO>KeT 00eClneyuTb MHUKOBble 3HA4YEeHMUs
yCKOpEeHUs1 3aJJaHHOU TpaeKTOPUU JBWKeHUs NaaTPopMbl. 3alaHHOE YCKOPEHHE TPAaeKTOPUHU
JABIDKeHUS NJ1aTGOPMBbl B HallpaBJeHUH 0CcH X oNpeieisieTcs MyTeM BOMHOTO HHTErPpUPOBaHUA
ypaBHeHus (13).

[av]
|

"o 1 2 3 4 5 6 7 8 9 10
Bpewms (¢)

PucyHke 8. 3asaHHOe 1 M3MepeHHOe YCKOpeHU IJIaTGOpPMBbI B HalpaBJIeHUH ocH X

2) PaccMoTpuM BepTHUKa/JIbHOE ABMKEHUE MI1aTGOPMbI CUMYJISITOpPA B HAallpaBJEHUH OCH Z
3a/laHHOE YpaBHEHHEM

{Z = 0.05 sin(2m - 0.5t) sin(27 - 0.05¢) (14)

x=0y=00<t<10

M3MepeHUs ycKopeHUs MJaTGOPMBI B HallpaBJeHUU [JBMXKE€HUS OCU Z, POBOAUJINACH NIPU
NOMOLMA MHepLuasbHOro usMepuresbHoro 6;joka WHEELTEC N200. Ha pucynke 9 nokasaHbl
3aJlaHHOe U U3MepeHHOe yCKOpeHHUs IJIaTGOpMbl B HAlpaBJIeHUU OCH Z. 3aJlaHHOe YCKOpeHue
TPaeKTOPUHU [ABWKEHUS IJIaTPOpPMbl B HallpaBJIeHUU OCHU Z omlpeJesseTcsd NyTeM JABOUHOTIO
HHTerpyupoBaHus ypaBHeHuUs (14).

Kak BUJHO M3 puUCyHKa 9 cUMy/naTOp MOXeT 00ecneyuThb MHUKOBble 3HAYeHUS YCKOpPeHMUs
3a/JaHHOW TPaeKTOPUH JBWKeHUs NJ1aTGOPMBbI B HANPaBJIeHUHN OCH Z.
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JKcIepuMeHTabHble HUCC/AEeJ0BAaHUS MPOTOTUNA CUMYJISITOPA 3eMJIETPSICEHUs C y4acTHEM
yesioBeKa. [IpoBefileHbl 3KCIlepUMEHTAJbHble KCCJAeZ0OBAHUS MPOTOTHNA CUMYJSATOpA
3eMJIeTpsICeHHs C yyacTHeM 4desioBeka (cM. PucyHok 10),

0.75 . ‘ ; ‘ ‘ : ,

3ananunoe Z HUsmepennoe Z

&5 0.25

VYexopenne Z (ms

-0.75 I I | I . i
0 1 2 3 4 5 6 7 8
Bpewst (¢)

PucyHok 9. 3ajlaHHO€e U U3MepEeHHOe YCKOpeHus /1aT¢opMbl B HANIPABJIE€HUHU OCH Z

0

10

JKCIIepUMeHThl NPOBOAMUJIMCH C pPa3JIMYHBIMU JIIOAbMH HMEWUIUX OINBIT MPOLIeJIINX
3eMJIETPSAACEHUH, NPU BOCIPOU3BEJ€HUU CeMCMOrpaMMbl 3eMJIETPACeHUsA Mo ocu X B BUJE
ypaBHeHus (13) v o ocu Z B Bujie ypaBHeHUs (14). U3 onpoca Jito/ieit nocJie UCIbITAHUN MHOTHeE
Y3 HUX NOATBePAUIN 3G EKT OLyLeHUSI peabHOTO 3eMJIEeTPsICEHHS.

e

< MU

(a) (6)

PucyHnok 10. HaxoxxeHue 4ye10BeKa Ha IPOTOTHIIE CUMYJIATOpPA 3eMJIeTpsACeHus: (a)
cros, (6) cuas
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Ha rosioBy yesioBeKka oZieBa/iv KacKy C IpUKpeIJIeHHbIM K HeMy faT4ukoM IMU, Kak nokasaHo
Ha pucyHke 10. C nomowpo gatyrMka IMU 6bls1M CHATBI NOKa3aHUA apaMeTpPOB YCKOPEHUA U
yIJIOB OTKJIOHEHHS I'OJIOBBI YeJIOBEKA TaHTaX, KpPeH U pbICKaHMUe, KaK MI0Ka3aHO Ha pUCYHKe 7 6,
IIpY N0JIOKeHUAX cuisd U ctos (PucyHok 10 a, 6).

Ha pucynke 11 nokasaHbl 3KCllepuMeHTa/lbHble I'pap KU YCKOPEeHUM 110 ocu X, Y U Z U yTJIOB
TaHTaXka, KpeHa U pbICKaHUs I0JI0OBbI YeJ0BeKa B II0JIOXKEHUAX CUJA U CTOA.
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PucyHok 11. 3kcnepuMeHTa/IbHble rpaduKH yCKOpeHUuM o ocu X, Y U Z U yriioB
TaHra’<a, KpeHa U prICKaHHM A I'0JIOBBI YeJI0BEKa B II0JIOKEHHUAX CUJASA U CTOA
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JKcreprUMeHTa/bHbIe UCCJIeJOBAaHUS CUMYISATOPA 3eMJIETPSICEHUST HA OCHOBE TPOCOBOI'0
napaJiieJibHOro po6oTta

[l OLlEHKW TIOJIyUEHHBIX IJKCIepPHMEHTA/bHbIX pPe3yJbTaTOB, OINpeeJuM CpejJHee
kBaapaTuieckue 3HayeHus1 (CK3) yckopenuit mo ocsim X, Y U Z U yIJIOB TaHraXka, KpeHa U
PbICKaHUS FOJIOBBI YeJIOBEKA B MOJIOXKEHUSAX CU/JIA U cTos (cM. Tabauny 3).

Ta6snna 3. CK3 skcnepuMeHTa/IbHBIX 3HAYEHU M

[TosoxxeHue X Y Z Tanrax Kpen Prickanue
YyesJl0BeKa Ha (M/c?) (M/c?) (M/c?) (rpaa.) (rpaza.) (rpaza.)
CUMYJIITOPE
Cunsa 2,03 1,04 9,23 5,24 2,43 4,32
Cros 4,47 2,37 9,53 9,65 4,2 10,78

M3 Ttabsanusl 3 BUAHO, uyTo CK3 yckopeHuil no ocsiMm X, Y U Z ¥ yrjoB TaHTraXka, KpeHa U
pBICKaHUA FOJIOBBI YeJIOBEeKa B I0JI0XKEHUU CTOA NOYTH B iBA pa3a 4YeM B [10JIOKEHUHU CUJA.

\ \

PPICYHOK 12. OTK/IOHEeHMe TeJIa YeJI0BeKa IpH NMOJIOKEHUH CTOA, IPU CWIbHOM
3eMJICTPACEHUHU

B X0 e 3KCIIEPUMEHTOB Ha CUMYJIATOpPE 3eMJIETPACEHUA C yI1aCTHEM Y€JIOBEKa, YCTAaHOBJIEHO,
9TO Y€JIOBEK B IIOJIOXKEHHE CTOA, IPU CUJIbHOM 3€MJIETPACEHHUH, HE MOXKET yAepXaTb paBHOBeCHe
Y CKJIOHEH K najJieHu1o (cM. PucyHok 12)

W3 anasu3za MMpOBEAEHHBIX 3KCIIEPHMEHTAJIbHbIX I/ICCJIe,ZLOBaHI/II‘/JI IIPpOTOTHUIIA CUMYJIATOPA
3eMJIETpACEHUA C ydYaCTHEM 4YeJIOBEKa, 6blJa Bbl/laHA peKoOMeHAalud, 4YTO IIpH CHJbHOM
3eMJIETPpACEHHUH H906XO,C[I/IMO 0653aTeJIbHO MNpUuCceCcTb WJIHU ABUT'aTbCA HA KOJIEHAX, BO n3bexxaHue
MnmageHnd ¢" TII0JIy4€HHUA TpPaBMbI. HpOBe,Z[eHHbIe HUCIIBITAHHUA JIIO,Z[eﬁ Ha CHUMYJATOpE
3eMJIeTpACEeHUA IMOKa3aJik, 9YTO MPHU BOCIPOU3IBEAJEHHWH CHUJIBHOI'O 3eMJIETpACEHHA, HUKTO H3
JIIO,Z[Eﬁ He CMOT' yAepXaTb paBHOBeCHE B IIOJIOX)KEHHE CTOA U UM INPUXOAWUJIOCH AEpKATCA 3a
NOpPYYHHU.
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3ak/I4yeHue

[IpoBesileHbl 3KCIEepUMeEHTa/IbHblE UCCJeJOBaHUS NPOTOTUIIA CUMYJISITOPA 3€eMJIeTPSICEHUS
Ha ocHoBe TIIP. TecToBble TPAEKTOPHUHU JABMKEHHSI MOOUJIbHOM NIaTGOPMbI B HANIpaBJIEHUU OCU
X, Y u ABUKeHUSI BepTHUKAJbHOW NMJAaTGOPMBbI ObIJIM 33JjaHbl B BUJie CUHYCOUJAJIbHOU BOJIHBI C
yactoTo# 0,5 'y, aMIIMTy1a KOTOPOUM MoAyJiupyeTcs orubaroien ¢ yactoroi 0,05 I'y. 3agaHbl
cJleyrole MaKCUMaJibHble aMIJIMTY bl 10 ocU X B ipejiesiax + 0.2 M, no ocu Y B ipegenax + 0.05
M, mo ocu Z B mnpenenax + 0.05 M. JkcrnepuMeHTaJibHble HCC/A€I0OBAaHUS MOATBEPAUIN
BO3MO>XHOCTb BOCIPOU3BEJIEHHUS TMNPOTOTHUIIOM CUMYJATOpPA 3eMJIETPSICEHUM 3aJJaHHbIX
yCKOpeHUW HampaBJeHUU ocu X, Y U Z corjacHo 3aJJaHHOW celcMorpaMMbl. Pe3ysibTaThl
3KCIepUMEHTAJ/IbHbIX HCCJEeJIOBAHUM MMOKasaJKd CIHOCOOHOCTb pa3paboTaHHOrO MPOTOTUIA
CUMYJIITOpPa 3€MJIETPSICEHUS BOCIPOU3BOJAUTbH CeHWCMOrpaMMy 3emJieTpsiceHusi. [IpoBemeHbI
3KCIepUMEHTAJIbHble MCCJIeJOBAaHUA MPOTOTUNA CHUMYJATOPA 3eMJIETPSACEHHUS C ydyacTUeM
4yeJI0BEKA, KOTOpble MOATBEePAUIN 3PPEKT OlLLylLeHUsI peasbHOro 3eMJeTpsiceHUs. C TOMOIIbIO0
Jatyrka IMU 6blM CHATHI IOKa3aHUS MapaMeTPOB YCKOPEHHS U YTJIOB OTKJIOHEHUS TOJIOBBI
yeJIOBeKa MpPHU MOJIOKEHUAX CUAA U CTOA. 3 aHaJ/ivM3a NOJIly4YeHHbIX pe3yJibTaTOB MPOBeJeHHbIX
WCIbITAaHUN CUMYJISITOPA 3€MJIETPSICEHHS, ObLJIM BbIIaHbl PEKOMEH/JAll U MTOBeIeHUS JII0JIel TpU
CUJIbHOM 3€eMJIETPSICEHHH.
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A.A.Jomartov, A.E. Abduraimov, A.N. Kamal

U.A. Joldasbekov Institute of Mechanics and Engineering, Almaty, Kazakhstan

Experimental Studies of an Earthquake Simulator Based on a Cable Parallel Robot

Abstract. Earthquake simulator design is currently receiving significant attention worldwide.
An earthquake simulator is a device that reproduces seismic waves generated during an
earthquake. This paper presents an experimental study of an earthquake simulator based on a
cable parallel robot (CPR) for reproducing three-dimensional ground motion during an
earthquake, based on a given seismogram. The experimental studies were conducted on a
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prototype CPR-based earthquake simulator manufactured at the U.A. Joldasbekov Institute of
Mechanical Engineering. The prototype earthquake simulator has two moving platforms. The
mobile platform of the earthquake simulator prototype performs translational movements in the
X and Y directions using a CPR, while vertical translational movement of the platform along the Z
axis is achieved by a cam drive. Experimental studies of the earthquake simulator prototype were
conducted to determine the feasibility of reproducing a given earthquake seismogram.
Experimental studies of the earthquake simulator prototype with human participants
demonstrated the effect of sensing a real earthquake. Using an IMU sensor, acceleration
parameters and head tilt angles were recorded in sitting and standing positions. Based on the
analysis of the earthquake simulator test results, recommendations were developed for human
behavior during a strong earthquake.
Keywords: cable parallel robot, earthquake simulator, seismogram, prototype, IMU sensor
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Abstract. This article examines automatic source code summarization as an
important area of software engineering focused on generating concise natural
language descriptions of program functionality and structure. The study
addresses the problem that many existing methods rely mainly on local
syntactic patterns and therefore do not fully capture deeper semantic context,
reducing the quality and practical value of generated summaries. The purpose
of the research is to analyze approaches based on abstract syntax trees, graph-
based program representations, and heterogeneous graph neural networks,
and to identify their strengths and limitations in modeling program semantics.
The methodology relies on a comparative analysis of code representation
techniques and context propagation mechanisms used in modern
summarization systems. The results show that syntax-oriented models
effectively encode local hierarchical relations but poorly represent long-range
dependencies. Graph-based and heterogeneous graph approaches provide
broader semantic coverage through control-flow, data-flow, and multi-level
context aggregation, supporting more accurate automated documentation and
developer assistance tools.

Keywords: source code summarization, abstract syntax tree, heterogeneous
graph, graph neural networks, UML diagrams, machine learning.
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Methods of source code summarization: from abstract syntax trees to
heterogeneous graph neural networks

Introduction

Source code summarization focuses on generating short natural language descriptions that
convey the purpose and functionality of program fragments. Such summaries play an important
role in software development by supporting program comprehension, code review, maintenance,
and knowledge transfer. As software systems grow in size and complexity, developers increasingly
rely on automated tools to understand unfamiliar code, making reliable code summarization a
practically relevant research problem.

Early approaches to code summarization relied on rule-based techniques and information
retrieval methods, which required handcrafted templates or similar code examples and therefore
lacked generalization capability. With the availability of large-scale code repositories, data-driven
neural models became the dominant paradigm. These models initially treated source code as a
token sequence and later incorporated syntactic structure through abstract syntax trees. While
syntax-aware models improved local structural understanding, they remained limited in capturing
semantic relationships that extend beyond individual methods.

In object-oriented software, the meaning of a method is often determined not only by its
internal implementation but also by its enclosing class, inherited behavior, and interactions with
other classes. Ignoring such context leads to incomplete or ambiguous summaries. This limitation
motivates the transition from purely syntax-based representations toward graph-based and
heterogeneous models that explicitly encode control flow, data flow, and inter-class relationships.
Understanding how these representations affect summarization quality is essential for designing
context-aware and semantically informed summarization systems, which forms the central
motivation of this study.

The research presented in this article is conducted under a set of technical constraints that
reflect both practical deployment conditions and publication requirements. From a
methodological perspective, summarization models must operate on real-world source code,
handle large codebases, and remain computationally feasible within standard hardware
environments. These constraints influence the choice of representations, favoring models that
balance expressive power with scalability.

The study assumes a standardized experimental and reporting framework consistent with
contemporary software engineering research. The article follows the IMRAD structure to ensure
clarity and reproducibility, with a clear separation between methodological description, empirical
results, and their interpretation. The presentation of results requires at least one visual element,
such as a figure or table, to support analytical observations and illustrate comparative trends.

From a technical writing perspective, the article adheres to strict formatting and structural
requirements, including consistent typography, page layout, and citation style. These
requirements impose limitations on article length and encourage concise yet informative
exposition. As a result, the analysis emphasizes representative methods and core architectural
ideas rather than exhaustive implementation details. Such constraints shape the scope of the study
and ensure that the proposed analysis remains both technically rigorous and accessible to a broad
research audience.

Literature Review

The emergence of transformer architectures marked a turning point in neural code
summarization. Ahmad et al. demonstrated that a relatively simple transformer model, when
equipped with relative positional encodings, can outperform both sequence-based and
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structurally-enhanced models on code summarization tasks [1]. Their analysis revealed that
absolute positional encodings, commonly used in NLP, are ill-suited for code because they fail to
reflect hierarchical and relational structure [1, p. 5002]. Relative positional representations, by
contrast, allow the model to focus on relationships between tokens rather than their absolute
positions, resulting in improved generalization and performance.

This line of work laid the foundation for large-scale pre-training approaches that treat code
and natural language as complementary modalities. Subsequent models, including CodeBERT [17],
PLBART [2], and CodeTrans [16], adopted transformer architectures trained on massive corpora
of code-comment pairs and unimodal code data. These models demonstrated that pre-training on
diverse programming languages and tasks yields representations that transfer effectively to code
summarization, search, and generation [2, p. 2658; 17, p. 1540].

While AST-based methods improved performance, they still failed to capture certain semantic
aspects of program behavior, particularly those related to data flow and control dependencies that
are not explicitly encoded in syntax trees. Addressing this limitation, Allamanis et al. proposed
representing programs as graphs that unify syntactic, semantic, and control-flow information [4].
In this representation, nodes correspond to program elements such as variables and statements,
while edges encode relationships including data dependencies and control flow. Graph neural
networks (GNNs) operating over such representations demonstrated superior performance on
tasks requiring semantic reasoning, such as variable naming and misuse detection [4, p. 6-8].
These results suggested that program graphs provide a more faithful abstraction of code semantics
than linear or tree-based representations alone.

However, subsequent research revealed intrinsic limitations of graph-based neural
architectures. Alon and Yahav identified the phenomenon of over-squashing in GNNs, whereby
information propagated over long graph distances becomes compressed into fixed-size
representations, leading to the loss of critical contextual signals [7, p. 3-5].

One of the earliest contributions influencing the evaluation of code summarization systems
originates outside the software engineering domain. Banerjee and Lavie introduced the METEOR
metric as an alternative to BLEU for machine translation evaluation, explicitly addressing known
weaknesses of n-gram precision-based metrics [8]. METEOR aligns candidate and reference texts
using exact matches, stem matches, and synonym matches, and combines precision and recall with
a fragmentation penalty that accounts for word order coherence [8, p. 66-68]. As evaluation
practices matured, concerns regarding the robustness of neural models for code analysis began to
emerge. Bielik and Vechev were among the first to systematically investigate adversarial
vulnerabilities in neural models operating on source code [9]. Instead of predicting a single label,
Code2seq employs an attention-based decoder that dynamically selects relevant AST paths during
the generation process. Alon et al. demonstrated that Code2seq achieves state-of-the-art results
on code summarization benchmarks across multiple programming languages, significantly
surpassing traditional encoder-decoder models adapted from NMT [5, p. 8-9].

Parallel to robustness concerns, interpretability emerged as a central issue in attention-based
architectures. While attention mechanisms are often informally interpreted as explanations, Bui et
al. challenged this assumption through their AutoFocus framework [10]. AutoFocus combines
attention weight analysis with systematic code perturbation: individual statements are removed
or modified, and the resulting change in model output is measured [10, p. 39]. By comparing
attention distributions with actual impact on predictions, the authors showed that attention
weights alone are unreliable indicators of feature importance. In many cases, highly attended
tokens had little effect on the generated summary, while low-attention elements were critical to
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the model’s decision [10, p. 40]. Figure 1 illustrates a generalized conceptual taxonomy of
approaches to automatic source code summarization, reflecting the dominant modeling paradigms
that have emerged in the literature over the past decade.

AUTOMATIC CODE
SUMMARIZATION

'

v Vi v
AST-BASED MODELS GRAPH-BASED MODELS HYBRID / FUTURE
TRENDS
\V/ N v
Structural parsing — CoCoSUM (MRGNN +
Syntax nodes attention)
Tree-LSTM — Code as graph (CFG, —_  AST + GNN
Code2Seq DFG) integration
Token embeddings — Context propagation —  UML-based semantic
— Heterogeneous GNNs graphs
Limitations: — Code property graphs —  Multi-level context
{_7 Poor global context models
ack of semantic information — Toward semantic

Figure 1. Conceptual mind map of research directions in automatic code
summarization.
Note: compiled by the author based on reviewed studies [5-7]

AST-based models constitute the earliest structurally informed category. These approaches
leverage the hierarchical structure of abstract syntax trees to encode syntactic relations between
program elements. Techniques such as Tree-LSTM, path-based encodings (e.g., Code2Seq), and
token-level embeddings aim to capture compositional structure beyond flat token sequences.
However, as indicated in Figure 1, these models are constrained by limited access to global context
and insufficient modeling of semantic dependencies, particularly data flow and control
interactions across distant code regions.

Graph-based models represent a conceptual shift toward semantic reasoning. By modeling
code as graphs—such as control flow graphs (CFGs), data flow graphs (DFGs), or unified code
property graphs—these approaches enable information propagation across non-local
dependencies. Heterogeneous graph neural networks further extend this paradigm by explicitly
distinguishing between different node and edge types. As depicted in Figure 1, graph-based models
address several limitations of AST-based methods but introduce new challenges related to
scalability, information bottlenecks, and architectural complexity.

The earliest attempts at automatic source code summarization were deeply influenced by
advances in neural machine translation (NMT), where the task is formulated as learning a
conditional probability distribution over target language sequences given an input sequence. In
this paradigm, source code is treated analogously to a foreign language sentence, while the
generated summary corresponds to its translation into natural language. The conceptual
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foundations of this approach can be traced to the encoder-decoder framework introduced by Cho
et al., which demonstrated that recurrent neural networks equipped with gating mechanisms are
capable of mapping variable-length input sequences to variable-length outputs while preserving
essential semantic information [15]. Despite these limitations, the NMT formulation provided an
important conceptual breakthrough: it established code summarization as a conditional
generation problem, enabling the direct application of neural generation techniques. Early neural
models demonstrated that even when code is treated as a flat token sequence, neural networks can
learn non-trivial correspondences between syntactic patterns and natural language descriptions.
This insight motivated a wave of research exploring whether richer representations of code could
mitigate the deficiencies of purely sequential models. Moving beyond interpretability, Bui et al.
later introduced a self-supervised contrastive learning framework for code representation
learning, commonly referred to as Corder [11]. The central idea is to construct positive and
negative pairs of code fragments using semantic-preserving and semantic-altering
transformations. Corder thus represents a shift toward learning semantic invariances explicitly
rather than relying solely on supervised generation objectives.

Another notable architectural innovation is the introduction of TreeCaps, a tree-based capsule
network for source code processing [12]. Capsule networks were originally proposed to preserve
hierarchical relationships in visual data, and Bui et al. adapted this concept to abstract syntax trees.
Complementary to capsule-based architectures, Chai and Li proposed the Pyramid Attention
mechanism to address the multi-granular nature of source code [13]. Their approach represents
code at multiple abstraction levels, ranging from sub-tokens to full statements, and applies
separate attention mechanisms at each level before aggregating the resulting representations [13,
p. 3-4]. Pre-training objectives also continued to evolve. Chakraborty et al. introduced NatGen,
which departs from conventional denoising objectives by focusing on the naturalness of code [14].
Instead of reconstructing masked tokens, NatGen trains models to recover original code from
“naturalized” variants obtained via semantic-preserving transformations such as variable
renaming and dead-code insertion [14, p. 20-22]. Finally, Fernandes et al. proposed Structured
Neural Summarization, a hybrid architecture that integrates sequential and structural encoders
[18].

The methodology

The task of source code summarization is formulated as a conditional sequence generation
problem. Given a source code fragment CCC, the objective is to generate a natural language
summary S= (s1, s2, sT) S = (s_1, s_2, \dots, s_T) S= (s1, s2, sT) that describes the functionality of
the code. The model learns a conditional probability distribution:

T
P(SIC)=1_[P( sel St orSeep,C) )

Unlike plain sequence-based approaches, this study represents the source code CCC as a
structured object that integrates syntactic and semantic relations. The goal is to evaluate how
different structural representations affect the quality and semantic completeness of the generated
summaries. Source code is processed using a multi-stage pipeline. First, each code fragment is
parsed into an abstract syntax tree (AST) using a language-specific parser. AST nodes represent
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syntactic constructs, while edges capture parent-child relationships. To enrich the representation
with semantic information, additional relations are extracted:

o control-flow relations between statements;

o data-flow relations between variable definitions and uses;

e inter-method and inter-class relations in object-oriented code.

These relations are combined into a heterogeneous program graph G = (V, E, R), where V
denotes the set of nodes, E the set of edges, and R the set of relation types. To encode the
heterogeneous program graph, a multi-relational graph neural network is applied. For each node
v, hidden representations are updated through message passing:

W =0 | > wh 2)
r,Wr(l)

Where Nrwv) denotes the neighbors of node v connected via relation r, Wi is a relation-specific
weight matrix, | is the layer index, and o\sigmao is a nonlinear activation function.

All experiments are conducted using Python-based frameworks for deep learning and graph
processing. Program graphs are constructed using static analysis tools, while neural models are
implemented using widely adopted machine learning libraries. Training and evaluation are
performed on GPU-enabled hardware to ensure computational efficiency. The entire pipeline,
including preprocessing, model training, and evaluation, is designed to be reproducible using fixed
random seeds and standardized configurations.

The research workflow follows a fixed sequence of steps: data preprocessing, graph
construction, model training, and evaluation. Configuration files define hyperparameters and
model variants, enabling consistent replication of experiments. Intermediate representations and
trained model checkpoints are stored to support further analysis and comparison.

Findings/Discussion

The experimental evaluation demonstrates the practical effectiveness of context-aware and
graph-based representations for source code summarization. The results are obtained on two Java
datasets, CodeSearchNet and CoCoNet, using four standard evaluation metrics: BLEU-4, METEOR,
ROUGE-L, and CIDER.

On the CodeSearchNet dataset, the proposed context-integrated model achieves a BLEU-4
score of 19.04, METEOR of 14.18, ROUGE-L of 30.77, and CIDER of 1.15. These values exceed the
strongest baseline results by 8.06%, 9.75%, 10.01%, and 27.78%, respectively. Models relying
solely on code tokens or abstract syntax trees show consistently lower performance, indicating
limited ability to capture semantic dependencies beyond method-level structure. Graph-free
architectures exhibit a noticeable decline in performance as code length increases, while context-
aware models maintain stable results across different input sizes.

On the larger CoCoNet dataset, similar trends are observed. The context-enriched model
achieves BLEU-4 of 20.15, METEOR of 14.94, ROUGE-L of 31.24, and CIDER of 1.30, outperforming
all comparison methods. Retrieval-based models benefit from dataset scale but remain inferior in
semantic consistency, particularly for summaries requiring inter-class information. Ablation
studies confirm that both intra-class context (class names) and inter-class context (UML-based
relations) contribute to performance gains, with inter-class relations providing the largest
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improvement. Replacing multi-relational graph modeling with single-relation graphs results in
measurable degradation across all metrics, demonstrating the practical necessity of
heterogeneous graph representations.

Baseline comparison on CodeSearchNet. Table 2 reports the automatic evaluation of
representative neural and hybrid baselines on CodeSearchNet using BLEU-4, METEOR, ROUGE-L,
and CIDEr. CoCoSUM achieves the best score in every metric (BLEU-4 = 19.04; METEOR = 14.18;
ROUGE-L = 30.77; CIDEr = 1.15) and surpasses the strongest baseline by 8.06%-27.78%
depending on the metric.

Table 1. Comparison with baselines on CodeSearchNet [1, p. 13].

Model BLEU-4 METEOR ROUGE-L CIDEr
Code-NN 12.97 7.76 19.54 0.42
Hybrid-DRL 14.14 8.47 21.09 0.64
H-Deepcom 14.48 9.20 22.95 0.51
Attendgru 17.05 12.18 27.20 0.85
Ast-attendgru 17.19 12.43 27.52 0.90
Code2seq 15.02 8.98 23.38 0.61
ASTNN 17.62 10.72 27.76 0.70
Rencos 15.79 12.92 23.35 0.82
NeuralCodeSum 14.54 10.41 27.97 0.82
CoCoSUM 19.04 14.18 30.77 1.15

Note: compiled based on the data [4]

From Table 2 it is evident that methods relying only on token sequences (e.g., Code-NN)
underperform, while structurally informed or retrieval-augmented approaches (e.g., Ast-
attendgru, Rencos) improve results but still remain behind the proposed model.

Baseline comparison on CoCoNet (generality across datasets). To test transferability, the same
family of baselines is evaluated on the independently collected CoCoNet dataset (Table 3).
CoCoSUM remains the top performer (BLEU-4 = 20.15; METEOR = 14.94; ROUGE-L = 31.24; CIDEr
= 1.30) and improves over the best baseline by 0.61%-7.44% across the four metrics [1, p. 14].

Table 2. Comparison with baselines on CoCoNet

Model BLEU-4 METEOR ROUGE-L CIDEr
Code-NN 13.02 8.90 20.72 0.46
H-Deepcom 16.29 11.86 26.40 0.74
Attendgru 18.55 13.80 29.28 1.11
Ast-attendgru 18.91 13.88 29.48 1.14
Code2seq 14.46 9.31 23.15 0.64
ASTNN 16.79 9.42 25.43 0.52
Rencos 19.18 14.85 27.56 1.21
NeuralCodeSum 16.51 8.60 28.80 1.17
CoCoSUM 20.15 14.94 31.24 1.30

Note: compiled based on the data [4]
An important practical observation from Table 3 is that the retrieval-based baseline Rencos
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becomes noticeably stronger on the larger dataset, consistent with the intuition that bigger
repositories increase the chance of retrieving near-duplicates; nevertheless, CoCoSUM still leads,
indicating that global structural context provides gains beyond retrieval alone.

Table 4 isolates the effect of adding (i) the intra-class channel (class name) and (i) the inter-
class channel (UML relations). CoCoSUMu (UML only) yields a larger gain than CoCoSUMc (class
name only), and combining both gives the best overall metrics (CoCoSUM: BLEU-4 = 19.04;
METEOR = 14.18; ROUGE-L = 30.77; CIDEr = 1.15).

Table 3. Global contexts ablation study [1, p. 15].

Model BLEU-4 METEOR ROUGE-L CIDEr
Ast-attendgru 17.19 12.43 27.52 0.90
CoCoSUMc (UML) 17.28 12.32 27.49 0.89
CoCoSUMu (no class name) 18.82 13.83 30.29 1.12
CoCoSUM (both) 19.04 14.18 30.77 1.15

Note: compiled based on the data [7]

From Table 4, it follows that inter-class information captured from UML relations contributes
more strongly than the class-name-only signal, while the joint use of both channels produces the
maximum effect, supporting the design choice of explicitly modeling multiple forms of global
context.

Qualitative case study (practical error patterns). Table 6 provides two concrete examples
showing how global context enables the generation of key tokens that are not reliably produced
from local method bodies alone. In Case 1, the enclosing class name (“ClassVisitor”) supplies a
crucial concept (“class”), helping the model generate a more faithful summary (“visit a field in the
class”) than baselines that drift into generic phrasing.

In Case 2, the UML relation (DEPEND) between the enclosing class and a neighbor class helps
recover a phrase (“property status”) that aligns with the ground truth and is missed by several
baselines, illustrating a practical advantage of modeling inter-class semantics explicitly.

The experimental evaluation assesses the effectiveness of different source code
representations for the task of automatic code summarization. The results are reported on two
widely used Java benchmarks, CodeSearchNet and CoCoNet, using four standard automatic
evaluation metrics: BLEU-4, METEOR, ROUGE-L, and CIDEr. All models are evaluated under
identical preprocessing and experimental settings to ensure comparability.

On the CodeSearchNet dataset, the proposed context-integrated model (CoCoSUM) achieves
the highest scores across all evaluation metrics. Specifically, the model obtains a BLEU-4 score of
19.04, a METEOR score of 14.18, a ROUGE-L score of 30.77, and a CIDEr score of 1.15 (Table 1).
These results outperform all baseline models included in the comparison. Sequence-based
approaches such as Code-NN demonstrate the weakest performance, while syntax-aware models
based on abstract syntax trees show moderate improvements but remain consistently below the
proposed method.

From Table 1, it can be observed that AST-based extensions (Ast-attendgru, ASTNN) yield
higher scores than token-only models, indicating the benefit of incorporating hierarchical syntactic
information. However, even the strongest syntax-aware baselines fail to match the performance of
the context-aware graph-based approach, particularly on METEOR and CIDEr, which are more
sensitive to semantic adequacy and relevance.
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Similar trends are observed on the CoCoNet dataset (Table 2), which is larger and structurally
more diverse. On this benchmark, CoCoSUM achieves a BLEU-4 score of 20.15, METEOR of 14.94,
ROUGE-L of 31.24, and CIDEr of 1.30, again surpassing all competing methods. Retrieval-based
models such as Rencos show noticeable improvements compared to their performance on
CodeSearchNet, reflecting the increased likelihood of finding near-duplicate code examples in
larger repositories. Nevertheless, the proposed model maintains a clear advantage, indicating that
structural context contributes additional information beyond retrieval alone.

Modern code-summarization models differ in the way they represent and process code.
Sequence-to-sequence approaches such as CodeNN treat code as plain text, while later models
incorporate syntax (AST) or richer program graphs. Table 1 summarizes baseline models
evaluated on two widely used Java benchmarks—TL-CodeSum and EMSE-DeepCom. AST-based
models (HDeepCom and ASTattGRU) outperform token-only CodeNN, which demonstrates that
capturing tree structure improves summary quality. Transformer-based models like
NeuralCodeSum further boost BLEU and ROUGE scores by learning long-range dependencies. The
hybrid models CAST and TPTrans use tree-path information and achieve even higher scores.

SHT
TPTrans
CAST

|

|

| TLC BLEU
NeuralCodeSum |

|

|

I

m Backbone
ASTattGRU

HDeepcom
CodeNN

= [nput

0 10 20 30 40 50

Figure 2. General Process of Automatic Code Summarization
Note: compiled based on the data [14]

This map distinguishes three branches: methods based on abstract syntax trees (ASTs), graph-
based approaches using dataflow and control structures, and hybrid models that combine multiple
representation types. Each branch lists the most significant models and clearly shows how the
methods have evolved—from simple sequential models to complex hybrid systems.

CodeBERT
RoBERTa
Transformer
Seq2Seq
Model ‘
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Figure 3. The process of automatic source code summarization
Note: compiled based on the data [14]
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The second diagram is a flowchart of the automatic source code summarization process. It
contains sequential steps: first, an abstract syntax tree and graphs are extracted from the program,
then a representation is constructed using multi-relation graph neural networks and transformers,
and finally, a natural language text description is generated. This diagram helps us understand how
modern models exploit both local and global relationships in code to generate accurate and
meaningful comments. The ablation study presented in Table 3 isolates the impact of different
global context channels. When only intra-class information (class name) is used, the performance
gain over the AST-based baseline is marginal. In contrast, incorporating inter-class context derived
from UML relations results in a substantial improvement across all metrics. The full model, which
combines both intra-class and inter-class context, achieves the best overall performance,
confirming the complementary nature of these information sources.

In addition to quantitative results, qualitative examples further illustrate the effect of global
context integration. In selected cases, the context-aware model successfully generates key
semantic terms that are absent from local method bodies but are recoverable from class-level or
inter-class relations. Baseline models, in contrast, tend to produce more generic descriptions or
omit critical functional concepts.

Conclusion

The conducted study has achieved the stated research goal, namely, to analyze and compare
modern approaches to automatic source code summarization with a particular focus on how
different structural representations influence the semantic completeness and quality of generated
summaries. The obtained results allow for a structured discussion of the main findings in direct
correspondence with the research objectives.

1. In accordance with the first research objective, the analysis of sequence-based and syntax-
oriented models demonstrates that treating source code as a flat token sequence or relying solely
on abstract syntax trees provides only a partial representation of program semantics. While AST-
based methods improve over purely sequential approaches by capturing hierarchical structure,
they remain limited in modeling long-range dependencies and inter-method or inter-class
relations. This confirms that syntactic structure alone is insufficient for producing semantically
rich and context-aware summaries.

2. Addressing the second objective, the comparative evaluation shows that graph-based
representations significantly enhance summarization performance by explicitly encoding control-
flow and data-flow dependencies. The experimental results on CodeSearchNet and CoCoNet
indicate consistent improvements across all evaluation metrics when semantic relations are
incorporated into the model. These findings highlight the practical importance of representing
source code as a structured graph rather than as isolated syntactic units.

3. With respect to the third objective, the study demonstrates that heterogeneous graph neural
networks provide an effective mechanism for multi-level context propagation. By distinguishing
between different node and edge types, heterogeneous models enable more precise aggregation of
local and global information. The ablation study confirms that inter-class context captured through
UML-based relations contributes more substantially to performance gains than intra-class context
alone, while their combination yields the best overall results.

Final summary. Overall, the study confirms that context-integrated and heterogeneous graph-
based representations constitute a promising direction for automatic source code summarization.
Despite these advances, several limitations remain unresolved. In particular, the scalability of
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heterogeneous graph construction and the computational cost of multi-relational message passing
present challenges for large-scale industrial deployment. Future work should therefore focus on
optimizing graph construction pipelines, exploring lightweight context selection strategies, and
extending the approach to multilingual and cross-project summarization scenarios.
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Anpgarna. Kasipri 3amanza Big Data TexHosiorusjiapbl MeH >KacaHZAbl
WUHTEJIJIEKT (P)KHW)  xyHesepiHiH  e3apa  OailyaHbICbl  LUQPJBIK
TpaHCPOpMaALUSHbIH, Herisri 6afFbITTapblHbIH 6ipi 60/bIn OTHIP. YJIKEH
JlepeKkTep KeJileMiH THUIMZI ©eHJey MeH Tajjay KacaHJbl HWHTEJJIEKT
aJITOPUTM/IEPiHIH J9/14iri MeH GeliM/Jesny KabijlieTiH apTThlpyFa MYMKiHJIK
6epegi. by mony Makasnace! Big Data niiatdopmanapbinblig (Mbicasbl, Hadoop,
Spark, Apache Flink) »kacangbl UWHTeNJEKTTI KeTinfipygeri peui
KapacTbipbliaZibl. COHBIMEH KaTap, JepeKTep/Ai »KHUHaAy, CaKTay KoHe aJsI/{blH
asla eHJiey NPOoLeCTEePiHiH aJITOPUTM 6HIMJIIIriHe acepi TaigaHaZbl. 3epTTey
6apbicbiHza Big Data Herisinge »xyMbIc icTelTiH machine learning x«aHe deep
learning agicTepi, coHbIH imiHAe HEWPOHABIK KeJsisepAi MacmTadTay,
JlepeKTepAiH, KOppessLUACbIH ecellTey, aBTOMAaTTaH/AbIPbLIFaH epeKIleaiK
ipiktey (feature selection) >xaHe yJriziey npouectepi KapacTblpbliJbl. YJIKeH
JlepeKTep MacCUBTepiHEH aJIblHFaH HaKThl YyaKbITTarbl akKnaparrtap KU
)KyHesiepiHe JUHAMMKaJbIK OeliMzaeny MeH 060JpKaM »xacay MYMKiHZIrH
6epeni. Makanana coHjai-ak Big Data-HblH 3TUKa/bIK K9HE TEXHUKAJIbIK,
KUBIHABIKTapbl  JIEPEKTEp camacblHbIH TOMEH/iri, ecenTey KyaTbIHbIH
KEeTKIJIIKCI3ZIri )XoHe KYNUSJIBbIK MaceJsesiepi e KaMTblUIFaH. ABTopJsap Big
Data HerisiHgeri 2xKacaHAbl HWHTEJJIEKT aJTOPUTM/JEpPiH KeTiAAipyAiH
OoJsialllaFbIH CUMATTAW OTBIPHIN, OJIAPJblH, 3KOHOMUKAJBIK, MeAULMHAJIBIK,
)KOHe OHJIpPICTIK cananapZa KoOJJAaHblIy MYMKIHAIKTEpiH aram eTeji.
KopeiThiHbl1aK Kesie, Big Data skoxyMeciH THiMJi nmaijanaHy »KacaH/[bl
VMHTEJVIEKTTIH, UHTEJJIEKTya/I[blK odJIeyeTiH apTThIPY/iblH HErisri wapThl
GO0JIBII TaObLIAAbI.

Tyuin cesaep: Big Data, »kacaHjbl HWHTeJJIEKT, JAepeKTepAi Tajajay,
MallMHaJIbIK, OKbITY, HEUPOH/BIK >XeJlijiep, aJrOPpUTMAepAl OHTaWUJaHAbIPY,
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Kipicne

XXI facblpAblH eKiHIII OHXXbLIJBIFbIHJAA aKNapaTTbIK TEXHOJIOTHUAJap MeH LUQPJBIK
KyHeJsiep KapKbIHAbI JaMuabl. UHTepHeT, aieyMeTTiK Kesisep, ceHcopap, 10T KypbLiFbliapel,
MeJUIUHAJIBIK )KoHe OH/IPICTIK Kyhesiep CeKIZi apTypJii Ke3AepeH KeJeTiH JepeKTep KeseMi
KYHHEeH-KyHre yafaibll xaTblp [1]. Ocbl fepekTep - Big Data - »xacanzbl uHTessiekT (2KH)
dJicTepiH KoJilaHy YIIiH TanThIpMac pecypc, cebebi o1 aqropuTMepre *XbUIJaMAbIK, JJJIK,
6eliMAenrilITiK cekinai KacuetTep 6epeni. [lereHMeH, yJKeH AepeKTepAi TUIMAI nanjanaHy —
aBTOMATThI TYp/le canasibl NUILIH/IE AalbIHAAY, 6HJEY, epeKlIeNikTepi epekiiesen any (feature
engineering), MoJenbJep/ii TPDEHUHTKe JalblH/Jay CUSKTHI KellleH/li ic-opeKeTTep/i KaxKeT eTef|.
AnroputMmaep/iiH eHiMaiiriHe acep eTeTiH pakTopJiap/blH 6ipi JepeKTepAiH canachl (accuracy,
completeness, consistency), a;s 6acka ¢akTopsap: MacurtadbTay (scalability), ecentey pecypcrapsi,
QJITOPUTM/IK OHTaWJaH/bIPy, HAKTbl yaKbITTaFbl eCeNTep/i Liely MYMKIiHJiri, 6elHesni emMec
nepekTepMeH (unstructured data) »KyMbIc icTey, )k9He 3TUKaJIbIK-3aHAbIK MaceJsienep [2].

Byn makanaza 6i3 Big Data HerisiHze »acaH/bl MHTEJUJIEKT aJrOPUTMJEPiH KeTinzaipy
9/IiCTEPIiH *aH-KaKTbl KapacTbIpaMbl3. bipiHllIiZeH, epeKTep/i )KHUHaAyY, CaKTay, UHTerpayusJay,
aJIbIH ajla eHAey (pre-processing) cUSKTbI KaJlaMAapbl TajJKblIaHaAbl. EKiHIIiIeH, epekiienik
ipikTey (feature selection), epekiesiik KypblibiMbl (feature construction), aBToMaTTaHAbIPbIJIFAH
epekuesik »kacay, AutoML, HeHWpoHABIK »xesisepAi Maciitabrtay, TpaHcdep-oKbITy (transfer
learning), OH/JAWH OKBITY CHUAKTbl JJiCTep KapacTbIpbLIajbl. YIUIHINiIZEH, MOJeJbJepAiH
OHIM/ZiJIIr], HaAKTBl yaKbITTaFbl KOJIAAHbLLY, ecenTey Y3AIKCi3Airi, pecypcrapibl THIMAI
naijjasaHy, 3THKa MeH JiepeKTep/iH KYNHUAJbIFbl Macesesiepi Typasibl 60sa/ibl. COHbIMEH KaTap
Kasipri 3epTTeyJiep/ie [lepeKTep camlacblH >KaKcapTy, 6ackapy (governance), aBTOMaTu3alus
KypaJlZjapblH Nak/iajlaHy MaHbI3bl ecin Kesefi. Makcat — Big Data meHn KU-HiH KOCBIHABICBIHAA
aJITOPUTM/AEP/iH THIMAIIITIH, XaJInbl KOJIJJAHbICTbl KEHENUTYre 6aFbITTa/JIFaH KellleH Al a/licTepai
KepceTty [4].

Big Data »xyilesnepi KypbuibiMAaafaH (structured), >kapTbliall KypblLIbIMAaJIFaH (semi-
structured), >xoHe 6GelHesni emec (unstructured) aepektepAi KaMTuAbl. Bysn TypJi kKe3zep:
9JIeyMeTTIiK »KeJi, BHUJl€0, ayJuo, CeHcopJap, JOorTap, MeJULUHAJBbIK Kydesep T.0.
MHTerpanusaay/bl Tajan eteji. Jlepektepaiy apTypJ/i popMaTTapbl MeH eJiieMaepi epeKkTepai
6ipikTipy MeH yisiecTipy yZiepicTepiHJe KUbIHABIKTAp Ty bIPa/ibl.

JlepekTepe KaTeJiKTep, TOJBIK €MeCTiK, KalTajJaHy1ap, Wy/bl MajiiMeTTep 60Jaabl. bya
camnaceI3 Jepektep KU anropuTMmaepidiy eHiMainirin Temenaeteai. Moicassl, «Hitachi Vantara»
MaJiMeTi 60MbIHIIG, YibIMAApAbIH 37 %-bl fepekTep canacbiH KU xo006a/1apbIlHbIH TabbICbIHA
Kegepri gen caHalgbl. CoHAaM-aK, AepeKTep/i a/i/iblH ajla TeKCepy, TOJbIKTBIK, HAKTBIJIbIK,
yHhJieciMiNiK, yaKbITThIIBIK CUSIKTHI 6J111eMAep/i 6aranay KaxeT [5].

JepekTepAi eHJey Ke3eHi - AepeKkTepAi TazapTy, HopMmasay (normalization), macitabray
(scaling), koaTay (encoding) *koHe 60C OpbIHAAP/ABI TOJBIKTBIPY (imputation) cUsIKThI Kajamaap.
KakpiHaa JepekTep eHAey/AiH aBTOMATTaH/AbIPbUIFAH Tociigepi, coHbIH iwiHge AutoML
Kypasapbl, JepeKkTepAi aBTOMaTTbl TypAe »kamcelpy (labeling), npepexktepni keHeHTy
(augmentation), CHHTETUKAJIBIK AepEKTEP reHepanuscbl KOJIIaHbIIBIII XKYP.
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JdjicHaMa

By 3epTTey KyMbichl Big Data HerisiHze »kacaH/bl UHTEJJIEKT aJTOPUTMEPIH XeTiiaipy
dJicTepiHe KaTbICTbl 3aMaHayd FbLIbIMH €HOEKTepre aHaJUTUKAJbBIK >X9HE CaJbICThIpMaJibl
Tas1iay )KYpri3y apKblibl OpblHAaAAbL. Heri3ri agicTep peTiHAe KOHTEHT-Tal14ay, CaJlbICTbIpMaJibl
TaJay, )KoHe XyHeJiey 9/iici nan/jajlaHbLIbI.

MaTtepuangpblik 6a3a petinge 2023-2025 xKbliAaphl )KapblK, KOPreH FbLJIbIMA MaKaJsiajap MeH
moJyJap adablHAbL. ATan aWTKaHAa, Alhassan Mumuni »xaoHe Fuseini Mumuni (2024), Andy Hu
*koHe T.0. (2025), Jianhao Li xoHe Xianchao Xiu (2025), Hiba ALMarwi meHn Ghaleb H. AL-Gaphari
(2024), Sally Almanasra (2024), Agate Jarmakovica (2025), »xoHe Hitachi Vantara (2024)
eHOeKTepi Heri3ri iepeKKe3 peTiHae KOJIJaHbLI/bI.

3epTTey HoTHXKeJiepl »KacaHJbl HMHTEJUIEKTTIH, THUIMALIrIH apTTeipy YyuuiH Big Data
HerisiHAeri ¢uya HUHXUHUPUHI, MOJIMETTepJi alJblH ajia 6HJey, >XoHe VJKEH Tilik
Moaenbaepai (LLM) nalipganany ypAicTepiH »Kyiesien, oJlapblH JaMy 0aFbITTapblH alKbIHAayFa
MYMKIiHJIK 6epAi.

HaTtmxesiep MeH TaJIKbl1ay

Big Data HerisiHze »XacaHJbl UHTEJJIEKT aJTOPUTMJAEPIH KeTiiAipy Kasipri TaHza Tek
aKnapaTTbIK TEXHOJIOTHSJAp cajlacblHJaFbl 3epTTey OafbIThl faHa eMeC, COHbIMEH KaTap
*kahaH/bIK JlepeKTep 9KOHOMUKAChIHbIH, MaHbI3/lbl KypaMaac 6eJiirine aiiHasbin oThIp. XKacaH bl
WHTEJJIEKT MOJieJibJlepPiHiH, TUIMAiNIri oJapAbl OKbITYFa MNailajJlaHbLIATbIH MaJliMETTEP/iH,
carachl, KejieMi )KkoHe KypbLIbIM/bIK epeKlleiKkTepiMeH Tikesel 6anaanbicThl. Ocbl TypFbiZa Big
Data TexHoJiorug/1apbl MaJliMeTTepAi )KUHAKTay, CAaKTay *XKoHe oH/Jey [IPOLeCTePiH XeH1eTeTiH
6actel TeTik. Ananga, Big Data keseMiHiH apTybl aaropuTMAepAiH Kyp/eJeHyiHe, ecenTey
IIBIFBIHJAPbIHBIH 6CYiHE )KoHEe JiepEKTEP canachlH 6aKblaay/blH KUbIHAAyblHA 9Keseai [9].

Tanpay 6apbicbinga Big Data HerisiHperi »acaHbl UHTEJJIEKT aJrOPUTMJEDPIH XeTinzipy
O6aFbITBIHJAFbl COHFBI 3epTTeyJsep YL ipi TonmkKa 6eJiiHin KapacTblpbuifbl: (1) MasiMeTTepAi
aBTOMATTaH/bIPbLIFAH 6HJeYy XoHe ¢HuYa MUHXUHUPHUHI, (2) ¢uuya ipikrey xoHe LLM
uHTerpanuscel, (3) Big Data nHQpaKypbl/IbIMBIH OHTaWJaHABIPY 9He JepeKTep camnacbhlH
apTThIpPY.

Big Data Tanpayga JepekTepAi ajajblH asa eHJey (preprocessing) ke3eHi wiewmyiri pe
aTkKapa/pbl, eMTKeHi kenTereH KW anroputmaepiniH HoTUXKeiiri 91 ocbl Kaflamra Tayenzi[10].

Alhassan Mumuni »xaHe Fuseini Mumuni (2024) e3 eHberiH/ie aBTOMaTTaHAbIPbLIFaH Ppuya
MHXUHUPUHITIH (Automated Feature Engineering) deep learning »xyiiesiepiHzie KaHIIAJbIKThbI
MaHbI3/Ibl €eKeHIH HAaKThl MbICaJZJaApDMEH KOpCeTTi. 3epTTeyllijep JAepeKTepAi aBTOMATThI TypAe
TasaJjiay, KaJbllIKa KeJITipy >KoHe KaTeropusjay >XyHheJsiepiH KOJ[AaHy apKblibl MOJeJbAEPAiH
OKBITY KbL1JJaM/IbIFbIH 35%-Fa apTThIpFaH.

Byn 6arbiTTa AutoML (Automated Machine Learning) »oHe Data Pipeline Automation
TaciZlepi epekilie Ha3apFa ve. AutoML xylesiepi MoZiesib mapaMeTpJiepiH FaHa eMeC, COHbIMEH
KaTap ¢uua TaHAayAbl /la aBTOMAaTTaHAbIpa/bl, HOTU:KeCiH/e aZlaM eHOeriHiH yJieciH a3alTazbl.
MyHail Taciiziep HaKThl YaKbIT pexuMinje (real-time analytics) y/ikeH JiepeKkTepMeH >KYMbIC
icreyzne TUiMAL.

Mpicasibl, eHzipic canaceiHaa Big Data aFbiHAapbl CeKyH/I CaliblH MUJIJIMOHAAFaH eJilieMaep
MeH ceHcop MaJjiMeTTepiH eHAipeai. Ocbl kaFjgaljga ¢uYya UHXUHUPUHT TPOILECiH
aBTOMATTaH/JbIPDy MoOJeJibJlepAi KaWTa OKbITIAW-aK JepeKTepAiH KypbUIbIMBIH TYCiHyTe
MYMKIiHJiK 6epezi[13].

Big Data kesiemi apTKaH caiiblH ¢puua ipikTey (feature selection) macesieci e3ekTi 60J1a TYCTi.
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KenTeren apThlK HeMece KaiTajsaHaTblH Oesriiep (redundant features) MopenbjiH
TUIMAIIITH TOMEHETill, eceNnTey yaKbITbl MEH PeCypCbIH apTThIpabl.

1-kecte. Big Data HerisiHae >KacaHAbl MHTE/UIEKTTi XeTiJAIpy OaFbITTapbIHAAFBI
CaJIBICThIPpMaJIbl HOTHXKeJIep.

Ne ABTOopsiap MeH | 3epTTey K‘OIJIAaHbIJH-‘aH Herisri HoTwxenep ApTBIKIIBLIBIKTAP
JKBLIT HbICaHbI aficrep MEeH yJiec
Alhassan ZEI;FH aFbl Ecenre aKbIThbI
1 Mumuni & I; egfe i Automated Data | Mogienb eHiMpimiri - bi’ y Ka am
Fuseini Mumuni ACP PA Processing, AutoML | 35%-Fa apTkaH ABL Ll_
(2024) aBTOMAaTThI dakTopbl TOMEH ]
eHJey
2 Andy Hu et al YJeIK:;ITe o FeatureCuts - Eiﬁ;ﬁgal‘la?&; Fa KW mopeniniy moaiiri
(2025) ACpeKTEPA Cutoff Optimization 1a/1ap 0 25%-Fa apTThl
¢duua ipiktey asan/bl
J 1femhao Li .& LLM Herizingeri | LLM4FS - Semantic Pua TaznAdy | KoHTeKCTya bl
3 Xianchao Xiu . . yakbpITbl  40%-Fa | MaHbI3/bLIbIK,
duya ipiktey Feature Selection
(2025) KbICKapJbl AHBIKTaJ /bl
Hiba ALMarwi & | Big Data ¢wuua Comparative 15  tuimgi  ezic YnkeH JepeKkTepai

4 Ghaleb AL- | apicTepine : 6acKapy KYpblJIbIMbI
Gaphari (2024) | wouay Review, 3V Model | anpikrasap: YCBIHBLI/IbI

dJieyMeTTiK »xk9He | CMapT-KaJa,

KU Bi .
MeH '8 | Data-Driven 9KOHOMMUKAJIBIK, MeAuIMHaAa

Sally Almanasra

> (2024) Data Integration Model | Tuimpainik NpPaKTUKaJIbIK HITHXKE
HMHTErparusichbl : :
JlasenieHai 6epai
. : aita KOJIaHy
A H bl MausimeTTepAi K o
gate . Aencayn oI ML-based Data | . O/ "METTEPAIR KepceTkilli
6 Jarmakovica cakray Big Data . . T iri 12%-ra -
Quality Evaluation (Reusability)
(2025) camnachnl apTThI
YKaKcapApbl
Hitachi Vantara I/IH(I)palsyp.bIJ.'II?I Hybrid Cloud | XU ecenTey | YIKeH JlepeKkTepai
7 M  THiMzAiniriH | Infrastructure KbLIJAM/|bIFbI 6ysTTa caKTay
(2024) : : .
6arasay Analysis 20%-ra ecTi OHTaMlJaH/bl

Andy Hu »xoHe apinTectepi (2025) ycbinraH FeatureCuts agici ¢uua ipikreyai “cutoff
optimization” KaruaacblHa Heri3zien, YJKeH JlepeKTep >KUbIHbIH/AA €H aKNapaTTblK MJHTe ue
duvasapbl FaHa Kauaabipaabl. Bya Toacin gactypsi LASSO Hemece PCA cusikThl aficTepre
KaparaHja 25%-fa TUIM/i HOTHXKeJlep KOpCeTKEH.

EH MaHbI3/bI 2xKaHaANBIKTapAblH 6ipi Jianhao Li men Xianchao Xiu (2025) azipsaeren LLM4FS
(Large Language Model for Feature Selection) >xo6acbl. Bys aaic y/ikeH Tinfik MoJeabaepain
CEMAaHTUKAJbIK Tajjay KabuleTiH mnaijanaHbil, ¢uya MaHbI3AbLIBIFBIH KOHTEKCTYaJs/bl
O6afasaiifibl. Mbicajibl, erep MeJUIMHAMBIK AepeKTep/ie “KaH KbIChIMbl®, “KAaHT JeHreui” >koHe
“XYpeK COfybl” CUAKTBbI adWHbIMaJjbliap 6oJsica, LLM oJsiapJiblH, apacbiHAaFbl CEMaHTUKAJIBIK,
G6ailaHbICTApAbl TYCiHIIN, eH MaHbI3/IbICBIH aBTOMATThI TYP/le TaHAal ajajbl.

Byn 6aFbITTaFbl €H yJKeH »eTicTik LLM Mozenbzepi afilaM capanTaMachiH imiHapa
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asJiMacTblpa anybl. BypblH ¢puya TaHAayFa ailiap KyMmcaJsica, eH/ii 6yJ1 mpolecc MUHYTTap illiH/e
opbiHAanaAbl. HoTkeciHAe MoZienibep HAKTHI iepeKTepre 6eriMaeltin, KaTesik Ko3agpUureHTi
TOMeHJIeunai.

Big Data HerisiHze »KyMbIC iCTEHTIH »KacaHJbl UHTEJJIEKT >KyWeslepiHiH >KeTicTiri KebiHe
MHPPaKYpPbIIBIMABIK apXWTEKTYpaHblH, canacblHa OauyaHbicThl. Hitachi Vantara (2024)
3epTTeyiHJe JAepeKkTep HWHQPpPaKypbUIbIMBIHBIH, 6HIMJiJIiIKKe acepi TalJaHfaH. ABToOpJap
MaJIIMeTTepAi CaKTay MeH TacbIMajJay >KbLIJAMABIFbIH apTThIPYy YIIIH TMOPUATI OY/NTTHIK,
KyHeJiepi KosaHy THIM/Ii eKEHiH KepceTKeH. bys Tacis apKblibl MOJIe/b/li OKBITY YaKbIThl OpTa
ecenneH 20%-fa KbICKapFaH.

CoHbiMeH KaTap, JepekTep camacbl (data quality) macesneci KW eHimainiriHiy 6acTbl
dakTopsl 60JbIN OThIP. Agate Jarmakovica (2025) eHberiHze AeHcay blK CaKTay caJlacblHAAFbI
Big Data camacbhlH kakKcapTy oJicTepi KapacTbIpbLIblNl, MallWHAJbIK OKbITyFa Heri3je/reH
Tazasay (data cleaning) anroputmzepi ycblHbLIFaH. ABTOpP MaJliMeTTepAiH TOJBIKTbIFbI MeH
JlYPBICTBIFbIH apTThIPY apKblJIbl MOJE/b Aa1AiriH 12%-Fa »koFapbliaTKaH [14].

Big Data canacelH 6afasiay ylI eJillieM apKbLIbl Kypridisefi: Accuracy - MaJjliMeTTepJiH
HaKTbLIbIFbI MeH ceHiMainiri; Completeness - JgepekTepfid ToJbIKThIFb;Reusability -
JlepeKTepAi Ken MopTe KauTa KoJgaHy MyMKiHZiri. Bysn kepcetkimtep KU KyHesepiHin
HOTHKeJIEPIH TYpaKTaH/bIpyFa XoHe 00/KaM/JapAblH callacblH apTThIPYFa CENTIriH TUTi3eni.

Kyprisinren ape6u Tanzay MeH cajbIiCTblpMasbl 3epTTey HaTHxkesepi Big Data »xone
»KacaH/ibl UHTEJIJIEKT TEXHOJIOTUSJIADBIHBIH 63apa bIKNa/JAaCyblHbIH aHa JeHreliH KepceTe/i.
3epTTeyJsiep KepCeTKEHAEH, COHFbI XblJIAApPhbl KacaHAbl UHTEJIJIEKTTIH TUIMAIIIT JepeKTepiH,
canacblHa, HUHOQPAKYpbUIBIMHBIH, ~ CeHiMAiniriHe koHe ¢wuya ipikTey  aJicTepiHiH
MHTEeJJIEKTyalblJIbIFbIHA ToYe/i O0bII OThIP.

MoaunimeTTepai xylesney 6apbicbiHgia 2024-2025 *)bligapaarbl xKeTi Heri3ri 3epTTey eHoberi
KapacTbIpbLI/bl. Opbip eHoekTe Big Data Mmen KU anroputm/epiH xxeTiipy 60HbIHILIA epeKlie
dJlic meH HaTWXKeJiep OalKaJsia/bl.

Kecte moasimerTepi kepceTkeHJel, apbip 3epTTey Oeurijni 6ip acmekTiHi xeTingipyre
OaFbITTaJIFAaHbIMEH, 0JIap/blH, OapJ/IbIFbIHBIH, OPTAK MaKCaTbl >XacaH[bl UHTEJJIEKTTIH eCcenTey
TUIMJIJIITIH, A9JIJITIH XKoHe 6eliMeny KabineTiH apTTeipy. Mumuni & Mumuni (2024) yceiHFaH
AutoML Tacingepi gepektep/i aBTOMATThI OH/ ey apKbl/bl YaKbIT [I€H pecypcTapAbl yHeMzece, Hu
oHe Li 3epTTeynepi ¢uya ipikTey/i MHTe/JIEKTyanabl AeHrenre ketepai. An Jarmakovica meH
Hitachi 3eptTeysepi Big Data canacel MeH UHQPaAKYpPbIJILIMHBIH, CEHiM/JiIiriHe Ha3ap ayJaphll,
INpaKTHUKaJbIK HOTHXKeJlepre KoJI )KeTKi3/i[6].

Kannel canpicTBIpMasbl  Tanjay HOTHXKECIHJe TeMeHJeriZied MaHbI3[bl FbUIbIMU
KOPBITBIH/bLIAD KacalJbl:

ABTOMaTTaH/bIPbLIFaH JIepeKTeP OH/IEY — KacaH/bl UHTEJIJIEKT KyHeJslepiH MaclITabTayAblH
Heri3ri 6afrbIThl. Big Data kesieMi apTKaH cailblH, ailaM KOJIbIMEH JilepeKTep/i peTTey MYMKiH
6osMait 6apaabl. CoHabiKkTaH Mumuni (2024) kepceTkeH AutoML Tacingepi 6osamakrta KU
OKBITY IPOLIECTEPiHIH CTAaHAAPTTHI 3JIeMeHTiHe alHalaibl.

®uua ipikTeyzeri MHTeJIeKTyalJibl TOCIIZep — MOJeJIb calachlHbIH, 6acThbl KepceTkimi. Hu
(2025) xone Li (2025) enbexTepiHAe ¢uya MaHBI3[AbLIBIFbIH aBTOMATThl TYp/€E aHbIKTAY
apKblJIbl MOJie/IbJlep CeMaHTHUKAaJbIK TYPFbIJAH aJJleKaiia 6edimMaenrim 6osFaH. by, acipece,
TaOUFU TiJ1 MeH GellHeJiep/li TaHy cajlasiapbiH/IA )KOFApPbI TUIMi/iK 6epreH [7;8].

Big Data mHpaKypbl/IbIMbl MEH camaHbl 6acKapy — HNpaKTHUKaJbIK TYpFblJa LIelylli peJ
atkapagbl. Hitachi (2024) uHpaKypblIBIMHBIH, €CenTey KblAJaM/bIFbIHA 9CEpPiH [AdJiesfell,
TMOPUATI OYJIT XKyHesiepiHiH apThIKWIBLIBIFBIH KepceTTi. Az Jarmakovica (2025) masiMmeTTep
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canachlH 6ackapyabiH KU eHiMainirine acepiH HaKThl CaH/bIK HOTHXKeJepMeH 6ekiTkeH [11;12].

2-Kecte. Big Data Herisinae »KH ajnroputrMaepiH KeTuiAipy O6aFbITTapbIHBIH,

CaJIBICTBIPMaJIbl THIMAIJIITI

KepceTki ABTOMaTTaH/bIPbLIFaH ®uua ipiktey xoHe | UHPpaKypbLIbIM KIHE
Jepektep eHAey (Mumuni, | LLM agictepi (Hu, Li, | cama (Hitachi,
2024) 2025) Jarmakovica, 2024~
2025)
MaxkcaTbl MasimeTTepZli  asAblH  aJsia | MaHbI3AbI EcenTey »XbliAamM/bIfbl
eHJley/i aBTOMATTaH/bIpy dudanapabl MeH JepeK camnacblH
UHTEJJIEKTYaJIbI apTTBIPY
ipikTey

KoagaHbliFal

AutoML, TensorFlow pipelines

LLMA4FS, FeatureCuts

Hybrid Cloud Al, Data

TeXHOJIOTUsLJIap Quality ML
HaTuxe TuimMaiairi 35% eHiMainik eciMi 25-40% ponxik meH | 12-20%
KbLIJaM/JbIK apTybl MHOPaKypbLIbIM
THIMJiJTiTi
ApPTBIKIIBLIBIKTaPbI Anam eHberi asaszpl, KaTesik | CeMaHTUKaIbIK uya | YIKeH KeJieM i
TeMeHAen i TaJjAaybl, JAepeKTepai 6ackapy
6edimaenrim »Kakcapagbl
MOJeJbAep
KubingbiKTap Korapsl ecenTey LIBIFBIHBI LLM yarinepis okpiTy | JlepekTep Kayincisairi
KypAesi MEH 3TUKa MaceJieci
BoJiamiak 6afbITTap Adaptive AutoML xyienepi Multimodal Feature | A Governance aHe
Selection Explainable Al
WHTErpaIyschl

WHTerpanuaiblK, HaTWXKeJepJiH, CHUHepPrusacbl. Ipbip OarbIT kKeke TUIMJI OOJIFaHbIMEH,
oJlap/blH, OipikTipisireH KosgaHblaybl KW aaropuTMaepiHiy, TYpaKThIIbIFbIH KYPT apTThIpajbl.
Mpsicanbl, AutoML xaHe LLM azicTepin 6ipre Kosi/laHy iepeKTep canacbl TOMeH O0JIFaH KaFAanzaa
Jla )KOFaphbl JdJIJJiIKKe )KeTyre MYMKiH/iK 6epeni. ITHKa oHe TyciHAipy MyMKiHairi (Explainable
Al) Maceseci anfblHFbl KaTapfa LiblFa O6acTtajbl. 3epTTeyluijsepAid kebi XU memimaepiHiy
allbIKTBIFbIH KaMTaMachI3 eTy yiliH Big Data Herisingeri TyciHaipy KabaTbiH (interpretability
layer) eHrisyzi ycoinya.

KopbITBIHABI

Kasipri 3amaufb! nudpiblK KoFam/a acaHabl uHTes1eKT (PKUN) xxyienepid TuiMAl KoagaHy
Big Data TexHoJsioOTHslJIapbIMEH TbIFbI3 OailJlaHbICTA KAJIBINTACKIN Kese/i. 3epTTey HaTHXKeJepi
kepceTkeH/eH, Big Data Herisinze KW anroputmzepiH XeTinzipy TeK ecenTey OHIMZAIIIrH
apTThIpyMeH LIeKTeJMelJi, COHbIMEH KaTap MoJeJbJepAiH, Oedimgenrimriri MeH
TYCiHZipMeJi/IiriH KaMTaMachI3 eTyre OaFbITTaJfaH »KaHa 9/jiCTeMeJliK TaCLIAepAi Ae KaxeT
eTe/i.

KyprizisireH a/1e6u 110Jly MEH CaJbICThIpMaJbl TajaZay KepCeTKeHJel, COHFbI KblIJapbl
drYa MHXKUHUPUHT, aBTOMAaTTaHAbIPbLIFaH MaJjiMeTTepAi eHzey (AutoML) xoHe yikeH Tinfjik
mozenbaep (LLM) Ko/aZaHy apKblLabl ajJrOpuTMJEepAiH camnacblH apTThIpyJa aWTapJibIKTau
HOTHXKeJiepre KoOJ1 KeTKisiireH. Macesned, Mumuni & Mumuni (2024) ycbiHFan AutoML
HerisiHgeri ajAblH ajla eHJey dAicTepi Mozeablephi OKbITYy KbligaMmAblFblH 30-40%-ra
apttbipca, Hu >xeHe apinTectepi (2025) enrisren FeatureCuts Tacini ¢uya ipikTey npouecin
OHTaWJIaH/bIPBII, AepeEKTEP/iH apThIKTIK AeHreid ToMeHaeTkeH. A Li & Xiu (2025) enberinge
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LLM4FS »xyileciHiH ceMaHTHUKa/bIK Tajjay KabisneTTepi Kypjesai MasiMeTTep KYpblJIbIMbIH
TUIMJi eHJeyre MyMKiHAIK 6epai.

Big Data wuHOpaKypblIbIMBIH KeTinaipy 6afbiTbiHAa Hitachi Vantara (2024) xoHe
Jarmakovica (2025) eHbekTepiHAe KepceTiireH/el, MaiMeTTEP/IiH, canachl, TOJbIKTbIFbI XKoHE
KalTa naljajaHbllybl aArOPUTM THIM/JiJiriHe Tikesel acep eTefi. CoHbIMeH KaTap, Zhou & Xu
(2023) meH Chen & Lin (2022) 3eptreynepi KU men Big Data mHTerpanusacbiHa 3TUKAJBIK
HOpMaJlap/Zibl CaKTay MeH HOTHXKeJIepAiH MHTeplpeTanyalaHyblHbIH MaHbI3/bl/IbIFbIH aTall OTTI.
Bbys ¢pakTopaap KU xylesepiHiy, ceHiMAIITI MeH allIbIKTbIFbIH KaMTaMachl3 eTyre MyMKiHAIK
bepeni.

Kannel anranpga, Big Data HerisiHzeri »kacaHJbl MHTEJIJIEKTTI KeTIAIPY OaFbITbIHAAFbI
3epTTeyJiep JepeKTep calacblH apTTbIpy, ¢puya ipikTey THIMAINITIH KylleHTy oHe ecenTey
MHPPaKYypbLIBIMbIH OHTAaWJaHABIPY CEKUIAI ylI Heri3ri BeKTOpJAa JAaMblll KeJseAi. Asjafbl
KblJIZJapbl OYJ1 GaFbITTa TMOPHUATI ecenTey »XyWeJsiepiH (MbIcasibl, OYJIT IeH IIETKi ecenTey
opTaJlapbliH GipiKTipy), alaTUBTI OKbITY MO/ e/Ib/IEPiH XKoHEe 3TUKaJbIK Al memimMaepid keHiHeH
KOJIIaHy KYTiaexi.

Ocplnaiiiia, Big Data men KU TexHosi0orusIapbIHbIH, 6ipiryi Tek TeXHUKAJbIK, XeTiAAipyAi
FaHa eMec, COHbIMEH KaTap 9JIeyMeTTiK »KayalnKepIlilik neH ceHiM/i meiM Kabblaay/iblH xKaHa
napaJiUrMacblH KaJblNTacThipaZbl. Bys OGaFbITTaFbl Y3AIKCi3 3epTTeysiep MeH Taxipubesep
»KacaH/Zbl MHTEJIJIEKT XKyHeJlepiHiH HaKThl eMipJliK IpoLecTep/e Kayincis, TUiM/i )KoHe 3TUKaJIbIK
TYPFbIJaH KOJJaHbICbIH KAMTaMachl3 eTyre MyMKIiH/iK 6epesi.
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Methods for improving artificial intelligence algorithms based on BIG DATA

Abstract. In the modern era of digital transformation, the integration of Big Data technologies
and artificial intelligence (AI) systems has become one of the fundamental drivers of technological
advancement. Efficient processing and analysis of massive datasets significantly enhance the
accuracy, scalability, and adaptability of Al algorithms. This review article examines the role of Big
Data platforms such as Hadoop, Spark, and Apache Flink in improving the performance of Al
models. Special attention is paid to data collection, storage, and preprocessing stages that influence
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algorithmic efficiency. The study explores various machine learning and deep learning methods
operating on Big Data foundations, including neural network scaling, data correlation
computation, automated feature selection, and modeling techniques. Real-time information
derived from large-scale data enables Al systems to dynamically adapt and generate predictive
insights. Furthermore, the paper discusses ethical and technical challenges related to Big Data
applications, such as data quality degradation, limited computational capacity, and privacy issues.
The authors emphasize that the effective use of Big Data ecosystems represents a crucial factor for
advancing Al capabilities, particularly in economics, healthcare, and industrial sectors.
Keywords: Big Data, artificial intelligence, data analysis, machine learning, neural networks,
algorithm optimization, deep learning, feature engineering, data quality, digital transformation.
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Abstract. Between 2018 and 2023, more than 3,600 forest fires were recorded
in Kazakhstan, burning 561,000 hectares and causing losses exceeding 192.8
billion tenge. Fire-prone areas such as the Borovoe forest illustrate a key
operational challenge: when multiple ignition sites are detected
simultaneously, no formal procedure exists for sequencing fixed-wing UAV
reconnaissance to ensure minimal coverage time. In practice, route selection
relies on operator judgment, increasing the risk of redundant paths and delayed
assessment. This study evaluates the applicability of the Travelling Salesman
Problem (TSP) as a computational basis for UAV mission planning within forest
fire management. The reconnaissance task is formulated as an asymmetric
integer programming model with subtour-elimination constraints. For a four-
node test case based on representative distances, the optimal Hamiltonian
circuit (1-4—-2-3-1) achieves a total route length of 860 m, up to 47.7%
shorter than non-optimal alternatives. The proposed approach is platform-
agnostic and can support integration into decision-support systems for forest
fire monitoring.

Keywords: unmanned aerial vehicle, forest fires, monitoring, travelling
salesman problem, route optimization, discrete mathematics, decision support.
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Modeling the optimal flight route of an unmanned aerial vehicle for conducting forest fire exploration

Introduction

Kazakhstan’s forests cover roughly 4.7% of the country’s territory, yet they are
disproportionately vulnerable to fire. The pine and birch stand of the Borovoe forest area in
Akmolaregion - one of the ecologically and recreationally most important forest zones of northern
Kazakhstan - regularly appears among the areas most seriously affected by summer fires.
Statistical data for 2018-2023 paint a troubling picture nationwide: over 3,600 fire incidents, a
total burnt area of 561,000 hectares, and verified material damage exceeding 192.8 billion tenge
[1-2]. These numbers are not abstract: they represent destroyed ecosystems, displaced wildlife,
degraded soils, and in the worst cases, human casualties among firefighting personnel.

Reducing this toll requires faster, more accurate initial reconnaissance and that is precisely
where current practice falls short. When a fire is reported, the Commander of Forest Fire
Extinguishing (CFE) needs a complete picture of the fire’s perimeter, intensity, and spread
direction before issuing a resource allocation order. Under current procedures, that picture is
assembled piecemeal, and the time lost in the process can mean the difference between
containment and catastrophe.

Forest fires carry human costs alongside material ones. Firefighting personnel operate under
severe time pressure, and the CFE’s decision-making capacity is directly constrained by
information quality. Research on fire management practice in Kazakhstan confirms that
commanders at the initial stage of a fire typically work with incomplete data on fire location,
insufficient time to coordinate forces, and no standardized tool for rapid reconnaissance planning
[3-7]. These are not isolated failures of individual commanders; they reflect a systemic gap in the
operational toolkit.

Analysis of after-action reports from major fires that occurred in Kazakhstan between 2021
and 2023 identified four recurrent organizational failures that allowed fires to escalate beyond
initial containment efforts [8]:

— absence of a unified system for determining the coordinates of the fire source between
emergency response firefighting services and forestry workers;

— incorrect determination of fire scales;

— incorrect alignment of forces and means;

— untimely concentration of the needed number of forces and means.

Nowadays, innovative technologies are being integrated into all spheres of society,
contributing to the development of various sectors of the economy and security assurance.
Unmanned aerial vehicles (UAVs) are used to ensure fire safety in forests. Enabling forest
monitoring and efficient detection of fires.

It should be noted that one of the ways to solve the problem of using UAVs for forest fire
extinguishing is to use end-to-end digital technologies. In addition, there is currently no effective
method of using UAVs for localization and elimination of forest fires, allowing for support of the
implementation of appropriate measures aimed at ensuring protection of the population and
territories.

Unmanned aerial vehicles offer a direct answer to several of these failures. A fixed-wing UAV,
with its extended endurance and wide area coverage relative to multirotor platforms, is
particularly well suited to reconnaissance over the large, sparsely accessible forest blocks typical
of the Akmola region. Deployed early in an incident, it can supply the CFE with a georeferenced
picture of multiple fire sites within minutes, closing the information gap that has historically driven
poor initial resource allocation. Regulatory support for this approach already exists: current fire
safety rules in Kazakhstani forests explicitly require the CFE to use UAVs for aerial visual
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reconnaissance to assess fire scale and prepare a tactical extinguishing plan [8].

Yet the regulatory mandate to use UAVs has run ahead of the planning tools available to
operators. The literature on UAV applications in forest fire contexts has developed rapidly over the
past decade, addressing platform selection [9], sensor configuration [12], multi-UAV cooperative
coverage [10], and base station placement [14]. What remains conspicuously underdeveloped is
the route-planning layer: given a set of known or suspected fire sites that a single UAV must
inspect, in what sequence should it visit them? This question is operationally critical because fixed-
wing UAVs operate under tight energy budgets: a longer-than-necessary route can exhaust battery
reserves before all sites have been covered. The thermal imaging payload carried by
reconnaissance UAVs - whether scanning or matrix, short-wave or long-wave, observational or
measuring - delivers value only if the aircraft reaches every target site. Route optimization is
therefore a prerequisite for effective sensor use, not an optional refinement.

— based on the principle of obtaining aerial photographs (categorized into scanning and matrix
thermal imagers);

— based on the spectral range (categorized into short-wave and long-wave thermal imagers);

— based on the possibility of temperature measurement (categorized into observational and
measuring thermal imagers).

The methodology

The study draws on published scientific literature, monographs, and regulatory materials
related to UAV applications in emergency management, combinatorial optimisation, and forest fire
response in Kazakhstan and internationally. Works were selected based on relevance to the
research problem rather than journal prestige alone, with priority given to sources that either
describe operational UAV deployments or present formal mathematical models applicable to route
planning. Kazakhstani regulatory documents, particularly MES guidelines on fire safety in forests,
were consulted to ensure that the proposed model aligns with existing procedural requirements
rather than proposing solutions detached from operational context.

Three methodological threads run through the research. The first is systems analysis, which
we use to map the UAV-based reconnaissance process as a whole - from the moment a fire alarm
isreceived to the moment the CFE issues a tactical response order. Viewed as a system, the process
involves the fixed-wing UAV platform and its endurance constraints, the thermal imaging sensor
and its coverage requirements, the spatial distribution of fire sites across a forested landscape,
wind and visibility conditions that affect flight paths, and the command structure of the responding
fire service. Decomposing the process in this way reveals where the critical bottleneck lies: not in
sensors or platforms, which are commercially available and operationally proven, but in the
absence of a computationally grounded procedure for deciding the visit sequence across multiple
sites. The central research question is therefore: can the Travelling Salesman Problem provide an
exact, operationally viable solution to this sequencing task under the time constraints of a live
firefighting operation? Our working hypothesis is that a TSP-based integer programme will
produce a route measurably shorter than operator-intuitive planning, while satisfying the hard
operational constraints of complete site coverage and a single visit per node.

The second methodological thread is integer linear programming, used to formalise the
routing problem and derive an exact optimal solution. The UAV reconnaissance task is cast as an
asymmetric TSP: asymmetric because flight time between two sites may differ depending on
direction of travel (due to wind, terrain, or approach angle for a fixed-wing aircraft that cannot
hover). The model introduces a virtual depot coinciding with the UAV launch point, and applies

246 Ne3(156)/ 2026 Eurasian Journal of Applied Engineering and Technology (EJAET)



Modeling the optimal flight route of an unmanned aerial vehicle for conducting forest fire exploration

subtour-elimination constraints to guarantee that the solution is a single connected circuit rather
than disconnected sub-loops. The third thread is numerical scenario analysis: a concrete four-node
distance matrix, constructed from plausible inter-site distances in a forested terrain context, is
used to test the model and compare the optimal solution against all feasible alternative routes. The
research proceeded through four sequential stages: (1) problem identification through literature
analysis; (2) formal mathematical model construction; (3) numerical solution using the branch-
and-bound method, appropriate for a small exact problem of this size; and (4) comparative
analysis of the optimal route against alternatives to quantify the practical efficiency gain. Model
assumptions and scalability limits are assessed in the final stage.

Findings/Discussion

The core operational task addressed in this section is the following: a fixed-wing UAV is
deployed from a base point to conduct reconnaissance over several fire sites detected within a
forest zone. The operator must determine the visit sequence that minimizes total flight distance
(or, equivalently, flight time at constant airspeed), subject to the requirement that every site is
visited exactly once and the aircraft returns to its departure point. This is precisely the Travelling
Salesman Problem, and we apply it here to produce a provably optimal route rather than rely on
operator judgement.

Three hard constraints structure the problem. First, every designated fire site must be
included in the route - partial coverage is operationally unacceptable because an unvisited site
may represent a flank fire that could cut off extinguishing teams. Second, each site may be visited
only once, since re-visits waste flight time and battery reserve. Third, the route must form a closed
circuit, returning the fixed-wing UAV to its launch point for data download, refueling, or handover
to a second mission. The objective is to minimize the total cost of the circuit, expressed here in
terms of inter-site distance but directly convertible to flight time by dividing by cruise speed.

To apply the TSP model, we first compile the inter-site distance matrix. Distances are
asymmetric, reflecting the fact that a fixed-wing UAV travelling between two sites may cover
different ground distances depending on flight direction - a real operational consideration when

wind or terrain affects the approach bearing. ci,

Let us determine that the formulated problem is integer. While X' =1, if the UAV route runs
from the i-th site to j-th site, and % =q, if it is not the case [15].

Formally, we introduce (n + 1) fire site, located where the first site is; then the distances from
(n + 1) fire site to any other site, different from the first one, are equal to the distances from the
first fire site. At the same time, if you can only fly out of the first fire site, then you can only fly into
the (n + 1) site [16-18].

Additionally, we introduce integer variables equal to the number of the fire site on the UAV
flight path: u;=0, un-1=n. In order to avoid closed flight routes, departure from the starting point
and return to (n+1), we introduce additional limitations linking variables x; and variables u; (u; -
non-negative integers) [19].

Let us construct a mathematical model of the problem [16]:

mr(/ ?=1/ ?=1Cijxii), i,i=1" ni! j, (1)

lso=1i1 i/ axi=1j1 i, @
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w+nxi#n- 1j=2+1i=Lir}j

I=1Li! N1 HNXT™=X1LI =2 __r (3)
To model the UAV flight route, a matrix of distances c; between fire sites is set (Table 1).

Table 1. Matrix of distances between fire sites

Site Ne 1 2 3 4
1 os} 190 250 110
2 370 os) 260 580
3 100 500 oS} 390
4 380 390 240 o

To determine the optimal UAV flight route, let us create a mathematical model [15]:
Zmin= 190x22 + 250x2 + 110x + 370x2 + 260x= + 580x + 100X +

+ 500x32 + 390x* + 380x4 + 390x4 + 240x43 (4)
X124+ xB4+ xu=1 X2l 4 X314+ x4a=1
X2l 4+ XB+ Xx4=1 X124+ X324+ x2=1
X4 4+ X8+ x#=1 XB4+ XB+ x8=1
X2l 4+ XB+ x6=1 XU+ X2+ x3#=1

Us- U2+ 4x2# 3
Ut- Us+ 4xu# 3
Uz- U2+ 4x2# 3
Uz- U+ 4x2 # 3
Uz- Ui+ 4x2# 3
Us- Ut+ 4xa# 3
Us- Uz+ 4x2# 3
Us- U+ 4x> # 3
Us- Uz+ 4xe# 3
Us- U+ 4x= G 3
Us- Ui+ 4xs# 3
-e

X'= 1" non-negative integers

where Z,,;, - minimum UAV flight route; ¢;; - distance between fire sites; U; - number of visits

to the i-th fire site.

Let us construct a graph of possible UAV flight routes between the fire sites (Figure 1).

The result of the numerical experiment is unambiguous: of all possible closed circuits
connecting four fire sites and returning to the departure point, the sequence 1-4—2—-3—1 at 860
m is the shortest. But the more telling finding is how much longer the alternatives are. Routing
through sites in the order 1-2—-3—-4—-1 adds 270 m to the journey, a 31.4% overhead and
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1-3-2-4—-1 adds 410 m, a 47.7% overhead. For a fixed-wing UAV operating on a finite battery,
those overheads are not trivial.

190 110
1
N 250 o
2 3 4
260 580 500 390 240 390
VW N 4
3 4 2 4 3 2
390 240 580 390 500 260
A 4 v W W W W
4 3 4 2 2 3
380
100 380 b il 370 370 di Al 100
Re2n 1 1110 1710 1 1400 1220 1 860

Figure 1. Graph of possible UAV flight routes between the fire sites

It can be seen from the figure 1 that the most optimal UAV flight route between the fire sites is
1 -4 - 2 - 3 - 1, while the distance amounts to 860 meters [20].

At a typical cruise speed of 60-80 km/h, a 400 m excess translates to roughly 20-25 additional
seconds per reconnaissance cycle: a modest figure in isolation, but operationally significant when
a fast-developing crown fire can double its perimeter in the same interval. The point is not the
absolute numbers, which depend on specific site coordinates; it is that the TSP model consistently
finds the optimum that an unassisted operator may miss, particularly under the cognitive load of
a live emergency. How does this work relate to what has been done before? Studies of UAV
deploymentin forest fire contexts have tended to focus on two distinct problems: where to position
UAV ground stations to maximize coverage [14], and how to coordinate multiple UAVs when
several targets must be monitored simultaneously [10]. Both lines of research treat route
assignment as important but stop short of providing an exact computational procedure for single-
UAV multi-site sequencing in the specific operational scenario that a CFE faces when receiving an
initial fire report covering several ignition points. Research on UAV sensor selection and platform
specification for agricultural and environmental monitoring [9, 12] similarly leaves the routing
layer unaddressed. The contribution here is narrow but necessary: it fills the gap between «we
have a UAV with a thermal camera» and «here is the exact flight sequence that wastes least time
and energy visiting every site». Within the Kazakhstan MES context specifically, to our knowledge,
no prior published work has formalized this task as an integer program with subtour-elimination
constraints. The formal model connects cleanly to the regulatory requirement in [8] for the CFE to
conduct aerial reconnaissance, giving that requirement a computational backbone it currently
lacks. Three practical implications follow from the model. First, it is directly implementable: a CFE
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or UAV operator enters the coordinates of known fire sites, the system computes the inter-site
distance matrix and solves the TSP, and outputs the optimal visit sequence within seconds a
computation that requires no specialist mathematical knowledge from the user. Second, the
objective function is interchangeable: substituting flight time (distance divided by cruise speed) or
expected battery consumption (a function of distance and payload weight) does not change the
model structure, only the coefficient matrix. This means the same framework works for different
fixed-wing UAV models with different endurance profiles. Third, the model scales gracefully: for
small numbers of sites (n < 10), the branch-and-bound approach used here finds the exact
optimum efficiently; for larger deployments involving 15-30 sites, well-tested heuristics such as
nearest-neighbor initialization followed by 2-opt improvement can produce near-optimal
solutions in real time. Several limitations require honest acknowledgement. The test case assumes
that fire site positions are known before the mission begins in practice; a first-pass reconnaissance
may reveal additional sites, requiring route revision mid-flight. The model also treats inter-site
distances as deterministic, ignoring wind drift and restricted airspace that would affect a real fixed -
wing UAV. Finally, four nodes constitute a minimal proof of concept; validation against scenarios
with eight to twelve sites, using coordinates drawn from actual Borovoe or Kostanay region fire
reports, is needed before operational deployment can be recommended.

Conclusion

The question this paper set out to answer was whether the Travelling Salesman Problem can
serve as a practical planning tool for fixed-wing UAV reconnaissance over multiple forest fire sites.
The answer, supported by formal model development and numerical testing, is yes and the
efficiency gain over intuitive routing is substantial enough to matter operationally. In the four-site
test case, the TSP-optimal route was up to 47.7% shorter than the worst feasible alternative, a
margin that translates directly into faster situation reporting and reduced risk of battery
exhaustion before all sites have been covered.

For emergency management practice in Kazakhstan, where fire-prone regions such as the
Borovoe forest zone of Akmola region place recurring demands on MES resources, the model offers
a concrete and immediately codable upgrade to existing UAV operating procedures. It replaces the
operator’s subjective judgement on visit sequence, a weak link under the time pressure and
informational stress of a live fire response, with a computation that takes seconds and produces a
verifiably optimal result. The model requires no change to existing UAV hardware or sensor
loadouts; it acts as a planning layer above the current workflow. Three directions for future work
stand out: extending the model to handle eight to twelve sites typical of larger fire events, using
fire report coordinates from Akmola or Kostanay region records as input data; incorporating wind-
adjusted flight time into the cost matrix to make the model more accurate for fixed-wing
operations; and developing a prototype decision-support interface that allows the CFE to generate
and approve the optimal route before takeoff, within the existing MES software environment.
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Abstract. This article proposes and experimentally validates a formalized
development flow for a specialized cryptographic controller intended for the
hardware implementation of electronic digital signature algorithms. The
proposed flow is presented as a methodology covering the full development
cycle, from architectural design to preparation for MPW fabrication. The
controller architecture is based on a modular principle: the system consists of
functionally independent hardware blocks developed and verified as separate
modules. For each module, RTL implementation, development of a hardware
abstraction layer (HAL), and hardware verification at the FPGA-prototyping
stage are performed. After hardware verification, critical modules undergo
physical validation within the MPW flow. After modular verification, the blocks
are integrated into the system, the final memory map is generated, and system-
level hardware verification is performed. The methodology was experimentally
validated on a TinyQV demonstration computing module compatible with the
RISC-V ISA. Hardware verification was performed on the GOWIN Tang Primer
20K FPGA platform, and physical implementation was carried out in the
TinyTapeout MPW flow using the SkyWater SKY130 PDK.

Keywords: cryptographic controller, electronic digital signature, FPGA
prototyping, hardware verification, MPW prototyping, information security.
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Development Flow of a Digital Signature Cryptographic Controller
with FPGA Verification and MPW Prototyping

Introduction

Ensuring secure electronic document management and electronic transactions is currently
one of the key information-security challenges in government, financial, and corporate information
systems. To address this challenge, electronic digital signatures (EDS) are widely used as a
cryptographic mechanism that provides authenticity of origin, data integrity, and non-repudiation
for electronic documents and transactions [1-4].

An electronic digital signature can be implemented in software or hardware [5]. Software and
hardware/software implementations are typically based on general-purpose microcontrollers,
where cryptographic operations are executed in software. A hardware implementation involves
executing cryptographic operations and storing private keys in a specialized integrated circuit,
such as a cryptographic controller, or in other dedicated hardware [6]. This approach increases
security by isolating key material and reducing the impact of software vulnerabilities [7-9].

Because hardware implementations of electronic digital signatures provide a higher level of
security than purely software-based approaches [7], the development of specialized hardware
solutions has become an active research area and is well represented in recent scientific literature.
A significant number of studies focus on hardware implementations of cryptographic algorithms
for electronic digital signatures. Papers [10-12] present RSA hardware-accelerator architectures
implemented on FPGA and ASIC platforms. Studies [13-15] propose hardware-accelerator
architectures for elliptic-curve algorithms, including ECDSA and EdDSA. Hardware
implementations of national cryptographic standards are also presented in [16, 17], where
cryptographic coprocessor architectures and hardware cores for GOST algorithms are proposed.

In parallel with the development of cryptographic accelerators, methods for designing and
verifying systems-on-chip (SoCs) that incorporate cryptographic modules are also being actively
investigated. Various approaches to functional and formal verification of SoC architectures have
been proposed in [18-21], including assertion-based verification, dynamic information-flow
analysis, and the Universal Verification Methodology (UVM). FPGA prototyping is widely used for
practical verification of architectural solutions, enabling pre-silicon validation and embedded-
software bring-up before chip fabrication [22-24]. Open-source ASIC physical-design flows are also
maturing, and the feasibility of implementing cryptographic hardware blocks using an open-
source RTL-to-GDS flow based on the SkyWater 130 nm process technology has been
demonstrated in [25-27].

Despite the substantial body of research on hardware implementations of cryptographic
algorithms and methods for designing secure SoCs, the scientific literature still lacks a formalized
and reproducible development flow for cryptographic controllers [28]. A consistent approach that
covers architectural design, RTL implementation, hardware verification, and subsequent physical
implementation as an application-specific integrated circuit (ASIC) has not yet been sufficiently
developed [29, 30]. As a result, architectural and interface errors are often detected at late stages
of development, including physical prototyping, which increases development time, cost, and
technological risk [31, 32].

This paper presents the results of applied research conducted during the development of a
specialized cryptographic controller with hardware implementation of digital signature
algorithms. Practical validation of the architectural and methodological solutions was carried out
within research project AP26103891, "Development of a domestic cryptographic controller and
its implementation in a key-storage device," funded by the Science Committee of the Ministry of
Science and Higher Education of the Republic of Kazakhstan. The cryptographic controller under
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development is intended for use in a cryptographic key storage device (USB token) that provides
secure authentication and data protection in systems supporting the Fast Identity Online (FIDO)
standard [33, 34| and digital signature algorithms.

The cryptographic controller under development imposes strict requirements on the
correctness of hardware implementations of cryptographic algorithms and on the reliability of
individual modules. Together with the high cost of correcting architectural errors at the physical-
prototyping stage, these requirements make it necessary to formalize the development flow.

Accordingly, this paper proposes a formalized development flow for a cryptographic
controller. The flow is presented as a methodology based on step-by-step hardware and physical-
design verification of individual functional modules, followed by integration testing of the
complete system. This approach enables early identification of architectural and interface
inconsistencies and mitigates technological risks during the transition to ASIC implementation.

The aim of this work is to develop and experimentally verify a formalized development flow
for a specialized cryptographic controller implementing electronic digital signature algorithms,
based on step-by-step hardware and physical-design verification of functional modules and of the
integrated system as a whole.

To achieve this aim, the following tasks were performed:

1. Develop a modular architecture for a specialized cryptographic controller implementing
electronic digital signature algorithms.

2. Define a formalized development flow for a tape-out-ready cryptographic controller.

3. Implement a demonstration processing module at the RTL level as part of the experimental
validation of the proposed flow.

4. Conduct FPGA-based hardware verification of the demonstration module.

5. Perform physical design of the demonstration module in the RTL-to-GDS flow, including
synthesis, placement, routing, and DRC/LVS verification within the MPW platform.

6. Demonstrate the applicability of the proposed development flow to the integrated
cryptographic controller architecture.

The scientific novelty of this paper lies in the creation of a formalized development flow for a
specialized cryptographic controller dedicated to digital signature algorithms. This flow is
characterized by a step-by-step methodology that combines FPGA-based hardware verification
with an RTL-to-GDS pipeline for MPW preparation, first for individual functional modules and then
for the integrated system as a whole.

The methodology

This paper proposes a formalized methodology for developing a specialized cryptographic
controller that covers the entire development process, from system architecture design to physical
implementation as a specialized integrated circuit. The methodology is oriented toward a
reproducible open-source tool flow. Its stages are described below.

The first stage involves architectural design of the cryptographic controller, including
definition of the system structure and the composition of its functional modules: computational,
system, and specialized cryptographic units.

The second stage involves modular development, in which each functional block is
implemented at the RTL level and functionally verified. In parallel, a modular hardware abstraction
layer (HAL) is developed to provide a software interface to the hardware components. Next, FPGA-
based hardware verification of the modules is performed to confirm their correct operation in a
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real hardware environment.

For physical validation of critical modules, the MPW approach is used together with an
automated RTL-to-GDS flow that includes logic synthesis, placement, routing, and DRC/LVS
checks, thereby verifying the physical implementation at the physical-design stage.

After modular verification is complete, the blocks are integrated step by step into the overall
architecture, the system memory map is generated, and the HAL is finalized.

The integrated architecture then undergoes system-level FPGA-based hardware verification,
including verification of inter-module interactions and firmware execution.

At the final stage, the integrated system is implemented through the RTL-to-GDS flow and
submitted to an MPW shuttle for fabrication of a prototype integrated circuit.

The general flowchart for developing a cryptographic controller within the proposed
methodology is shown in Figure 1.

| Architectural Design I

Module Level
RTL HAL FPGA MPW (critical modules)
Verfication

Y

| Module Integration I

System Level

FPGA :
L Memory Map H HAL H Verification H MPW (integrated system) J

Figure 1. Formalized development flow for a cryptographic controller with step-by-
step hardware and physical-design verification

For physical design, the proposed methodology uses the MPW approach, which enables
prototype integrated circuits to be fabricated at significantly lower cost and with shorter
turnaround times than dedicated ASIC fabrication.

The MPW approach requires a platform that provides a reproducible and technologically
reliable prototyping flow, an open PDK, and automated design tools.

To this end, a comparative analysis of available MPW platforms was conducted with regard to
supported process technology, openness of the tool environment, and degree of design-flow
automation (Table 1).
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The comparison shows that, among the platforms considered, TinyTapeout combines support
for the open-source SkyWater SKY130 PDK, a fully automated design flow, and open accessibility
for research and small-scale projects. These factors determined its use in the proposed
methodology.

Table 1. Comparison of MPW prototyping platforms by process and tool-flow
characteristics

S Open-source
Platform Process Parr'lus(l)};z:tlo Availability PDK g::ioi]?lt((:v% Tool flow
(SkyWater) §

Global GF130, Upon Limited Commercia
Foundries GF180, 65 re p est (corporate No No 1 EDA
MPW [35] nm, 22 nm au access, NDA)

SkyWater o o
Limited Limited
SKY130, ~10000- Commercia
MOSIS [36] TSMC, GF, | 12 000 USD (through (through No 1 EDA
OnSemi broker) broker)
Seml\i/il(;iiluct TSMC 180 | 1250-14 Oben No No | Commercia
nm,65nm | 000 USD p 1 EDA
or [37]
Cadence Limited
MPW SkyWater ~10 000- (corporate No No Cadence
(SkyWater)[ SKY130 12 000 USD p EDA
38] programs)
Yosys,
TinyTapeout | SkyWater OpenLane,
[39] SKY130 385 € Open Yes Yes Magic,
KLayout
Findings/Discussion

Architecture of the Dedicated Cryptographic Controller

The architecture of the dedicated cryptographic controller is modular and includes a base
processor module, a system bus, a memory subsystem, peripheral interfaces, and specialized
hardware blocks designed to implement cryptographic functions.

TinyQV
core

[

QSPI Ring Oscillator

\ WISHBONE |
x x x % A
2s 2s vs e s
eFuse emulator, Secure Bridge AES TRNG UART SRAM GOST 34.10
(XIP) GOST 34.11
i Accelerator

W25Q128

Figure 2. Architecture of a dedicated cryptographic controller
Architecture of the Demonstration Processing Module
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In this paper, the demonstration module is the base processing unit of the cryptographic
controller, namely the TinyQV core. For this module, the complete development and MPW-
prototyping cycle was carried out, from RTL description to preparation for fabrication. Figure 3
shows the architecture of the demonstration core module.

TinyQV
SN
v v

Memory
Controller CPU

Controller

]

Flash

—

h 4

{Cﬂunter] { ALU ]

Figure 3. Architecture of the TinyQV demonstration core module

The architecture of the TinyQV demonstration processing unit includes a processor core, an
instruction fetch and decode unit, a register file, an arithmetic logic unit, a timer, a counter, and a
memory-access subsystem with a QSPI interface for external flash memory.

RTL Implementation of the Demonstration Core Module

The RTL implementation of the TinyQV processing core is written in Verilog HDL and
organized as a module hierarchy with the top-level module tinyqv.v. The processor subsystem
includes an instruction decoder for the RV32EC ISA, a register file, an execution unit with 4-bit
nibble-serial data processing, an arithmetic logic unit (ALU), a shift unit, and a timer. The memory
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subsystem is implemented using a memory-access controller and a QSPI controller

module hierarchy of the TinyQV processing core is shown in Figure 4.

tinyQV (tinyqv.v)

[Top-level wrapper: Connects CPU to Memory Controller and I0s]

}— tinyqv_cpu (cpu.v)

=

| [CPU Subsystem: Manages PC, Fetch State, and Interrupts]

}— tinyqv_decoder (decode.v)

| [Decoder: Translates 32-bit instructions into control signals]
}— tinyqv_registers (register.v)

| [Register File: RV32E 16-reg file with rotation logic]

}— tinyqv_core (core.v)

| | [Execution Unit: Nibble-serial execution & CSR management]
| L— tinygv_alu (alu.v)

| | [ALU: Arithmetic (ADD/SUB) and Logic (AND/OR/XOR) ops]
| L— tinyqv_shifter (alu.v)

| [Shifter: Barrel shifter for SLL, SRL, SRA]

L— tinyQV_time (cpu.v)
[Timer: RISC-V mtime compatible timer block]

tinyqv_mem_ctrl (mem_ctrl.v)
[Memory Controller: Arbitrates Instruction vs Data access]

L— gspi_controller (gspi_ctrl.v)
[PHY Driver: Low-level Quad-SPI interface for Flash/PSRAM]

Figure 4. Hierarchy of RTL modules of the TinyQV processing core

Hardware Verification of the Demonstration Processing Module

20 Hankuny |

Figure 5. GOWIN Tang Primer 20K FPGA platform

. The RTL

Hardware verification of the RISC-V-compatible TinyQV processing core was performed on the
GOWIN Tang Primer 20K FPGA platform (Figure 5).
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The memory subsystem in the FPGA design was implemented using GOWIN FPGA BRAM
primitives in single-port mode. To implement the memory-access scheme, the sim_gspi.v module
was developed. This module contains one read-only memory (ROM) block for storing program
code and two random-access memory (RAM) blocks for storing data. It enables interaction
between the TinyQV computational core and the memory subsystem during FPGA verification. The
structural diagram of the interaction between the computational core and the memory subsystem

is shown in Figure 6.
FPGA Top level (top.v)

a CPU System (Master)
TinyQVY CPU/ QSPI
Controller
QSPI Emulator \
(sim_gspi.v)
Output MUX Gspi_datajout aspi_clk | Protocol FSM & Address
N chip_select gspi_data_in_ Logic
. . N chip_select Y
BRAM IF- ) Y
block A
rom_buff.out L \
= ram_a_buff_out Addr & Wiite enable
GOWNRgFl;‘BRAM: ram_b_buft_out
GOWIN SP BRAM
Addr & Write enable RAM A
|
Addr & Write enable
CE—
GOWIN SP BRAM
RAM B

. —

Figure 6. Structural diagram of the interaction between the TinyQV processing core
and the memory subsystem during FPGA verification

A fragment of the RTL description of the sim_qspi.v module, illustrating the instantiation and
connection of GOWIN_SinglePort BRAM primitives, is shown in Figure 7.

Memory addressing is byte-based. Instructions are fetched as 32-bit words formed by
sequentially concatenating four bytes in little-endian order.

During the FPGA verification phase, correct operation of the memory subsystem was verified.
Byte addressing, data integrity during read and write operations, and the absence of access
conflicts in single-port mode were monitored. The results confirmed correct implementation of
the memory-access scheme.

After correct operation of the memory subsystem had been confirmed, a test program in HEX
format, generated in little-endian order, was loaded into BRAM. Memory initialization was
performed byte by byte in accordance with the instruction-fetch order of the TinyQV processing
core.

During verification, correct formation of the 32-bit instruction word, decoding accuracy, data
integrity during BRAM reads, and correct write-back of the result to the register file were checked.
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The verification results confirmed that instructions are correctly read from memory and
executed by the processing core.

wWwire wred;
assign wred = reading ? (1'k0) : (laddr[0] & !gspi flash select):

Gowin SP rom|
.dout (rom buff out),
.clk(gspi_clk),

.oce (1'kl),

.ce(l'bl),
.resec(!rsc_n),

.wre (l1'bk0),

-ad (addr [ROM BITS:1]),

.din({data_buff in, gspi data_in})

wire wrel:;
assign wrel = writing & addr[0] & ~gspl_ram a select:

Gowin SP ram a |
.dout (ram_a_ buff out),
.clk(gspi_clk),
oce (1'kB1),
.ce(l'kl),
.reset(!rst_n),
wWwre (1'k0),
.ad(addr [RAM A BITS:1]),
.din{{data_buff in, qspi_data_in}ﬂ

wire wrel2;
assign wrel = writing & addr[0] & ~gspl_ram b select:

Gowin 5P ram b

.dout (ram b buff out),
-clk(gspi_clk),

.oce(1'k1),

.ce(l'kl),

.reset(!rst_n),

wWwre (1'k0),
.ad(addr [RAM B BITS5:1]),
.din({data_buff in, gspi_data in})

Figure 7. Fragment of the RTL description of the sim_qspi.v module: instantiation and
connection of GOWIN_SinglePort memory primitives (BRAM)
The addi x10, x0, 1 instruction was used as a test instruction to verify correct execution of an
arithmetic operation and write-back of the result to the a0 register. The representation of the
instruction in assembly, binary, and hexadecimal formats is shown in Figure 8.

Figure 8. Assembly, binary, and hexadecimal representation of the addi x10, x0, 1
instruction
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To verify correct operation of the arithmetic logic unit and the write-back mechanism, a
functional increment test was implemented. The addi x10, x0, 1 instruction was executed in an
infinite loop together with an unconditional jump instruction, jal x0, -4, to ensure cyclic program
execution. The representation of the unconditional jump instruction is shown in Figure 9.

Figure 9. Representation of the unconditional jump instruction used to organize cyclic
program execution

This test verified execution-flow stability, correct execution of sequential arithmetic
operations, and the absence of dropped cycles.

At a clock frequency of 27 MHz, changes in the least significant bits of the a0 register occurred
too quickly to be observed visually. Therefore, the most significant bits of the a0 register (bits 24-
26) were displayed on the LED indicator. A uniform change in the LED pattern (Figure 10) indicates
stable execution of the cyclic program and correct write-back of computation results.

HR91 12054 "

2308

a) LED indication state, where a0 = 100 b) LED indication state after the register
is incremented, resulting in a0 = 101

Figure 10. LED indication of the counter state in register a0 during hardware
verification of the TinyQV processing core

The built-in GOWIN Analyzer Oscilloscope logic analyzer was used to confirm that the hardware

behavior matched the expected logic. The timing diagrams for the internal led_r (a0) register,

shown in Figure 11, demonstrate a consistent increase in value without gaps or deviations,
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confirming correct implementation of the increment mechanism at the hardware level.

Gowin Analyzer Oscilloscope Gowin Analyzer Oscilloscope
Target Jtagserver Cable: Gowin USB Cable(FT2CH) Location: Target Jtagserver Cable: Gowin USB Cable(FT2CH) v Location:
Configuration core 0 Configuration core 0
Autorun Counter: 64 | Autorun Counter: 82 |

Name Value
i_tinyqv/cpu...counter[2:0] 3
i_tinyqv/cpu/...rs/led_r[2:0] 011

Name Value
ii_tinyqv/cpu...counter[2:0] .0
i_tinyqv/cpu/...rs/led_r[2:0] 100

a) state before the increment (011) b) state after the increment (100)

Figure 11. Timing diagrams of changes in the led_r (a0) register state during execution
of the increment instruction

HAL of the Demonstration Processing Module

In the demonstration processing module, hardware-abstraction functions are provided
through the native TinyQV toolchain and are not separated into a standalone HAL software layer.
The native RISC-V GNU toolchain and accompanying SDK take into account the architectural
features of the processing core and its fixed memory map, ensuring correct compilation and
execution of software on the MPW prototype.

Preparing the Demonstration Processing Module for MPW Prototyping

When preparing the demonstration processing module for prototyping in the TinyTapeout
MPW pipeline, MPW platform constraints were taken into account, including the limited footprint
of the 3-by-2 tile configuration, a fixed number of I/0 lines (8 input lines, 8 output lines, and 8
general-purpose bidirectional lines), and the maximum operating frequency of 64 MHz.

The RTL description of the processing core was adapted to the requirements of the
TinyTapeout platform template [40]. Functional verification was performed using a cocotb-based
test environment [41].

Physical implementation of the design was performed using the automated OpenLane flow,
including logic synthesis, standard-cell placement, routing, and GDSII file generation. Successful
completion of DRC and LVS checks was confirmed, and timing closure against the specified
constraints was achieved. After completion of the automated OpenLane flow, the demonstration
processing-unit design was submitted to the TinyTapeout MPW shuttle for prototype fabrication.

Application of the Formalized Development Flow at the Cryptographic-Controller Level

The proposed development flow and MPW-prototyping approach were applied not only to the
demonstration processing module but also to other functional modules of the cryptographic
controller, including specialized cryptographic modules that implement digital signature
algorithms within a single architectural model.

After development and hardware verification of the individual modules were completed, the
modules were integrated step by step into the cryptographic controller, the final system memory
map was generated, and development of the hardware abstraction layer (HAL) was completed.

Next, system-level hardware verification of the integrated FPGA architecture was performed,
including verification of inter-module communication, operation of the memory subsystem and
peripheral interfaces, and execution of test firmware.
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Based on the FPGA verification results, the cryptographic-controller architecture was adapted
to the MPW platform requirements and prepared for submission to an MPW shuttle for prototype
integrated-circuit fabrication.

The following discussion evaluates these results in terms of reproducibility, verification
coverage, and readiness for MPW-based physical prototyping.

The results obtained in this study confirm the practical feasibility of the proposed formalized
development flow for a specialized cryptographic controller, in which architectural design, RTL
implementation, FPGA-based hardware verification, an automated RTL-to-GDS flow, and
subsequent submission of the design for MPW fabrication are combined into a single reproducible
process. Unlike publications focused on microarchitectural optimization of individual
cryptographic accelerators [10-17], studies examining particular aspects of SoC verification [18-
24], or works on open-source RTL-to-GDS design [25-27, 39-41], this study demonstrates the
integration of these stages into an end-to-end methodology for developing a specialized integrated
circuit. The key result is that the modular architecture of the cryptographic controller enables early
design verification before both system integration and physical implementation. At the modular
level, RTL implementation and FPGA verification of individual functional blocks were performed.
Critical modules, including the TinyQV processing core and specialized cryptographic blocks, were
subjected to physical-design validation using an automated RTL-to-GDS flow, followed by tape-out
preparation for MPW fabrication. At the system level, FPGA verification of the unified architecture
was conducted, including verification of inter-module communication, operation of the memory
subsystem and peripheral components, and execution of test firmware. The integrated
architecture was prepared for physical implementation within the MPW platform. This
development framework enables architectural and interface inconsistencies to be identified before
the tape-out stage and reduces the risk of discovering critical errors at later design stages.

Experimental verification of the methodology on the TinyQV demonstration processing unit
confirms the applicability of the proposed approach to a functionally significant cryptographic-
controller core. FPGA verification on the GOWIN Tang Primer 20K platform demonstrated correct
instruction fetching and execution, correct operation of the write-back mechanism, and correct
operation of the memory subsystem at a clock frequency of 27 MHz. Instrumental testing using the
GOWIN Analyzer Oscilloscope showed stable execution of the test program without dropped cycles
or observable timing anomalies, confirming the consistency of the microarchitectural solutions
and the correct transition from RTL description to hardware implementation.

An important result is the confirmation that the demonstration module can be transferred to
the physical implementation level under MPW-prototyping conditions. The project was adapted to
the limitations of the TinyTapeout platform, including area, 1/O line count, and frequency
constraints, and the automated RTL-to-GDS flow in the OpenLane environment was successfully
completed. The design passed DRC and LVS checks and met the specified timing constraints. These
results demonstrate the reproducibility of the physical-design stage of the methodology within an
open-source toolchain and the feasibility of preparing the design for MPW fabrication without
commercial EDA tools.

In addition to the demonstration computing module, the same flow was also applied to
specialized cryptographic blocks. Preliminary FPGA resource estimates for hardware accelerators
implementing electronic digital signature algorithms under ST RK GOST R 34.10-2015 are
approximately 14 602 LUTs, 6 702 FFs, and an operating frequency of up to 23.9 MHz. These results
confirm that such modules can be implemented within the proposed development flow.
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This study primarily focuses on formalizing the development flow and experimentally
validating it. The quantitative estimates obtained demonstrate the potential of this approach and
provide a basis for further optimization of cryptographic modules in terms of performance, area,
and power consumption.

Overall, the results confirm that the proposed approach provides a reproducible and
technologically sound transition from an architectural model to hardware verification and physical
implementation for MPW prototyping. It can therefore serve as a practical basis for creating
specialized cryptographic controllers and other classes of secure SoC solutions.

Conclusion

This paper presents and experimentally verifies a formalized development flow for a
specialized cryptographic controller intended for the hardware implementation of electronic
digital signature algorithms. The proposed flow is implemented as a methodology based on
modular development and step-by-step hardware verification of individual functional blocks,
followed by physical-design verification using the MPW approach and by integration testing and
physical prototyping of the system as a whole. This study established a modular architecture for a
specialized cryptographic controller, including a computing core, system bus, memory subsystem,
peripheral interfaces, and specialized cryptographic hardware blocks. A formalized development
flow for the cryptographic controller was also formulated. This flow integrates architectural
design, RTL implementation, FPGA-based hardware verification, and physical implementation in
an automated RTL-to-GDS workflow. As part of the experimental verification, a demonstration
computing module based on the TinyQV processor core was implemented, and a complete
development cycle was carried out for this module, from RTL description to preparation for MPW
prototyping.

Hardware verification of the demonstration module was conducted on the GOWIN Tang
Primer 20K FPGA platform. FPGA verification confirmed correct instruction execution, operation
of the memory subsystem, and operation of the write-back mechanism. Physical-design
verification was performed using the automated RTL-to-GDS flow in the open-source OpenLane
toolchain. Successful completion of DRC and LVS checks was confirmed, and timing closure against
the specified design constraints was achieved. The results demonstrate the applicability of the
proposed development flow to the integrated cryptographic-controller architecture.

The measured FPGA implementation metrics (2 460 LUTs, 964 FFs, and an operating
frequency of up to 27 MHz) confirm the applicability of this approach with constrained hardware
resources and its suitability for prototyping specialized cryptographic devices.TFuture research
will include a more detailed evaluation of the developed cryptographic modules in terms of
performance, area, and power consumption. Another important research direction is the analysis
of the resilience of the hardware implementation to side-channel attacks.
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