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Abstract: In the World Bank Enterprise Surveys, the share of Kazakhstani firms asked for a bribe
rose from 11.6% in 2019 to 16.4% in 2024. This can mean more bribery or more candid managers.
Following the author's rule, the paper compares a direct question about the firm's own experience (J.5) with
an indirect one about "establishments like this one" (J.7) in Kazakhstan, Uzbekistan and the Kyrgyz
Republic. In Kazakhstan both rose (by 5.3 and 4.5 points), but the difference (+0.8, 95% interval -21.4 to
+23.0) favours neither reading, also at the lower design effects seen in the neighbours' surveys. Changes by
transaction cannot be confirmed with the published standard errors. The author's forecast for the neighbours
held in the point estimates.

Keywords: corruption; bribery; respondent reticence; World Bank Enterprise Surveys; Kazakhstan;
Central Asia.

1. Introduction

The World Bank Enterprise Surveys ask managers whether a gift or informal payment was
expected from their firm when it dealt with the state. In Kazakhstan the share of firms that met at
least one such request in six common transactions (bribery incidence) rose from 11.6% in 2019 to
16.4% in 2024 [1]. This looks like more bribery, but the figure would also rise if managers became
more willing to admit requests that were already being made. This reluctance to answer truthfully is
called respondent reticence [2].

The author set out both readings in her hypothesis: firms still face procedures where
"opportunities for informal payments may still exist”, but "businesses are now more willing to
report bribery requests than before". Her rule for telling them apart: "If only the question about
whether a firm was asked for a bribe increases, while other indicators of corruption and firms'
interactions with government remain stable", this "could suggest" more candour. If several
indicators rise together, "this would be more consistent with a real increase in bribery".

The surveys make this rule testable. Question J.5 asks about the firm's own experience: "In
any of these inspections or meetings was a gift or informal payment expected or requested?"
Question J.7 asks what "establishments like this one" pay, which does not accuse the respondent's
own firm [3; 4]. If managers had only become more candid, J.5 should rise while J.7 stays flat. If
bribery had become more common, both should rise.

Research question. Did the 2019-2024 rise in reported bribe requests in Kazakhstan reflect
more bribery or more candid answers, and in which interactions with the state did it occur?

© Central Asian Scientific Journal, 2026 ISSN 3135-3061 | 8
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This paper argues that the published data cannot yet answer the first part: the two answers
rose together, but too uncertainly to favour either reading.

2. Literature Review

The test rests on one finding: reluctant respondents distort answers about their own firm
much more than answers about similar firms. Clausen, Kraay and Murrell, building on a Romanian
study, identified 13.1% of respondents in the Enterprise Survey for Nigeria as highly likely to be
reticent [2]. They admitted sensitive acts at 61% of the others' rate when asked about their own
firm, but answered virtually like everyone else on the question corresponding to J.7. This study and
[5] predate the data; they are used only for the method, and a non-exhaustive search found no later
study with this test.

Reticence can also hide in a question's structure. J.5 is asked only of firms that report contact
with tax officials, and denying the contact avoids the bribe question [5]. Tax contact must therefore
be read with J.5.

A recent study of Kazakhstan shows where firms meet corruption, but not how it changes. In
a 2023 survey of 702 entrepreneurs, Kudasheva and Rakhmatullayeva found construction, energy,
extractive industries and logistics most exposed through licensing, taxation and customs [6]. As the
author noted, such surveys differ from the Enterprise Surveys, which use the same method in every
country and so allow comparison with neighbours.

3. Data and Method

The paper analyses published country-level indicators; no data were collected and no ethical
approval was needed. Indicators, standard errors and numbers of firms were downloaded from the
Enterprise Surveys portal on 13 October 2026 [1]. The surveys represent formal private firms with
five or more employees and are stratified and weighted [7; 8]. The latest waves cover 1,446 and
1,013 firms in Kazakhstan (2019, 2024), 1,239 and 1,008 in Uzbekistan (2019, 2024) and 360 and
354 in the Kyrgyz Republic (2019, 2023) [1]. After 2019, Kazakh firms were surveyed only in two
COVID-19 follow-ups (2021 and 2022), which did not ask about bribes, so 2019 is the only recent
starting point.

Measures. Bribery incidence and J.5 are direct; J.7, the share saying similar firms pay "to
get things done", is indirect; the share naming corruption a major obstacle measures perception [7].
The wording of J.5 and J.7 is essentially the same in both waves [3; 4].

The test. The main comparison is the change in J.5 against the change in J.7. J.5 is answered
by the firms that met tax officials, a subset of those answering J.7, so the two estimates are
correlated by an unpublished amount; intervals are shown for correlations of 0 and of 1, the second
only as the narrowest possible width.

Precision. The standard error of a change combines the two published ones, treating the
waves as independent. Kazakhstan's standard errors imply design effects of 3.5 to 17.8 (neighbours:
1.7 to 4.0), and their method is undocumented. They are used as published, except in four
transaction cells where they are 0 or implausibly small. The main changes are also recomputed at
assumed design effects of 1 to 3. No correction is made for multiple comparisons.

4. Results

4.1 The direct and indirect answers rose together

Between 2019 and 2024 every main corruption measure in Table 1 rose: J.5 by 5.3 points
and J.7 by 4.5. This is the pattern the rule links to more bribery, not candour. But the change in J.5
minus the change in J.7 is +0.8 points, with a 95% interval of -21.4 to +23.0 (or -13.7 to +15.3 at
the narrowest bound). Both intervals contain a J.5-only rise as large as the one observed (+5.3), so
the test cannot choose. With these standard errors it could only detect a gap of about 21 to 32
points, so this is no evidence that the gap is zero.

© Central Asian Scientific Journal, 2026 ISSN 3135-3061 | 9
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Table 1. Kazakhstan: share of firms, % (published standard error), and the 2019-2024
change in percentage points (95% interval).

Measure 2019 2024 Change P
Bribery incidence (direct) 11.6 (5.4) 16.4 (6.4) +4.8 (-11.6; +21.2) 0.57
J.5 tax meetings (direct) 11.9 (6.3) 17.2 (8.8) +5.3 (-15.9; +26.5) 0.62
J.7 similar firms pay (indirect) 7.9 (2.1) 12.4 (2.7) +4.5 (-2.2; +11.2) 0.19
Corruption a major obstacle 12.0 (2.8) 16.1 (2.2) +4.1 (-2.9; +11.1) 0.25
Met or visited by tax officials 30.9 (4.2) 27.7 (3.1) -3.2 (-13.4; +7.0) 0.54
J.5 change minus J.7 change +0.8 (-21.4; +23.0) 0.94
By transaction (firms in 2024):

Operating licence (97) 8.0 (1.6) 11.0 (9.0) +3.0 (-14.9; +20.9) 0.74
Import licence (24) 24.3 (%) 0.9 (™ -23.4

Construction permit (49) 14.6 (8.0) 0.1 (% -14.5

Electrical connection (22) 4.4 (3.6) 22.1 (%) +17.7

Note: source [1]; own calculations. Firms answering in 2019 and 2024: incidence 615, 422;
J.5 358, 327; J.7 1,356, 923. Test row: no correlation assumed. Tax meetings are J.5; water
connections: no 2024 value. * Standard error 0 or implausibly small.

With the published standard errors, no single rise exceeds sampling error (Table 1). This
rests on Kazakhstan's undocumented standard errors: at any design effect up to 3.1, which covers
most of the neighbours' range, the J.7 rise would be significant (p = 0.047 at 3). The main test
would not (+0.8, -9.4 to +11.0). J.5 rests on a quarter to a third of J.7's firms, which caps the
correlation of the two estimates near 0.5-0.6. At the neighbours' design effects (1.7 and above) a
correlation of at least 0.84 would be needed to exclude a J.5-only rise, so the test contains both
readings there. Only at a design effect near 1, far below the 3.5 to 17.8 implied by Kazakhstan's
published standard errors, would a correlation of 0.53, within that cap, exclude it. With the
published standard errors and at the neighbours' design effects, the test is inconclusive.

4.2 Where the change sits

The point estimates rose for tax meetings, operating licences and electrical connections and
fell for import licences and construction permits (Table 1). With the published standard errors none
of these changes can be confirmed. At the neighbours' design effects the fall for construction
permits (49 firms in 2024, with a published 2024 standard error of 0) would exceed sampling error.
The 2024 questionnaire has no question on bribes at customs.

4.3 The neighbours and the author's forecast

In Uzbekistan J.5 rose from 6.7% to 8.3% while J.7 fell from 7.3% to 6.7%, the pattern of
candour, but within sampling error (difference +2.2, -7.2 to +11.6). In the Kyrgyz Republic the
bribery answers barely changed.

Before this paper's figures were computed, the author forecast: "I would predict that the
Kyrgyz Republic may have the highest share of firms answering "Yes' to the direct J.5 question,
while Uzbekistan may have a lower share." It held in the point estimates: J.5 is 27.9% in the Kyrgyz
Republic, 17.2% in Kazakhstan and 8.3% in Uzbekistan. The Kyrgyz lead over Uzbekistan is clear
(19.6 points, 9.8 to 29.4); over Kazakhstan (10.7, -8.0 to +29.4) it is within sampling error.

5. Discussion

Beyond sampling error, four features of the surveys weaken the test. First, as the author
anticipated, the questions differ: J.5 covers tax meetings among the 28-31% of firms that had them,
J.7 any payment by similar firms. Second, denying a tax visit avoids the bribe question [5], so the
slight fall in tax contact may be real or reticent. Third, refusals count as "yes" in bribery incidence
and J.7 (for J.5 this is not stated) [7], so more refusals would raise both, the very pattern observed.
Fourth, the 2024 questionnaire was revised and dropped J.6 and the customs question, which could
also shift answers. By transaction, the point estimates rose for tax meetings and operating licences,
procedures Kudasheva and Rakhmatullayeva name [6], and fell for construction permits, although
construction is one of the sectors they name.

© Central Asian Scientific Journal, 2026 ISSN 3135-3061 | 10
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6. Conclusion

The 2019-2024 rise in reported bribery in Kazakhstan cannot yet be read as either more
bribery or more candour. Firm-level files could show whether refusals changed, and a randomized
response question in the next wave [2] would measure reticence directly.

Author contributions and use of Al tools

The author chose the topic and question from her mentor's options (14 and 16 September
2026). She wrote the hypothesis, rule and forecast, found studies [2; 6] and nine others left out here,
and approved the analysis plan, which named three waves (two are used here). She had seen the
Kazakh headline figures and the direction of change in some neighbours before writing the
hypothesis. She used ChatGPT to check statistics and, in places, to phrase her thoughts. Her mentor
turned the rule into the test and, with a generative Al tool (Claude, Anthropic), downloaded the
data, wrote the analysis code and drafted the English text around her quoted words. No number,
quotation or reference was produced by a language model without being checked.
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Abstract: Large green infrastructure projects in Kazakhstan may exceed the tenor or exposure
capacity of a single lender class. This paper examines how syndicated lending and blended finance can
support project bankability through lender specialisation, maturity extension, currency matching and
structured risk allocation. The study combines institutional analysis, peer-reviewed research, comparative
public case evidence and a fully specified illustrative project-finance model. Four Kazakhstan cases are
considered: Zhanatas Wind Farm, the KEGOC grid reinforcement programme, the Big Almaty Ring Road
concession as a non-green financing comparator, and the Mirny wind and battery project. The cases illustrate
how multilateral development banks can provide long-tenor anchor debt, mobilise commercial lenders
through A/B or club structures, and introduce common environmental, social and governance disciplines.
Under stated assumptions for a USD 700 million project, a 15-year commercial structure produces annual
debt service of USD 62.78 million and a debt service coverage ratio of 1.19. A syndicated A/B structure
produces a ratio of 1.37, while a blended structure with a concessional tranche produces 1.46. The
improvements reflect both specified funding costs and differentiated tenors; syndication alone does not
guarantee cheaper funding. The paper proposes a bankability framework supported by common due
diligence, intercreditor rules, transparent monitoring and a documented test of concessional additionality.

Keywords: Kazakhstan; green infrastructure; syndicated lending; blended finance; project finance;
A/B loan; risk allocation; bankability

JEL classification: G21; G32; F34; Q42; Q48

1. Introduction

Kazakhstan is entering a capital-intensive stage of its energy transition. Renewable energy
sources accounted for 7.0 percent of electricity generation in 2025, while installed renewable
capacity reached 3,236.7081 MW, including 1,833.6 MW of wind and 1,234.7361 MW of solar
capacity [1-2]. Investment in electricity, gas, steam, hot water and air-conditioning supply reached
KZT 2.2261 trillion in 2025, equivalent to 9.5 percent of national fixed capital investment [3]. Grid
expansion, storage, flexible generation and low-carbon municipal infrastructure must develop
alongside new generation if additional renewable capacity is to remain reliable and economically
usable.

The financing structure has not yet expanded at the same rate as the physical investment
programme. In 2025, national fixed capital investment was KZT 23.4925 trillion and bank loans
financed 4.6 percent, of which loans from foreign banks accounted for 0.3 percent of total
investment [3]. AIFC and Green Finance Centre publications document continued development of
Kazakhstan's sustainable-finance instruments [4-5], while the 2024 to 2029 National Infrastructure
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Plan covers approximately USD 80 billion of overall energy, transport, water and digital
infrastructure, only part of which is directly related to green transition [6].

This gap is partly a problem of risk capacity. A large green infrastructure project
concentrates construction, market, currency, regulatory, technology and environmental risks within
one special purpose vehicle. A single commercial bank may face limits on tenor, country exposure,
sector concentration, single-borrower exposure and foreign currency liquidity. Sponsors may also
resist an equity contribution large enough to compensate for all of those constraints. Syndication
distributes credit exposure, while blended finance combines commercial and development capital
with different risk and return objectives.

This paper asks three questions. First, which financing instruments are suitable for the main
risks of Kazakhstan's green infrastructure? Second, what lessons emerge from public Kazakhstan
transactions? Third, under a consistent illustrative model, how do traditional, syndicated and
blended structures affect debt service and coverage?

2. Institutional Context and Analytical Concepts

2.1 Project finance and green finance architecture

Kazakhstan's Law on Project Financing and Securitization provides a legal basis for
financing against project cash flows and permits the use of a special finance company in qualifying
structures [7]. The Law on Public-Private Partnership connects PPP financing with the project
finance framework [8]. Lenders still require enforceable security, predictable revenues, construction
discipline, controlled accounts and credible default remedies.

Green finance has acquired a parallel institutional framework. Kazakhstan adopted a
national Green Taxonomy in 2021, followed by mechanisms for coupon and interest subsidies and
green bond guarantees in 2022 [9]. The Astana International Exchange provides securities issuance
and listing infrastructure, while the AIFC Green Finance Centre supports sustainable-finance
standards, external review and market development; the broader AIFC legal environment draws on
English-law principles [10, 5]. These arrangements broaden sources of capital, although green
classification does not substitute for credit analysis. A project can satisfy a taxonomy and still be
unbankable because of weak cash-flow coverage, incomplete permits or unsuitable construction-
risk allocation.

2.2 Syndicated and blended finance

A syndicated loan is provided by multiple lenders under coordinated documentation and
administration. It may be arranged as a club deal, where lenders participate directly, or as an A/B
loan. In the latter, a multilateral development bank retains an A loan for its own account and
mobilizes B lenders under its umbrella. The structure can reduce duplication, provide consistent
monitoring and give commercial lenders access to a transaction that may otherwise exceed their
tenor or country limits.

Blended finance combines market-based capital with development finance, concessional
funding, guarantees, grants or technical assistance. Public resources should address a specific
market failure, such as unavailable long tenor, early-stage technology risk or a tariff affordability
constraint, while preserving commercial discipline [6, 11]. Effective blending is limited, transparent
and targeted to the risk preventing financial close.

For this paper, bankability means that a project can attract debt on terms consistent with its
construction and operating cash flows while maintaining acceptable risk-adjusted returns for
lenders. The principal indicators are the debt service coverage ratio, or DSCR, the loan life
coverage ratio, or LLCR, construction contingency, reserve accounts, currency mismatch, covenant
headroom and the reliability of contractual risk transfer.

2.3 Literature foundation and research gap

Project-finance scholarship explains how a ring-fenced special-purpose vehicle, contractual
allocation and concentrated monitoring can support long-term infrastructure lending [12-13].
Research on syndicated lending indicates that development-bank participation can respond to
political risk and coordination constraints, while project-finance structures often differ from general
syndicated credits in maturity, security and monitoring intensity [13-14]. Renewable-energy
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research further shows that financing structure can be material to investment deployment [15].
These studies establish general mechanisms, yet they provide limited integrated evidence on how
currency matching, multilateral anchoring, concessional additionality and intercreditor control
operate together in Kazakhstan. This article addresses that gap through a structured comparison of
public Kazakhstan cases and a transparent illustrative model.

3. Research Design and Method

The study uses a structured comparative case method supported by an illustrative
quantitative model. The evidence base consists of official publications from Kazakhstan's Bureau of
National Statistics, the National Bank of Kazakhstan, AIFC, the Financial Settlement Center,
OECD, peer-reviewed studies and public transaction disclosures by the EBRD, all available through
10 August 2026. Public sources avoid reliance on confidential term sheets. Each case is coded
across financing scale, lender composition, currency, maturity rationale, concessional element,
contractual interface and disclosed risk-mitigation features.

The cases were selected for theoretical variation. Zhanatas demonstrates blended local-
currency renewable financing. KEGOC shows sovereign-linked grid investment combining
ordinary and concessional resources. The Big Almaty Ring Road, or BAKAD, demonstrates a long-
term PPP, an international sponsor group, an A/B loan and interest-rate hedging. Mirny shows
large-scale commercial mobilization for wind generation with battery storage. The cases are not
treated as a statistically representative sample. They are used to identify recurring structuring
mechanisms across different infrastructure types.

The quantitative comparison holds project cost, equity share and operating cash flow
constant. Total project cost is USD 700 million, equity is 30 percent, total debt is 70 percent, and
annual cash flow available for debt service, or CFADS, is exactly USD 75 million in the illustrative
operating year. Three stylised US-dollar capital structures are compared. Interest rates, tenors and
repayment profiles are specified illustrative assumptions, not disclosed terms of any public case.
Currency risk, taxes, fees, reserve funding and hedging costs are excluded and should be tested
separately in an actual credit assessment.

Weighted average cost of debt is calculated as:

l_( = Zj=1“ wi ki

where w; is the share of debt instrument i in total debt and k; is its specified fixed annual
interest rate. Each tranche uses level annual debt service after completion:

ADS;=D; xr;/ [1 - (1 + Fi)_ni]

Total annual debt service is the sum across tranches. The central coverage measure is:

DSCR: = CFADS: / (Principal: + Interestt)

The comparison excludes taxes, arrangement and commitment fees, political-risk insurance
premiums, reserve funding costs and hedging costs. The outputs are therefore comparative model
results, not an investment quotation.

4. Financing Instruments and Their Risk Functions

Table 1 compares the main instruments available for large green infrastructure projects.
Their value depends on matching the instrument to the underlying constraint.
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Table 1. Financing instruments for Kazakhstan green infrastructure

Instrument

Primary providers

Main bankability
contribution

Risks retained by
project or lenders

Appropriate use

Sponsor equity

Strategic sponsors,
infrastructure funds,
state holding
companies

First-loss capacity,
completion support,
alignment of
incentives

Full residual risk
and delayed
distributions

Development
expenditure,
contingencies and
risks that cannot be
transferred
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Instrument

Primary providers

Main bankability
contribution

Risks retained by
project or lenders

Appropriate use

Commercial senior
loan

Domestic and
international banks

Payment discipline,
local relationships,
working-capital and
hedging access

Tenor, refinancing,
concentration and
currency risk

Mature technology
with predictable
contracted revenue

Club or syndicated

Several banks under

Larger ticket,
exposure

Coordination and

Projects too large
for one bank but

loan common documents | distribution and intercreditor risk acceptable on
unified monitoring market terms
Anchor due Cross-border
iligen B lenders retain roj ith stron
MDB as lender of Son%gecrec’ial funede(tjieciegitta risk; ?u?ljdeacl;se‘rflvt;lssgu? i
MDB A/B loan record, commercial ’

B lenders

mobilization and
potentially longer

MDB retains A loan
risk

limited commercial
tenor or country

maturity appetite
First-of-kind
Climate funds Reduces debt service . . technolo
! unas, . ! Additionality, 8
. donor facilities, or absorbs a . affordability gap or
Concessional tranche . . subsidy and
public development | narrowly defined L measurable
R . eligibility risk .
institutions risk transition
externality
o . o . Refinancing, Construction
Institutional Diversifies funding . g
disclosure and takeout or

Green bond or loan

investors, banks and
capital markets

and links proceeds
to eligible assets

external-review
obligations

portfolios of
operating assets

Guarantee or standby
facility

State, DFI, bank or
insurer

Transfers specified
political, payment,
completion or
liquidity risk

Counterparty,
exclusions and
claim-process risk

When one
identifiable risk
prevents otherwise
viable financing

Source: Author's synthesis based on [6-7, 9, 11, 16].
Commercial debt supplies market pricing and screening. Its constraints were especially

visible when the National Bank's base rate reached 18.0 percent in early 2026 and stood at 16.75
percent following the decision of 27 July 2026 [17]. Tenge financing can remove currency
mismatch but create affordability pressure unless matched by suitable maturity, tariff escalation or
development capital.

An A/B loan addresses a different problem. The MDB performs project appraisal and acts as
lender of record, while B lenders provide mobilized commercial capital. Common documentation
can reduce negotiation costs, yet it requires clear voting thresholds, sharing provisions, transfer
rules and enforcement procedures. A syndicated structure is strongest when all lenders rely on the
same base-case model, technical adviser, environmental and social action plan and information
package.

Concessional capital should be placed where it produces the greatest marginal improvement.
A small long-tenor tranche can improve minimum DSCR more efficiently than a broad interest
subsidy if it is amortized during the project's weakest years. A guarantee can be superior when the
obstacle is a specific payment or policy risk rather than general credit quality. Kazakhstan's
renewable auction framework illustrates the importance of contingent instruments. Bid security is
set at KZT 2,000 per kW and may be provided through a bank guarantee or standby letter of credit
with a minimum 150-day validity [18]. Performance security under a power purchase agreement is
KZT 10,000 per kW, with minimum validity periods that vary by technology [19]. These
instruments support delivery discipline but consume bank limits and liquidity, which should be
included in the total financing plan.
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Figure 1 presents the common financing and control architecture used in the subsequent case
comparison.

Capital providers Risk sharing platform Borrower

MDB A loan =

L ) Common terms
intercreditor framework

Project company
and ring fenced
cash waterfall

Commercial B loan

L 7
f ~
Concessional facility - Facility agent, security
trustee and hedging bank

\ >
(5 ™~

Sponsor equity
- 7

Figure 1. [llustrative syndicated and blended financing architecture

Source: Developed by the author.

5. Comparative Evidence from Kazakhstan

5.1 Zhanatas Wind Farm

The Zhanatas transaction demonstrates how several institutions can supply complementary
risk capacity. The disclosed financing included an EBRD loan of KZT 10.847 billion, equivalent at
disclosure to approximately USD 25.28 million, a Green Climate Fund tranche of up to USD 22.86
million, AIIB financing of up to USD 34.29 million, and an ICBC Almaty loan of KZT 5.841
billion, equivalent to approximately USD 13.61 million. Total project cost was disclosed at USD
140.1484 million [20].

The structure combined local-currency bank lending with multilateral and climate capital.
Local-currency debt reduced the mismatch between tenge-denominated project revenue and debt
service. Development institutions extended the available maturity and distributed exposure among
lenders. The case also shows why the lowest nominal rate is an incomplete decision criterion. A
foreign-currency loan may appear cheaper before hedging, yet depreciation can impair DSCR if the
PPA does not provide an equivalent currency adjustment.

5.2 KEGOC grid reinforcement

Renewable generation is only bankable if transmission capacity and system balancing
develop in parallel. In 2024, the EBRD announced financing of up to EUR 252 million in tenge
equivalent for KEGOC, together with a EUR 15 million concessional loan from Canada. The
programme covers approximately 600 km of 500 kV transmission infrastructure and is intended to
support the integration of up to 12 GW of renewable capacity by 2030 [21].

The KEGOC case demonstrates two principles. First, local-currency lending can protect a
regulated infrastructure borrower from currency mismatch. Second, concessional resources can be
attached to a measurable system-level transition benefit. The concessional element should still be
governed by procurement, reporting and impact conditions so that the price benefit is linked to
delivery rather than absorbed as general balance-sheet support.

5.3 Big Almaty Ring Road

BAKAD provides a useful non-green financing comparator because it combines project
finance, PPP risk allocation and international syndication. The financing package totalled USD 585
million for the project company to design, build, operate and maintain a 66 km road under a 20-year
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concession. The sponsor consortium included Turkish and Korean construction and road-operation
companies. The EBRD arranged a USD 350 million A/B loan and an interest-rate hedging
programme involving an interest-rate cap and forward-starting swap [22-23].

The case illustrates that risk allocation extends beyond the loan agreement. The concession
contract allocates availability, operating and public-sector obligations. The EPC and operation
arrangements allocate delivery and performance risks. The hedging documents allocate interest-rate
volatility, while intercreditor arrangements coordinate enforcement. Bankability therefore results
from a linked contract system. A weak interface between two contracts can recreate a risk that each
document appears to transfer separately.

5.4 Mirny wind and battery project

In April 2026, the EBRD announced an A/B financing package of up to USD 548 million
for Aktas Energy within a project disclosed at approximately USD 1.260 billion. The EBRD A loan
is up to USD 250 million and the B loan is up to USD 298 million. Publicly disclosed B-lender
participants include China Construction Bank, Qatar National Bank, Société Générale and Standard
Chartered, while other co-financing institutions include Proparco, DEG and the Development Bank
of Kazakhstan [24-25]. The project combines 1 GW of wind capacity with a 300 MW and 600
MWh battery energy storage system [24-25].

Mirny is significant for three reasons. Its scale requires lender mobilisation beyond a
conventional bilateral exposure. Battery storage adds system value but also introduces technology,
degradation, dispatch and interface risks that must be reflected in technical due diligence and
performance testing. Finally, the A/B format illustrates how an MDB can anchor a transaction while
commercial and development lenders supply complementary debt. Public disclosure does not
provide all commercial terms, so no inference should be made about pricing or internal lender
decisions.

Table 2. Public Kazakhstan cases and structuring lessons

Infrastructure and

Case

disclosed scale

Financing structure

Principal risk-allocation
lesson

Zhanatas Wind Farm

Wind project; total cost
USD 140.1484m

EBRD and ICBC Almaty
KZT loans, GCF and AIIB
financing

Combine local-currency
revenue matching with
development and commercial
risk capacity

KEGOC grid
pro gramme

About 600 km of 500
kV transmission

Up to EUR 252m in KZT
equivalent plus EUR 15m
concessional funding

Use local currency for regulated
cash flows and target
concessionality to system
transition benefits

BAKAD, non-green

66 km toll-road PPP;

EBRD-led club, USD 350m
A/B loan and interest-rate

Coordinate concession,
construction, operation,

project cost about USD
1.260bn

loan, with additional
disclosed co-financing

comparator USD 585m debt hedge financing and hedging contracts
1 GW wind plus 300 | Up to USD 250m EBRD A g/i‘\’fe’ﬂ)‘;fnce‘l’?gggfﬁ%‘ir o
Mirny MW/600 MWh battery; | loan and USD 298m B MDB anchor and apply

integrated technology and
interface due diligence

Sources: EBRD public disclosures [20-25]. Amounts are announced or disclosed

commitments, not necessarily amounts disbursed.
6. Illustrative Capital Structure Comparison

The illustrative model compares financing architecture while holding project cost, leverage
and CFADS constant. Each structure uses USD 210 million of equity and USD 490 million of US-
dollar debt, with exact illustrative annual CFADS of USD 75 million. Fixed rates, level annual
payments, no operating-period grace and no balloon repayment are assumed. The differences are
the debt composition, specified interest rate and amortisation tenor.
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Table 3. Fully specified financing assumptions for a USD 700 million project

Model item

Traditional commercial

debt

Syndicated A/B
structure

Blended structure

Sponsor equity

30%, USD 210m

30%, USD 210m

30%, USD 210m

Commercial debt

70%, USD 4950m

35%, USD 245m

35%, USD 245m

MDB A loan

0

35%, USD 245m

20%, USD 140m

Concessional tranche

0

0

15%, USD 105m

Total debt

70%, USD 4950m

70%, USD 4950m

70%, USD 490m

Commercial rate and tenor

9.55%, 15 years

9.55%, 15 years

9.55%, 15 years

MDB rate and tenor Not applicable 7.11%, 20 years 7.11%, 20 years
Concessional rate and tenor | Not applicable Not applicable 4.03%, 25 years
Weighted average cost of debt 9.55% 8.33% 7.67%

Annual debt service by

Commercial: USD 62.78m

Commercial: USD
31.39m; MDB: USD

Commercial: USD
31.39m; MDB: USD

tranche 13.33m; concessional:
23.32m USD 6.74m
Total annual debt service USD 62.78m USD 54.71m USD 51.46m
Annual CFADS USD 75.00m USD 75.00m USD 75.00m
DSCR under full structure 1.19 1.37 1.46
DSCR with price change only 119 108 134

and common 15-year tenor

Source: Author's fully synthetic calculations using the equations in Section 3. Taxes, fees,
reserve funding, hedging and currency movements are excluded. The assumptions do not reproduce
any transaction in Section 5.

The traditional structure has the simplest lender group. A USD 490 million loan at 9.55
percent over 15 years produces annual debt service of USD 62.78 million and DSCR of 1.19. This
gives limited capacity to absorb output shortfalls, delayed tariff indexation or higher operating cost.

The A/B structure keeps leverage unchanged while dividing debt equally between a 15-year
commercial tranche and a 20-year MDB tranche. Annual debt service is USD 54.71 million and
DSCR is 1.37. If only the weighted interest rate changed and the whole debt retained a common 15-
year tenor, DSCR would be 1.28. The difference between 1.28 and 1.37 therefore represents the
modelled tenor effect, while the difference between 1.19 and 1.28 represents the price effect. B
lenders continue to fund and retain their credit exposure; the A/B structure primarily supports
mobilisation, common due diligence and coordinated administration.

The blended structure adds a 25-year concessional tranche and reduces the MDB A loan to
20 percent of project cost. Annual debt service is USD 51.46 million and DSCR is 1.46. A price-
only comparison at a common 15-year tenor would produce DSCR of 1.34. The remaining increase
reflects longer amortisation. This structure produces the strongest buffer under the stated
assumptions, while requiring the clearest additionality test. Concessional resources should be
limited to the amount necessary to address a demonstrated financing gap and should carry
measurable eligibility and impact obligations.
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Illustrative capital composition by financing structure

Traditional

Blended

Share of total project cost, percent
I Sponsor equity I MDB A loan
I Commercial debt I Concessional debt

Figure 2. Illustrative capital composition by financing structure
Source: Developed by the author from the model assumptions.
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Figure 3. Illustrative comparison of funding cost, debt service and DSCR

Source: Author's calculation. Values exclude taxes, fees and hedging costs to preserve
comparability.

The results should be interpreted as a financing-capacity comparison under stated
assumptions. They do not establish that syndication or blended finance is inherently cheaper. Actual
pricing may include floating-rate benchmarks, fees, political-risk insurance, reserve requirements
and hedging, while local-currency alternatives require a separate exchange-rate and inflation
analysis. Credit committees should determine whether concessionality is intended to reduce tariffs,
improve coverage, finance additional environmental features or reduce sponsor equity before
optimisation.

7. Risk Allocation and Policy Recommendations

The comparative evidence supports a control-based rule: each risk should be assigned to the
party best able to control it, then to the party best able to absorb or price the residual exposure.
Transfer to a party without operational control or adequate capital produces contractual form
without economic substance.
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Table 4. Recommended risk allocation and lender controls

Risk

Preferred primary
allocation

Core contractual or
financial controls

Syndication implication

Development and
permits

Sponsor and project
company

Conditions precedent,
permit register, land-right
verification and long-stop
date

One shared legal due-diligence
report and common waiver
standard

Construction cost

Fixed-price, date-certain
EPC contractor, backed

Performance security,
liquidated damages,

Uniform draw conditions and
lender voting for budget

and delay by sponsor completion contingency, independent changes
support engineer and equity cure &
Technolo rovider Performance tests,
Technology and . 8Y provider, warranties, degradation Common technical adviser and
. integrator and project . .
interface assumptions and interface agreed acceptance tests

company

matrix

Revenue and offtake

Offtaker and project
company according to
controllability

Bankable PPA or
availability payment,
indexation and curtailment
rules

Direct agreement and
coordinated enforcement rights

Currency and
interest rate

Project company, lenders
and hedge providers

Currency matching, indexed

revenue, swaps, caps and
reserve accounts

Hedge counterparties integrated
into intercreditor waterfall

Political and
regulatory

Public authority, DFI,
insurer and sponsors

Change-in-law clause,
termination compensation
and political-risk cover

Clear sharing of recoveries and
standstill rights

Environmental and
social

Project company and
contractors under lender

ESIA, action plan,
grievance mechanism,

One harmonized standard
where possible to avoid

standards monitoring and reporting conflicting obligations

Long-term O&M
agreement, availability
guarantees, spare-parts plan
and insurance

Operations and
maintenance

Common reporting definitions

Qualified operator and cash-sweep triggers

Source: Author's synthesis from the case evidence and Kazakhstan legal framework [7-8,
20-25].

Five recommendations follow. First, banks should use a common bankability data room
before syndication. The financial model, EPC schedule, permits, environmental documents,
insurance matrix and material contracts should share consistent definitions and dates. This reduces
both due-diligence duplication and model risk.

Second, arrangers should design the intercreditor framework at the same time as the term
sheet. Voting thresholds for drawstops, waivers, enforcement, hedge termination and amendments
must reflect the different mandates of MDBs, commercial banks and concessional providers.
Postponing these questions can convert an apparently complete financing plan into a delayed
closing.

Third, local-currency solutions should be assessed on an all-in risk basis. Where project
revenue is in tenge, local-currency debt can materially improve resilience. However, high local rates
may require longer maturity, refinancing options, tariff indexation, interest-rate caps or a
development tranche. Comparing only nominal coupons can misstate economic risk.

Fourth, concessionality should be allocated through a documented financing-gap test. The
arranger should identify the minimum tranche or guarantee needed to meet a defined DSCR,
affordability or technology threshold. The benefit and expected development result should be
disclosed, and a sunset or refinancing mechanism should be considered once the relevant market
failure declines.
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Fifth, Kazakhstan can deepen refinancing channels for completed green assets. Construction
banks are suited to monitoring completion risk, while institutional investors can hold long-duration
operating assets. Standardised green reporting, reliable production data and bond takeout
mechanisms would recycle bank balance sheets toward new projects. The documented expansion of
sustainable-finance instruments provides an institutional base for this transition [4-5].

8. Limitations and Further Research

The public case disclosures do not provide complete interest rates, repayment schedules,
covenant packages or hedging costs. The quantitative model is therefore illustrative and cannot
establish that one structure is universally cheaper. It also holds CFADS and leverage constant, while
actual financing structure can affect construction timing, operating requirements and tariff
affordability.

The case sample is small and selected for variation rather than statistical representativeness.
Future research could build a transaction-level database of Kazakhstan green bonds, loans and
project financings, then test whether MDB participation is associated with longer maturity, greater
local-currency use or lower refinancing risk. Further work should also model correlated tenge
depreciation, inflation, base-rate shocks, construction delay and renewable output risk. Confidential
bank data could strengthen calibration, subject to anonymization and governance requirements.

9. Conclusion

Kazakhstan's green infrastructure programme may exceed the tenor and exposure capacity of
individual lenders. Syndicated and blended structures can provide a practical response when
designed around project risks. Zhanatas illustrates the combination of local-currency, commercial
and development finance. KEGOC illustrates targeted concessional support for system
infrastructure. BAKAD, used as a non-green comparator, demonstrates that financing, concession,
construction and hedging contracts should operate as one risk-allocation system. Mirny illustrates
the mobilisation capacity of a large A/B loan for wind generation and battery storage.

Under the stated illustrative assumptions, the USD 700 million comparison produces DSCRs
of 1.19, 1.37 and 1.46 for traditional, syndicated A/B and blended structures, respectively. These
figures are not forecasts and reflect both pricing and tenor assumptions. They demonstrate how
specified tranche composition can alter debt-service resilience without changing project cost or
leverage. The central policy and credit conclusion is that bankability is supported by consistent due
diligence, transparent intercreditor rules and concessionality limited to a verified financing gap.
Under those conditions, development capital can mobilise commercial lending while preserving
credit discipline.
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Abstract: Uzbekistan is seeking to expand hydropower while modernizing an irrigation system that
supports rural livelihoods and dominates national water use. Existing canals create a distinctive greenfield
opportunity: small plants can add distributed renewable generation with limited new inundation, but their
output remains subordinate to irrigation schedules, water rights and climate uncertainty. This paper develops
an integrated framework for converting a large site list into an investable portfolio. It combines policy and
project-document review with a two-stage multi-criteria model, hydrological stress testing and normative
public-private partnership risk allocation. Stage 1 applies fatal-flaw gates for water access, irrigation non-
impairment, grid and land feasibility, and environmental-social eligibility. Stage 2 ranks eligible sites by
water reliability, energy yield, irrigation compatibility, cost, connection, impact and sponsor readiness. An
illustration shows why a high-head location can rank below a more water-compatible site. The financing
design links concessional wholesale funding and local banks to project companies, standardized contracts
and verified operating data. Climate parameters remain scenarios: the severe case tests a 30—40 percent
water-availability decline with a 25 percent irrigation-demand increase. The paper reconciles the 8-12 GW
resource range and 5.5-6 GW target range by distinguishing assessment boundaries, technical potential,
program staging and date. The central finding is that canal hydropower should be developed as a governed
portfolio of water-compatible infrastructure. Transparent screening, irrigation-first operating rules and
efficient risk assignment can reduce development attrition and improve resilience.

Keywords: canal-based small hydropower; Uzbekistan; public-private partnership; water-energy-
food nexus; multi-criteria screening; climate resilience

JEL codes: Q25; Q42; Q48; L.94; G32

1. Introduction

Uzbekistan’s electricity transition must meet rising demand, reduce thermal dependence and
improve supply reliability. The World Bank expects electricity demand to exceed 120 billion kWh
by 2030 and reports unmet demand of about 10 percent [1]. Variable solar and wind increase the
value of controllable, distributed generation. Small hydropower can aid daily balancing and local
supply, while canal schemes use existing irrigation infrastructure and often require no new
reservoir.

The opportunity is substantial but easily overstated. A canal is first a water-service asset;
cropping patterns, allocations, closures, upstream conditions and water-authority decisions
determine its flow. An attractive hydraulic drop can therefore produce weak debt coverage outside
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the irrigation season. Construction can disrupt delivery, and an artificial channel can still create
livelihood, safety, biodiversity, cultural-resource and land impacts. Reservoir avoidance does not
remove the need for due diligence.

Current policy creates a practical opening for private participation. In 2023 the Government
of Uzbekistan reported an initial national hydropower potential of 8 GW, around 2.2 GW then
utilized, and an objective of reaching 6 GW by 2030. It also described 20-year land leases for small
and micro hydropower investors, guaranteed state purchase of their electricity and an intention to
attract private capital [2]. In 2025 the World Bank approved a USD 150 million concessional credit
to support small hydropower through local developers and financial institutions. The associated
project targets up to 150 MW across existing irrigation canals and anticipates USD 38 million of
commercial co-financing [3,4]. These measures shift the central managerial question from whether
canal hydropower is technically possible to how a heterogeneous site pipeline should be screened,
contracted and financed.

This paper addresses that question through the water-energy-food (WEF) nexus. The nexus
perspective recognizes that one cubic meter of canal water can simultaneously support food
production, require pumping energy, embody ecological obligations and generate electricity. The
appropriate objective is therefore not maximum annual hydropower output. It is maximum risk-
adjusted public value subject to reliable irrigation and environmental constraints. Three research
questions guide the analysis:

1. How can public agencies, developers and banks screen canal-based small
hydropower sites consistently before expensive feasibility work?

2. Which allocation of construction, hydrology, irrigation, offtake, financial and
environmental risks is most likely to produce bankable public-private partnership structures?

3. How should climate and irrigation stress be incorporated without treating uncertain
scenario values as deterministic forecasts?

The contribution is a policy-to-practice framework that integrates project development,
multi-criteria decision analysis (MCDA), PPP design and climate resilience. It also resolves two
statistical ambiguities that can distort investment decisions. First, the 8 GW government estimate
and the approximately 12 GW figure reported in the World Bank’s 2025 project appraisal materials
are different resource concepts and vintages, not values that should be averaged [2,4]. Second, the
5.5 GW hydro component cited in a 2025 renewable-energy program document and the 6 GW
national hydropower objective cited by the government represent different program scopes or
staging [2,4]. Transparent treatment of such differences is essential when targets are converted into
project pipelines.

2. Literature and Policy Review

2.1 Small hydropower, MCDA and the nexus

Hydropower research increasingly distinguishes installed capacity from sustainable value.
Moran et al. argue that planning must internalize ecological, social and governance effects [5].
Small scale can reduce some impacts, yet a dispersed program creates cumulative land, labor, safety
and water-allocation risks. The World Bank identifies livelihood, labor, community-safety,
stakeholder-exclusion and financial-intermediary capacity risks in Uzbekistan’s program [6].
Portfolio controls are therefore necessary.

The WEF nexus supplies the conceptual basis. Hoff links it to resource efficiency and
visible cross-sector externalities [7], while Rasul warns that sector optimization can displace costs
[8]. Central Asian research calls for explicit indicators, participation and interdisciplinary decisions
[9]. UNECE also identifies benefits from data exchange and coordinated operation in the Syr Darya
basin. Uzbekistan did not formally associate itself with that assessment, so it is regional evidence
rather than an official national position [10].

MCDA translates these ideas into screening. AHP and weighted-sum models compare
technical, economic, social and environmental criteria while recording judgment [11,12].
Hydropower rankings change when environmental and stakeholder criteria supplement energy and
cost [13], which matters where unreliable flow or irrigation conflict offsets theoretical generation.

© Central Asian Scientific Journal, 2026 ISSN 3135-3061 | 24



Central Asian Scientific Journal. 2026. Vol. 2, No. 4 (32)

MCDA remains dependent on data, weights and thresholds; final approval still requires
measurement, design, consultation and financial appraisal.

2.2 Uzbekistan’s policy and project context

The Green Economy Strategy 2019-2030 and Uzbekistan—2030 strategy frame cleaner
energy and infrastructure objectives [14,15]. Decree DP-6024 emphasizes water accounting,
modernization and efficient management [16]. The 2025 Water Code governs water administration
and permits transfer of water-management facilities under PPP law [17]. Hydropower rights
therefore remain inseparable from the water-management mandate.

Implementation experience is expanding. ADB’s Sustainable Hydropower Project includes
three run-of-river plants and mini/micro capacity development [18]. The 1.48 MW Ugam-1 plant is
reported to produce 11.8 million kWh annually using domestic materials and equipment [19].
Localization creates durable value only where suppliers meet efficiency, safety, automation and
spare-parts requirements.

The 2025 World Bank program directly addresses canal development. Appraisal materials
describe about 3,000 prospective locations, screening of up to 400 sites and analytical support for
feasibility studies [4]. Local banks lend through a credit facility, complemented by pipeline and
institutional assistance. Reservoir avoidance does not eliminate environmental-social screening or
the World Bank policy on international waterways [4,6]. Dispersed private investment on public
canals therefore needs common eligibility rules and data.

2.3 Reconciling potential and target statistics

Four headline numbers appear in authoritative documents: approximately 8 GW and 12 GW
for potential, and 5.5 GW and 6 GW for policy ambition. They should be reported as ranges with
definitions.

The government’s 2023 communication calls 8 GW an “initial estimate” of hydropower
potential [2]. The World Bank’s 2025 project document cites approximately 12 GW, drawing on an
older 2013 small-hydropower assessment [4,20]. A higher technical-potential figure may include
more locations, different plant-size thresholds, gross hydraulic resources, updated mapping or sites
that are not economically, environmentally or institutionally developable. The 8-12 GW range
therefore signals uncertainty in assessment boundaries and data vintage. It is not a single bankable
resource estimate. Site-level dependable energy, construction cost and water compatibility
determine the economically developable subset.

The 6 GW figure is an official national objective for total hydropower capacity by 2030
[2,19]. The 5.5 GW figure appears in the World Bank appraisal document as the hydropower
component of a first-stage 25 GW renewable-energy plan [4]. A 0.5 GW difference can result from
program staging, cut-off date, classification or inclusion of projects outside the initial renewable
package. For project governance, the prudent approach is to retain both cited values, disclose their
source and use a 5.5-6 GW target band until a single updated official planning baseline is
published. Neither target implies that thousands of canal sites should pass directly into construction.

3. Methodology and Analytical Framework

This is an applied conceptual study rather than an ex post evaluation. It uses four methods.
First, a structured review covers Uzbekistan’s energy and water policies, official statements, IFI
project documents, regional nexus studies and international guidance on hydropower, PPPs and
environmental and social management. Sources were selected for institutional authority, direct
relevance and traceable publication. Second, the paper maps a conventional greenfield development
sequence from opportunity identification through screening, feasibility, procurement, financing,
construction and operation. Third, it develops a two-stage MCDA model suitable for a large canal-
site inventory. Fourth, it applies stress scenarios to show how water constraints should enter energy
and debt analysis.

Stage 1 is a fatal-flaw screen. A candidate proceeds only if it has a legally credible water-use
pathway, does not materially impair irrigation service, can obtain land and canal access, has a
feasible grid connection, and falls within the environmental and social eligibility of the financing
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program. Failure is coded as zero and the site is deferred or rejected regardless of generation
potential. This prevents a weighted average from concealing a non-negotiable constraint.
Stage 2 ranks eligible sites. For site i, the composite score is:

where is the normalized score from 0 to 100 on criterion j and is its weight. Quantitative
indicators are normalized against published portfolio thresholds, while qualitative scores use
anchored rubrics. Weighting combines the AHP principle of pairwise comparison with a policy
constraint that water reliability and irrigation compatibility together receive at least 35 percent.
Sensitivity testing reruns rankings after varying each weight by +20 percent and under climate
scenarios. A site whose rank is highly unstable is not discarded, but marked for additional
measurement.

Annual energy is estimated from time-step canal flow rather than an annual average:

subject to turbine minimum and maximum flow, canal operating constraints, required
bypass, irrigation priority and planned closures. Financial screening then tests debt-service coverage
under P50 and conservative-flow cases. No empirical site data are claimed in this paper; the
numerical comparison in Section 4.3 is an illustrative demonstration of the method.

Integrated water-energy-food framework for canal hydropower

Turbine flow and

J —;[ electricity

Climate and upstream
inflow

Ecological and community

Irrigation and food value obligations

[ Governance, data and contracts ]

water rights, metering, operating protocol, PPA, safeguards and finance

Figure 1. Integrated water-energy-food framework for canal hydropower development

Source: Author’s construction based on Hoff [7], UNECE [10], the Uzbekistan Water Code
[17] and the World Bank water-security assessment [21].

4. Multi-Criteria Site Screening Framework

4.1 Stage 1: fatal-flaw gates

The first gate is legal and operational water access. The developer must identify the canal
authority, generation right, irrigation priority and data owner. At least one measured irrigation cycle
is desirable, supplemented by longer reconstructed records and operating schedules. Modeled-only
flow warrants additional development contingency.

The second gate is irrigation non-impairment: authorized volume, timing and hydraulic level
must be preserved through bypass and safe shutdown arrangements. The third gate requires a
preliminary grid opinion covering voltage, capacity, protection, curtailment and reinforcement. The
fourth covers land, rights of way and canal-compatible construction access. The fifth applies
environmental-social exclusions, cumulative-risk review, engagement and grievance arrangements
[6,22].
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Two-stage screening decision tree for canal hydropower sites

Site inventory Water legality Irrigation )| Land and grid ES eligibility
mapped opportunities ghts and data non-impairment access and capacity impact screen
‘, Redesign, collect data, defer or reject ]
1 C

a failed fatal-flaw gate cannot be offset by a weighted score

alpr. energy, irrigation, cost, grid, impact and readigess

v

Class B
measure or mitigate

[ Multi-criteria ranking
wall

Class A

advance to feasibility

Class C

reserve or remove

Figure 2. Two-stage site-screening decision tree for canal hydropower sites

Source: Author’s construction based on the World Bank project appraisal and
environmental and social documents [4,6], MCDA literature [11-13] and the Water Code [17].

4.2 Stage 2: weighted ranking

Table 1 gives water reliability the largest weight because flow determines generation and
service conflict. Irrigation compatibility is separate because reliable water is not necessarily turbine-
available water. Other criteria capture net energy, economics, connection, impact and execution.
The weights require validation by energy and water agencies, canal and grid operators, banks,
developers, farmers and environmental specialists.

Table 1. Proposed MCDA criteria for eligible canal-based small hydropower sites

Criterion Weight Principal measures Anchored interpretation

Monthly measured flow,
Water reliability 0.22 dependable flow, closure duration,
data completeness

High score requires stable dry-season
availability and auditable records

Usable head and 0.16 Net head, hydraulic losses, turbine High score reflects dependable
energy yield ’ efficiency curve, P50/P90 energy  energy, not only installed MW
L Delivery timing, bypass capacity,  Any material service reduction fails
Irrigation s .
S 0.16 backwater effect, outage Stage 1; higher scores add operational
compatibility o L ls
coordination flexibility

Capital cost and 0.13 Unit CAPEX, lifecycle O&M, High score requires robust economics
economics ’ LCOE, contingency, DSCR under conservative flow

Grid and access 011 Connection dlstance/cgpac1t¥, . Hl.gh score indicates hrruted .

road access, construction logistics reinforcement and low interface risk
Environmental Land, livelihood, safety, . -
. Lo . High score indicates manageable
and social 0.12 biodiversity, cultural heritage, . . g o
. impacts with verified mitigation
exposure cumulative effects
Sponsor and Equity capacity, governance, . . .
execution 0.10 EPC/O&M competence, permits, High SCOTE requires evidence, not
. declarations
readiness data room
Total 1.00
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Source note: Author’s proposed weights, informed by Saaty [11], Belton and Stewart [12],
Vassoney et al. [13], the World Bank project framework [4,6] and IFC Performance Standards
[22]. Weights require local stakeholder validation before operational use.

4.3 Illustrative portfolio comparison

Table 2 applies the framework to three fictional sites. Site A has moderate head but reliable
flow, a short connection and a manageable construction interface. Site B has the highest head and
expected annual energy, yet its seasonal flow, longer outage and irrigation interface reduce its total
score. Site C has lower technical potential but strong land and stakeholder conditions. The example
demonstrates why a single indicator such as MW, annual kWh or unit construction cost should not
determine priority.

Table 2. Illustrative scoring of three fictional canal sites

o . Site A: stable Site B: high-head Site C: low-head
Criterion Weight . .
main canal seasonal drop district canal

Water reliability 0.22 88 58 74
Usable h?ad and 0.16 7 94 55
energy yield
Iirigation 0.16 90 52 82
compatibility
Capital .cost and 0.13 78 82 62
economics

Grid and access 0.11 85 60 76
Eneronmental and 0.12 80 68 90
social exposure
Spor}sor and execution 0.10 75 80 70
readiness

Weighted score 1.00 81.3 70.5 72.7

Indicative class A: feasibility B: measure/mitigate ~ B: optimize design

Source note: Author’s illustrative calculation using Table 1. The site descriptions and scores
are fictional and do not represent an appraisal of any location in Uzbekistan.

Before procurement, a Class A site needs independent review of measured flow and energy,
credible sediment and maintenance assumptions, defined connection and curtailment terms, and a
climate-irrigation downside test. Publishing criteria, data vintage and rejection reasons discourages
speculative site reservation and directs expenditure toward credible projects.

5. PPP and Financing Design

5.1 Contract architecture

A canal plant intersects public water infrastructure, a regulated buyer, private construction
and bank finance. The project company needs coordinated land/facility, water, grid, PPA, EPC,
O&M and financing instruments. A lender direct agreement should establish notice, cure and step-
in rights, while the canal authority signs a binding operating protocol.

The protocol should prioritize irrigation, safety and lawful ecological obligations, then
govern generation from eligible flow. It specifies schedules, closure notice, emergency control,
metering, data and damage responsibility. It also separates natural variability from discretionary
curtailment. Compensation applies only where authorized; open-ended public indemnities create
poor incentives and fiscal exposure.

Common feasibility terms, metering, PPA clauses, safeguard templates and minimum
specifications reduce transaction cost. Site schedules should still address flow, head, land and
community obligations because canals differ.
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5.2 Risk allocation

Risk belongs with the party best able to control, mitigate or absorb it [23]. Full private
transfer of uncontrollable hydrology can raise tariffs or destabilize sponsors, while public
assumption of construction performance weakens discipline. Table 3 balances these concerns.

Table 3. Recommended risk allocation for a canal-based small hydropower PPP

Principal mitigation and contractual

Risk Primary allocation
treatment

Public data room; independent verification;
Public/shared before award bidder due diligence; disclosed uncertainty
band

Site data and baseline
flow

Conservative P90 case, reserve account,
relief-event thresholds, insurance where
available

Private within agreed band; shared

Hydrological variability for exceptional events

Public canal authority for
Irrigation scheduling discretionary changes; private for
compliance

Binding water protocol, notice periods,
irrigation-first rule, auditable metering

. . Fixed-date EPC terms, performance tests,
Design, construction and

Private contingency, liquidated damages and
performance .
security
Land, facility right and Public enabling role; private Conditions precedent, clear site boundary,
key permits compliance coordinated approvals
Connection study, cost boundary,
Grid connection Shared by defined scope commissioning interface and curtailment

provisions

Electricity offtake and
payment

Bankable PPA, payment security permitted

Public offtaker, subject to contract by law, lender direct agreement

Local-currency revenue and debt where
Shared feasible, indexed tariff only if authorized,
hedging assessment

Foreign exchange and
interest rate

O&M, availability and Lifecycle plan, spare parts, remote

. Private Y e .
equipment monitoring, availability incentives
Environmental, social, Private implementation with ESMS, management plans, consultation,
labor and safety public oversight grievance mechanism, incident reporting
Change in law, force . . . . . .

ang . Public or shared according to Defined relief, restoration plan, termination
majeure and political .

control and compensation rules

event

Source note: Author’s construction based on the World Bank PPP Reference Guide [23],
the Uzbekistan Water Code [17], the World Bank project and environmental-social documents
[4,6], and IFC Performance Standards [22].

5.3 Financing structure and bankability

Local developers need long-tenor capital, while local banks face maturity and appraisal
constraints [1,4]. Concessional wholesale funds can reach eligible projects through participating
banks that retain credit responsibility and co-finance. Sponsors supply equity and borrow against
PPA revenue after technical, financial and environmental-social appraisal. Concessionality must not
replace sound underwriting.

The base case should use time-step water and planned closures; the downside case should
use dependable flow. Coverage covenants, debt-service and maintenance reserves, and distribution
lock-up absorb volatility. Drawdown requires executed water/grid agreements, approved
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safeguards, independent engineering, equity and a fixed completion budget. Tenor and amortization
should match seasonal cash flow.

PPP finance, cash and information flows for canal hydropower

IDA facility Canal authority Offtaker
concessional funding waler protocol and data d PPA and payment
- -’ . -
_,’/
F
/
/
A
" }//
;: pedver and data
Local bank Project company Grid operator
appraisal and senior loan asset, permits and contracts connection and metering
.- - —
performance
Sponsors

equity and support delivery and performance

EPC and O&M J

Safeguard, metering and operating information supports every financial and physical interface.

Figure 3. PPP finance, cash and information flows for canal hydropower

Source: Author’s construction based on the financing and institutional arrangements
described for the Uzbekistan Small Hydropower Development Project [1,4,6] and the PPP
Reference Guide [23].

6. Climate Resilience and Irrigation Constraints

Uzbekistan’s water exposure makes backward-looking hydrology insufficient. The World
Bank reports a climate scenario in which water availability could decline by 30-40 percent and
irrigation demand could increase by 25 percent, reflecting glacier change, evapotranspiration,
rainfall variability and drought [24]. These values are scenario estimates, not a forecast that every
canal will experience the same change or that the two effects will occur uniformly. Their purpose in
this paper is to define a severe stress envelope for investment testing.

Three cases are recommended. The reference case uses the best available measured record,
current irrigation rules and planned efficiency improvements. A moderate-stress case can test a 15
percent reduction in available canal flow, a 10 percent rise in irrigation requirement and longer
maintenance or drought-related interruption. The severe case tests the cited 30—40 percent water
decline together with a 25 percent irrigation-demand increase. Site-specific studies should refine the
timing of these shocks because monthly distribution matters more to turbine production than an
annual percentage alone. Each case should report annual energy, monthly minimum generation,
irrigation delivery, curtailment, operating margin and debt-service coverage.

Climate resilience begins with selection [26]. A plant located on a canal with diverse
upstream sources, reliable records and flexible bypass arrangements may be more resilient than a
technically larger site dependent on a narrow seasonal window. Design measures include modular
turbine units with broad efficiency ranges, adequate bypass, variable-speed or multiple-unit
configurations where economic, sediment and debris management, flood-safe electrical equipment,
remote monitoring and physical provision for changing water levels. Contract measures include
periodic review of operating curves, shared data, drought and flood protocols, and clear relief-event
thresholds. Financial measures include conservative leverage, reserves, covenant headroom and
staged portfolio deployment.

Irrigation modernization can create both synergies and rebound effects. Rehabilitation may
reduce conveyance losses and pumping energy, improving reliability and releasing operational head
at selected structures. Yet efficiency gains do not automatically leave more water for power if saved
water is allocated to expanded irrigation. The World Bank’s water-security assessment notes
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outdated infrastructure, weak efficiency and the need for cost recovery and better operations and
maintenance [21]. A 2025 irrigation project emphasizes modernization across a sector that accounts
for around 90 percent of national water use [24]. Accordingly, any claimed hydropower benefit
from water-saving investment should be based on an enforceable allocation and measured delivery,
not on an assumed “saved” volume.

The transboundary dimension also matters. Many Uzbek water resources are connected to
the Amu Darya and Syr Darya systems. Canal plants ordinarily do not determine basin releases, but
their output depends on them. The Water Code subjects transboundary water use to international
treaties [17], and World Bank regional programs emphasize data sharing, coordinated water-energy
operation and transparent institutions [25]. Project documents should therefore avoid allocating
regional inflow risk through unrealistic private guarantees. At portfolio level, geographic
diversification across basins and canal systems can reduce correlated hydrology risk, while
government and regional institutions retain responsibility for interstate coordination.

7. Discussion and Managerial Implications

The analysis supports five managerial conclusions. First, the national site inventory should
be managed as a funnel. Thousands of mapped hydraulic opportunities may produce hundreds of
screenable sites, dozens of full feasibility studies and a smaller number of financed plants. Attrition
is evidence of screening quality, not program failure. Development budgets should fund early data
and remove weak sites before procurement.

Second, water governance is part of project finance. A bankable PPA cannot compensate for
an ambiguous canal operating right. Developers, water authorities and lenders need a common
record of flow, closures and irrigation obligations. Digital metering should capture upstream flow,
turbine flow, bypass flow, head, energy, outages and instructed curtailment. Data should be
accessible to the project company, canal operator, offtaker and lenders under agreed rules. This
creates a factual basis for operations, dispute resolution and future resource planning.

Third, procurement should reward lifecycle value. Lowest upfront tariff or construction cost
can encourage optimistic flow assumptions and weak equipment. Bid evaluation should test energy
under the same public hydrological dataset, require a lifecycle O&M plan, and adjust for connection
scope and environmental-social obligations. Where sites are very small, bundling several
geographically coherent plants may spread transaction and O&M costs, but packages should avoid
excessive concentration and correlated canal risk.

Fourth, localization should follow a capability ladder. Civil works, steel structures, control
panels and routine maintenance may offer early domestic opportunities. Turbine runners, governors,
generators and protection systems require performance standards, factory testing, warranties and
quality assurance. The Ugam-1 experience shows policy interest in domestic content [19], while the
World Bank credit-line model can widen local developer and bank participation [1]. Training,
certification and supplier qualification are more durable than a nominal local-content percentage.

Fifth, a portfolio control unit should combine energy, water, finance and safeguard
expertise. Its dashboard should report the number of sites at each gate, data completeness, expected
P90 energy, irrigation-service effect, connection status, environmental-social risk, financing status
and reasons for delay. Independent technical review is justified before financial close and after
commissioning. Post-construction performance should feed back into weights, cost benchmarks and
standard contracts. This learning loop converts scattered projects into an institutional capability.

The approach also clarifies the role of PPPs. Private participation is valuable where it
introduces disciplined design, construction, financing and operation. Public agencies remain
responsible for transparent water allocation, credible site rights, fair procurement, sector regulation
and oversight. The goal is selective risk transfer, not maximum risk transfer. If a public party passes
unpredictable irrigation scheduling or unobservable baseline-flow risk to a small developer, bidders
will price uncertainty, rely on renegotiation or decline to invest. Conversely, public absorption of
ordinary construction and availability risk would reduce accountability.

At the broader WEF level, canal hydropower can create a positive loop when its electricity
supports local reliability and efficient pumping while preserving water delivery. It can create a
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negative loop if generation incentives distort irrigation timing or if new revenues bypass water-
system maintenance and affected users. Transparent benefit reporting and stakeholder engagement
are therefore economic controls as well as social obligations. Farmer representatives should
participate when operating schedules are set, and the grievance mechanism should remain
accessible throughout construction and operation [6].

8. Conclusion

Canal-based small hydropower offers Uzbekistan a practical route to distributed renewable
electricity using existing water infrastructure. Its greenfield development logic differs from that of a
stand-alone power plant because the commercial fuel, flowing water, is governed primarily for
irrigation and is exposed to climate and transboundary conditions. The project-development system
must place water legality, irrigation compatibility and environmental-social eligibility ahead of
capacity maximization.

This paper proposes a two-stage process: fatal-flaw gates followed by transparent weighted
ranking. It links the screening result to standardized PPP contracts, local-bank financing and climate
stress tests. The 8-12 GW potential range should be understood as a difference in assessment scope,
methodology and vintage; the 5.5-6 GW target range reflects program staging and planning
definitions. Both ranges require disclosure rather than artificial harmonization. Likewise, a possible
30—40 percent decline in water availability and 25 percent increase in irrigation demand should be
used as a severe scenario, not asserted as a uniform outcome.

For policymakers, the priority is a credible portfolio data room and cross-ministerial
screening protocol. For developers, the priority is dependable flow, lifecycle performance and early
stakeholder engagement. For lenders, the priority is conservative energy estimation, clear interface
agreements and enforceable monitoring. If these disciplines are combined, small hydropower can
contribute to energy security while reinforcing, rather than competing with, Uzbekistan’s water and
food-security objectives.

9. Limitations and Future Research

The study is conceptual and relies on public documents; it does not use confidential canal
records, tariff data or actual project cash flows. The weights and fictional site scores require
validation through stakeholder workshops and field testing. National scenario values may not
represent individual basins or months, and legal or market arrangements may change. Future
research should apply the model to measured hourly or daily flows, compare AHP results with
outranking or stochastic optimization, quantify cumulative effects across canal cascades, and test
financing structures under local-currency, tariff and hydrology sensitivities. Longitudinal study of
the first financed portfolio would allow the screening thresholds to be recalibrated against actual
construction cost, generation, irrigation performance and debt service.
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Abstract: Robots learn manipulation from recorded demonstrations, and the LeRobot project has
made it easy for anyone to record such demonstrations and share them on Hugging Face. On 23 October
2026, 81,881 datasets outside the LeRobot team's own account carried the LeRobot tag. This study asks how
many of them can realistically be used to train a real robot. A uniform random sample of 400 was drawn and
checked against a threshold proposed by the author, at least 10 recorded episodes, combined with three
further filters: the name does not mark a test or an evaluation, there is at least one camera, and the name does
not mark a simulation. Of the 389 datasets whose description could be read, 57% had ten episodes or fewer
and the median number of episodes was 10. After these filters and a reading of the dataset cards, 148
datasets, 38% of those that could be read (95% confidence interval 33% to 43%), remained; for 9 of them a
possible sign of simulation could not be resolved. The share depends on the threshold: it was 42% at 5
episodes and 30% at 20. Three of the 148 were re-uploads of large academic datasets that together held 95%
of all episodes in the usable group; among the other 145, the median dataset had 48 episodes, 61% were
recorded on the low-cost SO-100 or SO-101 arm family, and the ten largest held 68% of the episodes. In this
sample, most uploads are too small, are tests or policy evaluations, or are simulations, and the usable part is
dominated by one type of arm.

Keywords: robot learning, datasets, LeRobot, Hugging Face, data quality

1. Introduction

The author learned about LeRobot from a teacher who suggested that he explore the
platform. He is interested in robotics and in how robots learn to perform real tasks. He checked
random datasets, studied their episodes and judged whether they worked and could be used to train
robots. He wanted to understand how useful openly available data really is for robotics.

Modern robot learning depends on data. Instead of programming every movement,
researchers record many demonstrations of a task and train a model to reproduce them. Large
shared collections have shown that pooling data helps: the Open X-Embodiment project assembled
data from 22 different robots collected by 21 institutions, covering 527 skills, and found that a
model trained on it improved the abilities of several robots [1]. Other large collections, such as
DROID, with 76,000 demonstration trajectories from 564 scenes [4], and BridgeData V2, with
60,096 trajectories on a low-cost robot [5], were built by research groups with a common protocol.
At the same time, the LeRobot library from Hugging Face [2] has made it possible for students and
hobbyists to record demonstrations on cheap robot arms and upload them in a common format, and
the number of public robot datasets has grown into the tens of thousands.

More data is only useful if it is good. A study of learning from human demonstrations found
that results depend on the quality of the demonstrations [6], and researchers have argued that
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datasets should come with documentation of what they contain and how they were made [3]. A
dataset with one short recording, a test upload or a simulation that is not marked as one can mislead
someone who wants to train a robot. This study asks a simple question: of the open robot datasets
published with LeRobot, how many could be used to train a real robot, and what does the usable
part look like?

2. The author's threshold and checks

The threshold used in this study was proposed by the author. After examining three small
datasets from an earlier sample (9 October 2026), he wrote that a dataset with only two recordings
is not enough, because the robot makes mistakes, and that "what matters is not the number of
recordings but their quality and how well the robot shows itself in them. To be precise, I think 10
accurate recordings would be enough" (original in the Note). His threshold of 10 episodes became
the first filter. It is a judgement rather than a standard from the literature, so the results are also
reported for other thresholds.

The author then judged by hand, on an earlier pilot sample, five datasets that had passed the
size, test and camera filters (12 October 2026): two were real robots suitable for training, two were
simulations, and one could not be opened; its name identified it as a simulation as well. This
showed that a simulation cannot be told apart from a real robot by its number of episodes, which led
to the filter by name described below. He also judged four pilot datasets that recorded a reward
signal (15 October 2026): two were real robots, one was a simulation and one could not be opened.
A reward signal is typical for simulators but also appears in real robots trained by trial and error, so
it was not used as a filter; datasets with a reward signal are reported as uncertain instead.

3. Data and methods

3.1. Population and sample

The list of all datasets tagged LeRobot was read from the Hugging Face Hub API on 23
October 2026 (endpoint /api/datasets with filter=LeRobot, all pages, 1,000 datasets per page). It
contained 82,006 datasets; the 125 datasets of the LeRobot team's own account (lerobot/) were
excluded, leaving 81,881 community datasets. A uniform random sample of 400 was drawn from
the alphabetically sorted list with Python's random module (seed 7). For each dataset, the
description file meta/info.json, which LeRobot creates automatically, was read. It gives the robot
type, the number of episodes, the number of frames, the frame rate and the recorded streams. For 11
of the 400 datasets the file could not be found, leaving 389. The 400 datasets came from 332
different uploaders.

An earlier pilot sample, drawn on 5 October 2026, was used to develop the filters and for the
author's hand checks. Its listing stopped after the first 10,000 datasets returned by the API, so it was
not a sample of the whole population. On that pilot, about 32% of the readable datasets passed the
same name, size and camera filters, fewer than in the new sample, most likely because the capped
listing did not represent the full list.

3.2. Filters

The filters were applied in order: (1) at least 10 episodes; (2) the dataset name does not
contain the strings test, eval, debug, tmp, temp, try, trial or demo; (3) at least one image or video
stream; (4) the name does not contain a word that marks a simulator or a simulated benchmark (sim,
simulation, mujoco, isaac, gym, metaworld, libero, pusht, robosuite, maniskill, genesis, pybullet,
gazebo, robocasa, virtual, synthetic, minecraft, vpt, unity, sapien, habitat, calvin, mimicgen or
robomimic). A camera is needed for policies that act from images; a dataset without one can still
train a policy from joint positions alone. Among the datasets that passed all filters, those that
recorded a reward or done signal or named no robot type were marked as uncertain, because these
are the cases where a hidden simulation is most likely, and their dataset cards (README files)
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were read. A dataset was removed when its own card described the data as simulated, scripted or
rendered. The 95% confidence interval for the usable share was computed with the Wilson method.

4. Results

4.1. Most datasets are small

Of the 389 readable datasets, 120 (31%) had one episode or none, 100 (26%) had between 2
and 10, 65 (17%) had between 11 and 49 and 104 (27%) had 50 or more. In total, 220 (57%) had
ten episodes or fewer. The median number of episodes was 10, and 33 datasets had exactly 10, so
the threshold sits at a point where small changes matter. Of the readable datasets, 140 (36%) had a
name containing one of the test words.

4.2. From 400 to 148

Table 1 shows how the filters reduced the sample. Of the 389 readable datasets, 187 had
fewer than 10 episodes, 34 of the remainder had a test or evaluation name, 2 had no camera and 15
had a simulator in their name, such as libero, robocasa, isaaclab or Genesis. After these filters 151
datasets remained.

Table 1. Filtering a random sample of 400 LeRobot datasets

Step Removed Left
Random sample 400

Description could not be read 11 389

Fewer than 10 episodes 187 202

Name marks a test or evaluation 34 168

No camera 2 166

Simulation by name 15 151

Not a real robot, from the dataset 3 148

card

Twelve of the 151 recorded a reward or done signal or named no robot type, and their cards
were read. Three were not demonstrations recorded on a real robot, by their own description:
scripted demonstrations by a program that reads the exact object positions ("privileged object
poses") instead of a camera (6,000 episodes), robot and object meshes rendered over a 3D scene,
and a task from the ALOHA simulation, whose name alohasim the name filter missed because the
word sim is joined to another word. These three were removed, leaving 148 datasets, 38% of the
readable ones (95% confidence interval 33% to 43%). For the other nine the cards gave no answer;
if all nine were simulations, the usable share would fall to 36%.

The name filter for tests is rough. Of the 34 datasets it removed, 18 had eval or rollout in
their name; in LeRobot these are usually recordings of a trained policy being tested, not human
demonstrations, so removing them is justified. The other 16 matched test, demo or trial, at least two
of them only as part of another word (test_tube, newdemos), and several, with 20 to 240 episodes,
may be real recordings that kept a default name. Without the test filter, 182 datasets would pass.

Table 2. Usable datasets for different episode thresholds (same other filters)

Threshold Usable Share of 389
5 episodes 164 42%
10 episodes 148 38%
11 episodes 128 33%
20 episodes 118 30%
50 episodes 74 19%

4.3. What the usable part looks like

Three of the 148 usable datasets were re-uploads of large datasets collected by research
groups: conversions of the KUKA and Fractal (RT-1) parts of Open X-Embodiment [1] and of
DROID [4]. Together they held 389,325 of the 411,884 episodes in the usable group (95%). These
are not community recordings, so the rest of this section describes the other 145.
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The 145 community datasets came from 133 different uploaders. Of the 148 usable datasets,
89 (60%) were recorded on the SO-100 or SO-101 family, low-cost arms that people assemble
themselves, in one-arm or two-arm versions. The median community dataset had 48 episodes and
was recorded at 30 frames per second. Together the 145 held 22,559 episodes, 61% of the 37,229
episodes in all readable datasets other than the three conversions. The data were concentrated: the
ten largest of the 145 held 68% of their episodes.

5. Discussion

In this sample, open robot data is large in number but much smaller in substance. More than
half of the uploaded datasets have ten episodes or fewer, many are tests or recordings of policy
evaluations, and some are simulations. Between a fifth and two fifths of the datasets that can be
read pass all filters, depending on where the threshold is set, and a few of those may still be
simulations.

The author's checks shaped the method. They showed that the number of episodes alone
cannot separate real data from simulations, which led to the filter by name, and that a reward signal,
which seems like a clear sign of simulation, also appears in real-robot data. Both points matter for
anyone who builds automatic tools to judge datasets, and the cases in this census that only the
dataset card could settle show that names and metadata alone are not enough.

The re-uploads of academic datasets show a second point. In episode counts, a handful of
converted research datasets outweigh everything the community has recorded in this sample.
Anyone counting the size of open robot data should separate the two, because they come from very
different processes.

The dominance of the SO-100 and SO-101 arms reflects how LeRobot is used: it has made
robot learning accessible with inexpensive hardware, so most community data comes from these
arms. This is useful for people who own the same arm, but it also means that community data
covers few kinds of robots. The results support the call for better documentation of datasets [3]: a
dataset page that stated clearly whether the data is real or simulated, whether it is a test, and how
many usable episodes it contains would save users from checking each one by hand.

5.1. Limitations

The sample of 400 is a small part of 81,881 datasets, and the results describe the sample.
The threshold of 10 episodes is a judgement, and the counts change with it (Table 2). Name-based
filters can miss tests and simulations with ordinary names and can remove real datasets with
unusual names. Nine uncertain datasets could not be resolved from their cards, and datasets with
ordinary names and no reward signal were not checked one by one, so the number of hidden
simulations among the 148 is unknown. The 11 datasets without a description file may differ from
the rest. Finally, the number of episodes says nothing about how well each episode was recorded,
which the author named as the most important quality.

6. Conclusion

In a uniform random sample of 400 community LeRobot datasets, 148, or 38% of those that
could be read, had at least 10 episodes, were not named as tests or simulations and had a camera.
The share ranged from 19% to 42% depending on the episode threshold. Three converted research
datasets held almost all the episodes; among community recordings, one low-cost arm family
dominated and a few large datasets held most of the data. Open robot data is growing, but the share
that can train a real robot is much smaller than the number of uploads suggests.

Note: original quotation
Section 2: «HY>KHO He KOJIMUECTBO 3aruceii, HO X KaueCTBO U Kak B 3alMCSIX paCKpbIBAeTCs
po0OOT. A ec/ii TOBOPUTB YeTKO JyMaro 10 TOUHBIX 3amuceli XBaTHUT»
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Data availability
The list of sampled datasets, their metadata and the analysis code are available from the
author or his mentoring team on request. All datasets are public on the Hugging Face Hub.

Author contributions and use of Al tools

The author chose the research direction from a shortlist prepared by his mentor, proposed
the threshold of 10 episodes and the idea that the quality of recordings matters more than their
number, judged by hand, on earlier pilot samples, three small datasets, five datasets that passed the
filters and four datasets with a reward signal, found that simulations cannot be recognised by size
alone, and wrote the first paragraph of the Introduction in Russian, which his mentor translated. The
data were collected and analysed and the text was drafted by his mentor with the help of a
generative Al assistant (Claude, Anthropic). No number, quotation or reference was produced by a
language model without being checked: every statistic is computed by the analysis scripts from the
public data described above, and each statement about a cited work was checked against its
published text or abstract.
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Abstract: Kazakhstan's renewable energy transition is entering a scale at which the governance unit
can no longer be a single wind farm. This study asks how experience from 48 MW, 50 MW, 100 MW, and
220 MW developments can inform the formation of a 1 GW wind and storage platform. It applies
longitudinal public document analysis to official laws, system operator data, multilateral development bank
disclosures, accountability records, and corporate releases available through 10 August 2026. Reflective
practitioner observation is used only to interpret recurrent coordination problems and supplies no
confidential data or independent verification. The evidence traces capability accumulation through Zhanatas,
Shokpar, Arkalyk, Dostyk, and the CPIH 220 MW portfolio. It also separates two dated public records: a
2023 announcement for a 1 GW wind and storage program whose first 500 MW was planned in Zhambyl
Region, and 2026 announcements for a 1 GW wind project with 300 MW of storage near Ekibastuz in
Pavlodar Region. Because the reviewed sources do not establish legal continuity, the study treats them as
evidence of program evolution. The paper develops a four pillar platform governance model comprising
institutional alignment, grid and storage integration, industrial localization, and portfolio governance. It
argues that scale becomes governable when these pillars are synchronized through evidence gates, common
data standards, and phased investment decisions. Six theoretical propositions connect project capability,
ecosystem alignment, and system integration. The resulting framework offers a practical route from repeated
project delivery to a locally embedded renewable energy platform while preserving strict boundaries between
public evidence, practitioner interpretation, and future design recommendations.

Keywords: Kazakhstan; wind power; battery energy storage; platform governance; project
capabilities; grid integration; localization

1. INTRODUCTION

Kazakhstan has built a statutory renewable energy framework around long-term offtake,
competitive selection, and centralized settlement [1]. The policy direction is reinforced by the
national objective of carbon neutrality by 2060 [2] and a 2030 renewable electricity target of 15
percent [3]. Yet capacity addition alone does not define transition success. A power system must
absorb variable production at the right locations and times, investors must coordinate with public
institutions, and local industry must convert construction activity into durable operating capability.

The scale of this coordination challenge is visible in current system data. KEGOC reports
that Kazakhstan generated 123,110.9 million kWh and consumed 124,606.5 million kWh in 2025.
Wind contributed 5,400.7 million kWh, while solar and bioenergy brought the combined wind,
solar, and bioenergy share to 6.1 percent [4]. As of 1 January 2025, wind capacity was 1,525.7 MW
within total installed capacity of 25,314.2 MW [5]. A single 1 GW development would therefore be
systemically material rather than a simple replication of a 100 MW plant.
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This paper addresses one question: how can accumulated experience from project-scale
wind developments be converted into a governable 1 GW wind and storage platform in
Kazakhstan? It makes three contributions. First, it treats scaling as an organizational and
institutional transformation, not a multiplication of turbines. Second, it develops a four pillar
platform governance model that links institutional alignment, grid and storage integration, industrial
localization, and portfolio governance. Third, it proposes an evidence-gated sequence through
which sponsors and public partners can preserve option value while progressively committing land,
grid, capital, supply chain, and stakeholder resources.

The analysis remains deliberately bounded. It does not calculate project returns, disclose
internal decisions, or claim that public announcements represent completed outcomes. It uses the
cases as evidence of capability accumulation and as a basis for propositions that future research can
test.

2. FROM PROJECT DELIVERY TO PLATFORM GOVERNANCE

2.1 Theoretical foundation

Large energy transitions combine technological change with shifts in regulation, markets,
and infrastructure. The multilevel transition perspective explains why new technology succeeds
when niche learning connects with wider regime change [6]. At the firm level, dynamic capabilities
describe the capacity to sense opportunities, invest, and reconfigure resources [7]. Project-based
firms face a related problem: experience created inside temporary organizations can disappear when
teams disperse. Repeatability arises when lessons become routines, partner interfaces, and decision
rules [8] [9].

Gigawatt scale introduces an ecosystem dimension. Strategy depends on whether
interdependent actors can reach compatible states of readiness, including ministries, regional
authorities, the grid operator, financiers, equipment suppliers, communities, and project companies
[10]. Collaborative governance research further suggests that institutional design, trust-building,
shared facts, and credible commitment influence whether diverse actors can act jointly [11].
Polycentric governance adds that complex systems benefit from coordinated decision centers rather
than a single command point, provided information and accountability travel across levels [12].

These perspectives lead to a distinction between a portfolio and a platform. A portfolio
groups assets for capital allocation. A platform also contains shared rules, data, infrastructure
interfaces, stakeholder mechanisms, and learning routines through which multiple assets can be
developed and operated coherently. Exploration and exploitation remain in tension [13].
Standardization reduces transaction costs, while contextual adaptation protects the platform from
rigid replication. Dynamic capabilities therefore require identifiable organizational processes, yet
their value depends on market position and path [14].

2.2 Four pillar model

This study defines platform governance as the coordinated design of decision rights,
evidence standards, interfaces, and learning mechanisms across multiple renewable assets and their
shared system environment. The four pillars are mutually dependent. Institutional alignment creates
legal and stakeholder legitimacy. Grid and storage integration creates electrical feasibility.
Industrial localization creates delivery resilience and local value. Portfolio governance converts
multiple assets into a disciplined capital and knowledge system.
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Figure 1. Four pillar governance model for a 1 GW wind and storage platform

Source: Developed by the author.

3. RESEARCH DESIGN AND EVIDENCE BOUNDARIES

The research uses a longitudinal qualitative design. The document corpus contains
Kazakhstan legislation and government releases, KEGOC system and strategy materials, KOREM
auction records, AIIB and EBRD project disclosures, an EBRD accountability record, and official
sponsor, insurer, and equipment-provider publications. Documents were selected when they
identified a project, dated a material milestone, described a governance interface, or provided a
system-level parameter. The information cutoff is 10 August 2026.

The analysis followed three steps. Dated events were arranged from Zhanatas through the
announced gigawatt developments. Evidence was coded under the four pillars and by project stage.
Cross-case pattern matching then identified transferable routines and conditions requiring local
redesign. Missing public information is coded as not publicly observable and is never interpreted as
failure.

Reflective practitioner observation is limited to interpreting interfaces, evidence quality, and
sequencing. No interviews, confidential meeting content, internal financial metrics, or unpublished
results are used.

Practitioner observation by the author. As project scale grows, coordination effort tends
to migrate from bilateral problem solving toward interface design. This observation motivates the
model, but the project facts and numerical claims in this paper remain supported by public sources.

This design supports analytical generalization to a governance model. It does not establish
causal effect sizes or comparative project performance.

4. KAZAKHSTAN'S SYSTEM CONTEXT

The public record presents a dual reality. Kazakhstan has established long-term renewable
purchasing and competitive auctions [1], while its power system still faces regional imbalances,
aging assets, and the need for additional flexibility. KEGOC's 2025 statistics show wind generation
at 5,400.7 million kWh and solar at 2,074.6 million kWh [4]. These sources are already material,
but their combined share also indicates that the more demanding integration phase lies ahead.
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Kazakhstan renewable electricity output by source in 2025
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Figure 2. Kazakhstan renewable electricity generation by source in 2025

Source: Compiled from KEGOC official statistics.

The policy logic is consequently changing. Early support answered whether renewable
projects could obtain revenue certainty. Current policy and system questions concern where new
generation connects, how deviations are balanced, which network reinforcements are required, and
how storage will create measurable system value. At platform scale, a project schedule cannot be
separated from a power-evacuation schedule. Likewise, a storage capacity in MW does not disclose
energy duration, control mode, cycling regime, or contracted service. Those parameters require
evidence before investment approval.

5. CAPABILITY ACCUMULATION ACROSS THE PROJECT SEQUENCE

5.1 Zhanatas and Shokpar

Zhanatas established a visible project-finance and delivery reference. AIIB discloses a 100
MW facility southwest of Zhanatas, with a 233.5 hectare lease and Category B environmental and
social classification [15]. EBRD records Zhanatas Wind-Power Station LLP as borrower, with
CPIH holding 80 percent and Visor 20 percent at financing [16]. A USD 95.3 million package
brought together EBRD, AIIB, ICBC, and the Green Climate Fund [17]. AIIB later stated that all 40
turbines had operated since 2021 [18]. The capability signal is broader than construction
completion: a sponsor consortium aligned land, safeguards, grid connection, multiple lenders, and a
project company within one bankable structure.

Shokpar, the adjacent 100 MW follow-on project, shows reuse combined with
reconfiguration. AIIB describes a 7.6 km, 220 kV double-circuit line, transformers, substation
expansion, and KEGOC-approved connection conditions [19]. EBRD identifies a financing-stage
ownership structure of CPIH 63 percent and Visor 37 percent, and 22 Envision turbines [20].
Shared regional experience could reduce some discovery costs, but Shokpar also demonstrates that
repeated development does not remove environmental and social uncertainty. EBRD's
accountability mechanism records an open complaint involving alleged biodiversity and bird-
collision risks. Problem solving ended without agreement in June 2026, and compliance assessment
remained underway at the cutoff [21]. These are allegations under review, not a final finding. Their
governance implication is that cumulative biodiversity evidence and adaptive monitoring should
become platform-level assets.

5.2 Arkalyk, Dostyk, and the 220 MW portfolio

The 48 MW Arkalyk project near Arkalyk city adds a smaller greenfield configuration. The
Kostanay regional government identifies KazWindEnergy as investor, reports 10 turbines,
investment above KZT 24 billion, construction from April to December 2023, and commissioning
in early December 2023 [22]. Public evidence reviewed here does not establish CPIH ownership.
Arkalyk is therefore used only as contextual capability evidence associated with the author's
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professional background. It must also be distinguished from Arkalyk Wind Power Plant LLP, a
three-turbine, 15 MW subproject in CPIH's Akmola portfolio.

Dostyk adds an acquisition path. SANY's official project list identifies a 50 MW
development associated with China Power International Holding and SI-172625 turbines [23]. A
Sinosure case note states that CPIH acquired the project during construction and later used buyer-
credit insurance to support renminbi project financing from China Construction Bank Astana
Branch [24]. The public record does not disclose seller, acquisition price, exact closing date, or debt
terms. Dostyk therefore supports a bounded lesson: platform capability must include technical,
legal, schedule, counterparty, and stakeholder due diligence for partially completed assets.

The CPIH 220 MW Akmola portfolio adds aggregation. AIIB approved USD 88 million of
non-sovereign financing for five wind plants, 44 turbines, and shared network works including a 42
km, 220 kV line [25]. Its public documentation indicates that portfolio governance must coordinate
several project companies while preserving asset-level accountability. This is a bridge between
single-project delivery and platform management.
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Table 1. Public evidence of capability accumulation across Kazakhstan wind
developments

Case PUbhdy. docur.nented Capability signal Evidence boundary
configuration
100 MW; 40 turbines; Ba}nkablllty across land, Generation estimates differ
Zhanatas . . X grid, safeguards, and .
multi-lender project finance . across disclosures
finance
Reuse of resional Actual final outcomes and
100 MW; adjacent . 8 . open accountability process
Shokpar experience with redesigned . .
development; 220 kV works ; . . require continued
grid and finance interfaces verification
Arkalyk near 48 MW; 10 turbines; Compact greenfield delivery CPIH f)wner§h1p and the
Arkalyk city commissioned in 2023 in a regional setting author's precise role are not
established publicly
>0 MW’ coqstructlon—stage Acquisition diligence and Price, seller, and detailed
Dostyk acquisition; insured RMB e : . .
. . post-acquisition integration | finance terms are not public
financing
CPIH Akmola 220 MW; five project Aggregated financing and Asset-level operatmg
. companies; shared 220 kV . 2 performance is outside the
portfolio multi-asset coordination . .
network works disclosed evidence

6. THE PUBLIC RECORD OF THE 1 GW DEVELOPMENTS

The dated evolution requires careful treatment. In December 2023, Samruk-Kazyna
announced cooperation on a 1 GW wind and storage program and stated that the first 500 MW was
planned in Zhambyl Region. The release cited a memorandum in May 2023, a roadmap in June, and
a joint development agreement in October [26].

Official materials in 2026 describe a 1 GW wind project in Pavlodar Region. Samruk-
Kazyna stated that an integrated development agreement had been signed in 2025, wind masts
installed, and a power-evacuation scheme agreed with KEGOC, with commissioning scheduled for
the second quarter of 2029 [27]. Samruk-Energy subsequently announced a construction launch
near Ekibastuz with SPIC, 300 MW of storage, and expected investment of approximately USD 1.2
billion [28]. The Chinese Embassy placed the project on approximately 32,000 hectares and
emphasized equipment-manufacturing and industrial cooperation [29].

The documents demonstrate evolution in location, partnership articulation, and development
maturity. They do not prove that the 2023 Zhambyl program and the 2026 Pavlodar project are the
same legal project. Accordingly, this paper treats them as related evidence of program evolution and
avoids merging their project companies, land rights, permits, or agreements. This distinction is
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more than editorial caution. Platform governance needs configuration control so that every public
milestone is attached to a specific legal entity, site, scope, and evidence date.

7. FOUR PILLARS OF A 1 GW WIND AND STORAGE PLATFORM

7.1 Pillar 1: Institutional alignment

Institutional alignment converts broad political support into executable rights and
responsibilities. At 1 GW scale, this includes national energy policy, an investment agreement,
regional land and infrastructure coordination, KEGOC connection studies, market participation,
environmental approvals, and a transparent stakeholder process. A single steering committee is
insufficient. Decision rights should be distributed to legally competent institutions, while a joint
program office maintains one evidence register and escalation protocol.

Stakeholder governance should begin before major layout choices become costly. Regional
authorities, local communities, land users, grid institutions, lenders, and environmental stakeholders
hold different knowledge and risk exposure. The Shokpar accountability record shows why
grievance data and biodiversity concerns need a route to design decisions [21]. Platform legitimacy
grows when engagement can change siting, mitigation, monitoring, or benefit-sharing choices, with
those changes documented.

7.2 Pillar 2: Grid and storage integration

Grid integration is the platform's physical operating system. KEGOC's storage pilot with
CPID and CPIH refers to a planned 3.45 MW, 7.72 MWh battery and development of automatic
frequency and power-control algorithms [30]. This small pilot is not evidence for the final design of
a 300 MW system. It is evidence that control logic, telemetry, dispatch interfaces, and operating
protocols can be learned before scale deployment.

KEGOC reports that southern network reinforcement increases North-South transfer
capability by 440 MW and that its development program through 2035 includes more than 17,000
km of line construction or reconstruction coordinated with 26 GW of planned generation [31].
Kazakhstan also implemented a Single Buyer model and real-time balancing market from 1 July
2023 [32]. The platform should therefore co-optimize wind layout, interconnection, storage power
and duration, forecast quality, outage schedules, balancing exposure, and staged energization. Each
storage use case needs a measurable value stream, such as ramp control, reserve, congestion
management, curtailment reduction, or time shifting.

7.3 Pillar 3: Industrial localization

Localization should be treated as capability formation rather than a percentage attached to
procurement. The Ekibastuz announcement links the project with equipment manufacturing and
industrial cooperation [29]. A credible localization plan separates components by technical
complexity, transport economics, quality criticality, and realistic market volume. It then connects
procurement to supplier qualification, workforce certification, warranty responsibility, and long-
term service capability.

The platform can create a ladder of participation. Early packages may prioritize civil works,
logistics, electrical installation, and technician training. Later packages may deepen tower, balance-
of-plant, control-system, or component-service capability where quality and volume justify
investment. Common technical specifications can increase addressable volume for local suppliers,
while competitive tendering and independent quality assurance protect lifecycle performance. Local
value should be measured through certified skills, supplier reliability, outage response, and retained
service capacity, alongside expenditure.

7.4 Pillar 4: Portfolio governance

Portfolio governance provides the capital and knowledge discipline that binds the platform.
Each asset should retain a clear project company, risk register, approvals path, and accountability.
The platform layer should standardize data definitions, interface documents, procurement families,
environmental monitoring protocols, and lessons learned. This preserves local accountability while
enabling repetition.

Capital allocation should follow evidence maturity. Projects with stronger land, resource,
grid, safeguard, and offtake evidence can advance, while uncertain blocks preserve options. The
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principle is staged commitment, not uniform speed. Common dashboards should distinguish
physical progress, evidence completeness, risk retirement, and forecast confidence. A turbine
delivery percentage cannot compensate for unresolved grid or land rights.

Table 2. Four pillar governance model and observable evidence gates

Minimum observable

Pillar Core governance question . Principal scale risk
evidence
Legal entity map, dated . .
I . & Y map, . Political support remains
Institutional Who has authority, agreements, permit register, .
. s . . disconnected from
alignment responsibility, and voice? stakeholder plan, grievance

executable approvals
route pp

KEGOC studies, dynamic

Generation, network, and
models, control

Grid and storage How will energy and

3 - flexibility reach the . battery schedules become
integration architecture, storage use .
system? X misaligned
cases, market interface
Industrial Which capabilities can be Package strategy, supplier Nominal local content
localization built competitively and qualification, skills plan, weakens quality or creates
safely? quality and warranty rules stranded capacity
Stage-gate manual . .
. . . ’ Scale hides asset-level risk
Portfolio How are capital, risk, data, common data model, asset
. : . . . and encourages premature
governance and learning allocated? risk registers, configuration

commitment

control

8. PHASED IMPLEMENTATION AND EVIDENCE GATES

A 1 GW platform should progress through five phases. Phase 0 defines mandate and
configuration. Phase 1 proves sites, resource, grid pathways, and stakeholder baselines. Phase 2
establishes a bankable reference block and validates storage controls. Phase 3 repeats blocks with
controlled standardization and deeper localization. Phase 4 integrates the operating portfolio and
continuously updates forecasts, environmental monitoring, maintenance, and market strategy.

The sequence is recursive. Evidence from operation can change development assumptions
for later blocks. For example, forecast error affects storage sizing, bird-monitoring evidence affects
layouts and curtailment protocols, and supplier performance affects localization decisions. This
feedback transforms experience into a platform capability.

Phase 1 Phase 2 Phase 3 Phase 4 Phase 5
Development Bankable pilot Grid and storage Industrial Adaptive portfolio
architecture tranche integration localization scaling

Public n ate PPA and\(rid\Financefnd E&S Factory demand Portislio teview
=&

Common dfa room, stakeholder register, interface map and benefits dashboard

Figure 3. Phased scaling sequence with evidence gates
Source: Developed by the author.
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Table 3. Phased implementation sequence for a 1 GW wind and storage platform

Phase Dominant decision Exit evidence Commitment logic

Define program scope, sites,
entities, partners, and
decision rights

0. Mandate and
configuration

Approved configuration Commit coordination
baseline and source register | resources only

Bankable studies,

. . Preserve alternatives
connection pathway, permit

1. Development Test wind, land, grid, E&S,

proof and stakeholder feasibility across blocks
plan, engagement record
Finance and deliver a Financial close, construction Commit capital to a
2. Reference block | representative block plus controls, tested telemetry P

. . : - bounded learning unit
storage pilot or first tranche | and dispatch interface g

Expand through Gate approval for each .
3. Controlled band - g . bprova . Release tranches against
A standardized packages with | block, qualified suppliers, . .
replication . . . . evidence maturity
regional adaptation updated cumulative studies
imize portfoli Auditabl ratin . g .
4. Integrated Op t. 12€ po t.O 0 output, uditable operating data, Reinvest verified learning
. flexibility, maintenance, and | market results, E&S .
operation ; . . in later assets
local service monitoring, lessons register

9. THEORETICAL PROPOSITIONS

The framework produces six propositions suitable for comparative testing.

P1, capability codification. Successive wind projects contribute to platform readiness when
lessons are converted into reusable evidence standards, interface documents, and decision rules.
Experience retained only by individuals will have weaker scaling value [8] [9].

P2, pillar complementarity. Platform readiness depends on the weakest critical interface
among the four pillars. Strong finance or political support cannot fully offset an unresolved grid,
safeguard, or project-entity condition [10].

P3, scale front-loading. As planned capacity increases, grid studies, cumulative E&S
assessment, stakeholder governance, and storage architecture move earlier in the development
sequence because late redesign costs rise.

P4, option-based phasing. Evidence-gated blocks reduce irreversible exposure under
uncertainty while allowing validated designs and contracts to be replicated. This balances
exploration and exploitation [13].

P5, functional localization. Localization produces more durable value when it is measured
by certified capability, reliability, and lifecycle service performance rather than expenditure alone.

P6, transparent configuration. A platform that maintains dated links among legal entity,
site, scope, approvals, and public claims will coordinate stakeholders more reliably than a program
governed through aggregate announcements.

These propositions are analytical outputs. The present document study does not statistically
test them.

10. DISCUSSION AND RECOMMENDATIONS

The project sequence suggests that scaling is a process of selective reuse. Zhanatas
demonstrates multi-institution bankability; Shokpar adds adjacent-site reconfiguration and an
ongoing lesson in environmental accountability; Arkalyk offers a regional greenfield reference;
Dostyk adds construction-stage acquisition; and the 220 MW portfolio adds multi-entity
aggregation. None alone constitutes a gigawatt platform. Together they reveal the capability
domains that a platform must coordinate.

Developers should establish a platform program office responsible for configuration control,
interface standards, and evidence quality, while statutory and asset decisions remain with competent
entities. Storage should follow explicit use cases, simulations, and market rules. A cumulative E&S
data architecture should connect biodiversity, land use, grievances, mitigation, and monitoring.
Localization packages should follow verified supplier capability and lifetime service demand.
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For public institutions and KEGOC, synchronized planning can reduce the gap between
generation schedules and network readiness. Transparent assumptions for connection, dispatch,
balancing, and storage services would improve investment discipline. For financiers, block-level
lending under a common platform framework can preserve asset accountability while rewarding
standardized evidence and shared infrastructure. For regional stakeholders, participation should be
linked to documented decisions, local skills, service capacity, and accessible grievance
mechanisms.

The model also offers an academic contribution. It connects dynamic capability with
ecosystem alignment and collaborative governance. Its unit of analysis is the interface between
projects and the power system. This helps explain why a developer can repeat construction routines
yet still face new coordination risk when capacity, geography, stakeholder density, and
infrastructure dependence increase.

11. LIMITATIONS AND FUTURE RESEARCH

The study relies on public documents, which disclose projects unevenly and may lag
operational reality. Sponsor and lender releases can contain forward-looking estimates. The cases
are associated with one broad corporate network, creating selection and survivor bias. Practitioner
reflection can improve contextual interpretation but cannot serve as independent proof. The 1 GW
development remains prospective, and its final storage duration, contracting structure, project-
company arrangement, and operating model are not publicly established.

Future research should test the six propositions across developers and regions, compare
planned with actual gate timing, and examine how balancing prices and curtailment affect storage
value. Project-level studies should also investigate cumulative biodiversity management and
whether localization produces sustained supplier and workforce capability. Any use of internal data
should follow corporate approval, anonymization, and explicit conflict-of-interest disclosure.

12. CONCLUSION

Kazakhstan's move from 100 MW wind projects toward a 1 GW wind and storage
development changes the nature of management. The central task becomes alignment across
institutions, grid physics, industrial capability, and a portfolio of legal and financial entities. Public
evidence from Zhanatas, Shokpar, Arkalyk, Dostyk, and the CPIH 220 MW portfolio shows a
sequence of capabilities that can inform this transition, while the changing 2023 and 2026 public
announcements demonstrate the need for precise configuration control.

The four pillar model and phased evidence gates provide a disciplined route to scale. They
preserve project-level accountability, bring grid and E&S questions forward, connect localization
with measurable capability, and make capital commitment conditional on evidence. In this sense, a
gigawatt platform is an institutional and learning architecture expressed through physical assets. Its
quality will depend on how faithfully experience is converted into transparent, adaptable, and
locally embedded operating rules.
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AnHoTtanusa: CraTtbs MocBsiileHa 6roMeTpryeckor BeprudrKary CTYeHTOB T10 JIMLY KaK Cpe/iCTBY
3allUThl OH/IaliH-3K3aMeHOB OT I0/MeHbI JTUYHOCTU. IIpesijio)keHa MUKPOCEpBUCHAs! apXUTEKTypa CUCTEMbI
NIPOKTOPUHIa, B KOTOPOW pacrio3HaBaHUe JMIjda Ha OCHOBe I/yOOKOM HeNMpOHHON CeTH [ONOJIHEHO
oOHapy’>keHHeM aTaK Tpe/bsB/IeHHs] — TIOMBITOK 00MaHyTh cucTeMy QoTorpadueli, BUIe03aruChi0 WU
Mackoi. IIpou3BOAUTENBHOCTh CHCTEMBI OLIEHHBAeTCs C TIOMOILBI0 MOJe/Id MaCCOBOTO OOCTy>KUBaHHS
M/M/c, JOCTYIIHOCTb — C TIOMOLLBI0 MO/Ie/IA NTapajule/IbHOT0 pe3epBupoBanus. HarpysouHoe TecTpoBaHue
MpPOTOTHIA TMoKasano, uyto npu 5000 ogHOBpEMEHHBIX CeCCUAX BPeMS OTK/IMKA MUKPOCEPBUCHOW CHCTEMBI
cocrassisier 610 Mc, a TouHocTh Bepudukamu — 98,7 %, Torza Kak MOHOJIMTHAsl peanu3anys NPy Takon
Harpy3ke OTKa3sblBaeT. ApPXWTEKTypa MOXKeT ObITb MHTerpupoBaHa B LMS By3a; pacCMOTpeHbI YIrpo3bl
Oe3omacHoCTH U TpebOBaHUs K 3aiuTe OMOMETPUUECKUX JaHHBIX.

KnroueBble c0Ba: pacriosHaBaHWe L, OHOMeTpuueckas BepU(UKALWs, TPOKTOPHHT,
oOHapy’keHHe aTak TIpeJbsBIIeHHs, MUKDOCEpPBHCHAs apXWUTeKTypa, akajleMudyecKass UecTHOCTb, 3alljuTa
MepCOHAJIBHBIX JaHHBIX

BBeaenue

LindpoBusarus Beiciero obpa3oBaHUs CZesajga OH/IAMH-3K3aMeHbl OOBIYHOW TPaKTUKOM.
BMecTe ¢ ZOCTYIHOCTBIO BBIPOC/IM Y PUCKU: TIPY JUCTAHLIMOHHOM CJjaue Ipero/iaBaTesito C/I0KHee
ybenuTbcs1, uTo CTyAeHT paboTaeT camocTtositesibHO [1]. PyuHol mpokTopuHr — HabmofeHue 3a
CTy/leHTaMU 4epe3 BeO-Kamepy — IUIOXO MacIITabupyeTcsi: B IIepHOJ, CECCUM BY3Y MPHILUIOCH ObI
OZJHOBPEMeHHO TIPUBJIEKaTh JeCATKH HabroaTemnel.

OpHa U3 K/IHOYeBBIX yrpo3 — IIOJMeHa JIMYHOCTH, KOIja TeCcT BMeCTO CTyJeHTa cZaeT
Jpyroy yesioBek. JIOTMH Y Maposib 3Ty yrpo3y He yCTPaHSIOT, [IOCKO/IBbKY y4eTHbIe [JaHHble JIerKOo
nepeziatb. briomeTprueckas Bepu(UKals IO JIMLYY [03BOJISIeT [POBEPUTH, UTO 38 KOMIIBIOTEPOM
HaXOJUTCS WMEHHO Bjajenel] yueTHOM 3amucy [2]. Ha mpakThke OHa CTa/JKUBaeTCsl C TpeMms
npobsieMaMy: BU/IEOTIOTOK HY>KHO o00OpabaTbiBaThb B peajbHOM BpPEMEHH, CHUCTeMY IIbITal0TCs
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o6maHyTh (oTorpacduel, Bie03anMuCbi0 UM MACcKOH (aTaku MpeabsBIeHUs), a B TIMKOBbIe Yachl
Ceccuu Harpyska Bo3pacTaeT MHOTOKPATHO.

Lless paboTbl — CHPOEKTHPOBaTh U 00OCHOBATb APXWUTEKTYPY CHUCTEMbI TIPOKTOPUHTA C
Ouomerpuueckoll BepudUKalMel 0 JMIly, KOTOpas COXpaHsieT TPOU3BO/UTE/ILHOCT MU
OTKa30yCTOMUYMBOCTb TPU MacCOBOW Harpy3ke. B oTiuuve OT MOHOJMTHBIX —pelleHu,
MHUKDPOCEPBHCHAsE apXUTEKTypa M0O3BOJISIeT MaCIITaOMPOBaTh UMEHHO Te KOMITIOHEHTBI, HAa KOTOpbIE
npuxoAuTcsl Harpyska [3]. [anee mojcucTemMa pacrio3HaBaHUs JIWL [/ KPaTKOCTU Ha3bIBaeTCs
moayneMm Face ID; ee He criefyeT myTaTh C OJHOMMEHHOUW TexHosorveil Apple, ucrnonb3yroieit
TpPeXMepHbIH aTurK T/TyOHHBI.

Marepuasibl M METOABI

B pabore wcCrmonb30BaHbI TIPOEKTUPOBAHWE apXWUTEKTypbl HA TPUHIUMAX TPeJIMETHO-
OopueHTHpoBaHHOro mpoekTupoBaHusi (Domain-Driven Design, DDD), wmaTeMmaThueckoe
MO/le/TMpOBaHNe TPOU3BOJUTENBHOCTY M HAZEeKHOCTH, a TakXe Harpy304HOoe TeCTHUpOBaHUe
MIPOTOTHIIA.

Bepudukaiiysi BBITIOTHSIETCS 0 CXeMe «OJWH K OJHOMY»: BeKTOPHOe TMpe/icTaB/ieHne
(3M0OenvHT) UL, BBIYMCIEHHOEe HEeWPOHHOW ceTh0 Ha 0Oa3e apxurekTyphl ResNet-34 [4],
CPaBHMBAETCS C TAJIOHHBIM I1a0JIOHOM CTY/IeHTa, TIOyUYeHHbIM TTPY perucTparuy. B 6a3e JaHHBIX
XpaHATCS TOJBKO I1a0/I0HBI, a He ucxogHbie dororpaduu. [y oOHapyKeHUs aTak MpebsiBIeHuUs
(presentation attack detection, PAD) ucrnonb3yrotcst 478 KaoueBbIX TOYEK JIMLA, BKIHOYas TOUKU
pajy>kHOW 000JI0UKK T7a3, KoTopble ¢Gopmupyer mozenb MediaPipe Face Mesh [5]. Tlo Hum
OLIeHMBAIOTCs MUKDPOJBWKEHUS JIULlAa U MOpraHue; [OMOJHUTebHO aHaIU3UPYHOTCSl TEeKCTYpHbIe
TIPU3HAKW W300pa>keHHs1, XapaKTepHbIe /IJIs 9KPAHOB U TeuaTHbIX doTorpadmuii [6].

Apxutektypa cuctembl. CHcTeMa /eKOMIO3MpOBaHa Ha (PYHKI[MOHA/JbHO He3aBUCHMbIe
cepBUCHI, B3auMmojelicTBytome uepe3 APl Gateway (pucyHok 1). Peectp cepBuCOB H
1eHTpanu3oBaHHast KoHdurypauus (Service Discovery / Config Server) B knactepe Kubernetes
peanr3yloTCsl ero BCTPOeHHbIMH cpejicTBaMu. Ha3HaueHre OCHOBHBIX CEPBHCOB:

Face Detection Service: obOHapy>keHHe J/vIla B BUJEOIIOTOKE W BbIJ|eIEHHE K/THOUEBBIX
TOUEK;

Verification Service: cpaBHeHWe >MOeJIMHTA TEKYIIETO KaJpa C 3TaJOHHBIM I11a0JI0HOM
CTYZleHTa;

Anti-Spoofing Service: obHapy>keHUe aTak Tpe[bsiB/ieHHs1 (TIPOBEPKa «KUBOCTW», liveness
detection) [6];

Event Logging Service: ¢vkcauusi HapylleHuil (OTCyTCTBHe /Mlia B Kajipe, TOsIBIE€HUEe
TIOCTOPOHHMX JIWLI, HEeCOBIaZieHWe C 3TaJloHOM) W Tiepejada cobbiTi B LMS uepe3 Opokep
coobujennii Apache Kafka.
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PucyHok 1 — CxeMa MUKPOCEPBUCHOMN apXUTEKTYPbl CUCTEMbI OIOMETPHUUECKOT0 TIPOKTOPHHTA

Mogenb TIpou3BOAUTENLHOCTU. Kakzass rpymma pervidk CcepBuca BepUGUKalUA
paccMaTpUBaeTCsl Kak CHUCTeMa MacCOBOTO oOciykuBaHuss M/M/c: BXOASIIMN TIOTOK 3aripoCcoB
MyaCCOHOBCKHMM,  BpeMsi ~ OOCTy)XKMBAaHUSI ~ PACIIpe/ie/IeH0  SKCIIOHEHI[Ua/IbHO,  3arpOChI
00pabaThIBatOTCs € MapasieNlbHBIMU perytikamu. CpeiHee BpeMsi IpeObIBaHKS 3ampoca B CUCTEMe:

(1)
rle — UHTeHCHBHOCTh MOTOKA 3alpPOCOB Ha BepudUKalL1io, 3alIpOCOB/C;

— WUHTEHCUBHOCTh 00C/TY)KMBAHUSI OJTHOM PEIIMKOH, 3arpoCoB/C;

— YMCJIO PervivK cepBurca B Kinactepe Kubernetes;

— TIpe/lyIo’KeHHasl Harpy3Ka;

— BepOSITHOCTh OKU/laHus B ouepeny (popmyna Spinanra C).

dopmysia cripaBe/i/iMBa MPH yCJIOBUU CTaOM/ILHOCTH . ['OpU30HTa/IbHOE MaclITabUpOBaHKUe
— YBeJIMUeHHe TIpU POCTe — Y/ep)KHUBaeT 3arpy3Ky HIWKe eJIMHULIbI U He [jaeT ouepeii pacTu
HEOrpaHWUEHHO, B MOHOJIMTHOM CHCTeMe TaKOW BO3MOXKHOCTHM HET, TaK KaK MacIlTabupyeTcs
TO/TBKO TIPUJIO’KeHUe 11eJIUKOM [3].

Mogenb HaZie)KHOCTU. JIOCTYIMHOCTL CepBHCa BepuUKaIu npu pervivKax,
OTKasbIBaKIIMX HE3aBHCMMO Jpyr OT [Jpyra, OLIeHUBAeTCs MOJeNbl IapayieslbHOro
pe3epBUPOBaHUSA:

2
re — AOCTYITHOCTb OJHOW periMKU. [Ipy U mosiydaeMm . JTa OLieHKA SIBJ/IIeTCS BepXHeu
rpaHuLieil: 0TKasbl PervivK, pa3MellleHHbIX Ha OJHOM Y3/ie WK B O/IHOM 30He, 3aBUCUMBbI, I03TOMY
PeIvIMKU C/ieflyeT pacrpee/isaTh M0 pa3HbIM y3/1aM Kjiactepa. Kpome Toro, 0CTYIHOCTh CUCTEMBI B
1[eJIOM OTpaHUYeHa T0C/ie/loBaTe/lbHO BK/IFOUEHHBIMU KoMmrioHeHTamMmu — API Gateway, 6a3oii
JIAHHBIX ¥ OPOKEPOM COOOIIeHHI, KOTOPbIe TaK)Ke Heo0X0AUMO pe3epBUPOBaTh.

Pe3ynbTaThl
CpaBHMBaIMCh MOHOJIMTHas peanv3aliisi U MHUKPOCEpPBUCHAas CHUCTeMa, pa3BepHyThble Ha
O[JMHAKOBBIX BBIUMC/IUTENbHbIX pecypcax. Kondurypaims crenza: [ykasate CPU/GPU, obbem
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O3V, uucno y3noB]. Harpyska co3znaBanacek cpeacteamu Apache JMeter; smynaupoBanock g0 5000
OJTHOBPEMEHHBIX CeCCHM, Ka)K[asi M3 KOTOpBIX OTIpaB/sijia KaJp Ha BepudUKaluio [yKa3aTb
NepuoIuYHOCTh, HampuMmep 1 pa3 B 5 c]. Iloka3arenud TpOU3BOAUTENBHOCTY U HA/le)KHOCTH
OLIeHMBA/IMCh B COOTBETCTBUM C Moje/bio KauectBa cuctem I'OCT P MCO/MDBK 25010-2015 [7].
Pe3ynbTathl puBe/ieHb! B Tabmrle 1.

Tabsuna 1 — Bpems 0TK/IMKA ¥ TOYHOCTh BepU(HKaAIMH NPH Pa3/IMUHOH Harpy3Ke

KonnuectBo ceccuii Bpems oTK/IHKa Bpems oTK/IHKa TouHoCcTB
(MoHoJIHT), MC (MHUKpOCepBHCBI), MC Bepudukanuu
(Accuracy), %
100 180 160 99,2
500 620 240 99,1
1000 1550 380 98,9
5000 Ortkas3 (timeout) 610 98,7

Bpemsi OTK/IMKa MOHOJWTHOW CHCTEMBI pAacTeT CBEpPXJIMHEHHO: TpU [eCITUKPaTHOM
yBenuueHuM Harpy3ku (co 100 go 1000 ceccuii) oHo Bo3pacraeT B 8,6 pasa, a mpu 5000 ceccusix
CUCTeMa IepecTaeT OTBeuaTb. BpeMsi OTK/IMKa MMKPOCEPBUCHOM CUCTEMBI NPY MATHAECATUKPaTHOM
pOCTe Harpys3Ku yBeauuyuBaeTcs b B 3,8 pa3a — co 160 o 610 Mc — 3a cueT ropU3OHTaILHOIO
MacinrtabvupoBanusi Verification Service. Hebosbliioe CHW)KeHME TOYHOCTH TMPU MaKCUMaslbHOMN
Harpy3ke CBsi3aHO C [yKa3aTb MPUUYMHY, HampuMep IPOIMYCKOM KaJpOB IPU IeperoHeHUun
ouepeau].

st Mozysisi oOHapy KeHHsI aTak TpebsiB/IeHNs 0JIs aTak, OIHMO0UHO TIPUHATHIX 3a YKUBOTO
nosib3oBarenisst (APCER — attack presentation classification error rate, ISO/IEC 30107-3 [8]),
cocraBuia 0,01 % Ha TecToBOM Habope U3 [yKa3aTh YMC/IO aTak ¥ MX TUIIBL (OTO, BUZEO C FKPaHa,
MacKv]. DTO CyILIeCTBEHHO BbIIlle YPOBHS 3all[UThl, KOTOPbIM JaeT IPOCTOe CpaBHeHHe Jvlja C
¢dororpadueti [6].

2000 1 =—@®— MoHoIuTHas1 cucTemMa oTKa3 (timeout)

—#— MukpocepsucHas cuctema Face ID XK
1750 1 —
1550 e

—_

Ul

o

()
1

1250

1000 A

Bpewms oTk/mKka, MC

750 4 620
500 610

250 4 180 380
16 240

100 500 1000 5000
KoinuecTBO 0JHOBpEMEHHBIX CeCCU

PricyHOK 2 — 3aBUCHMOCTb BpeMeHH OTK/IMKA OT KOJIMUeCTBa OJHOBPEMEHHBIX CeCCUr

PucyHOK 2 HarnsiiHO MoKasblBaeT pas3/ivyue JBYX apXUTeKTYp: KpUBas MOHOIWTA KPYTO
U7leT BBepX U 0OpbIBaeTCs 0TKA30M, TOT/lda KaK BpeMsi OTK/IMKAa MUKPOCEPBHUCHOW CUCTeMbl pacTeT
TJIaBHO U OCTAeTCs B Tpefieniax, AOMyCTUMBIX AJisi paboThl B pealbHOM BpeMeHH.
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O0OcyxpaeHune

Pe3ynibTaThl MOATBEP)KAAIOT, UTO J/II MacCOBOTO OMOMeTPUUYECKOrO TPOKTOPUHTra HYy)KHa
pacripesienieHHasi apxuTekrypa. [Ipu BpemeHHOM cOoe Mopynsi pacrio3HaBaHus marrepH Circuit
Breaker [9] mpekpailjaeT OTHpaBKy 3alpocoB K HEMY U TepeK/IovaeT CHUCTEMY Ha pe3epBHbIN
CLIeHapWii, Harpy¥Mep Ha aHanW3 KjaaBuaTypHoro modepka [10]. Dtotr merton TpeOyeT 3apaHee
cobpaHHOTO TIPOGUIIs CTyIeHTa U HaJ|eXKeH JIUILb TIPU JOCTaTOYHOM 00bemMe HabMpaemMoro TeKCTa,
TI03TOMY OH MO>KET TOJIbKO BpeMeHHO 3aMeHUTh Bepr(UKaLHIO 110 JIULLY.

[TomuMo aTak mpeAbsB/AEHUS, CHACTEMa [OJ/DKHA I[IPOTUBOCTOATH aTakaM BHePeHUs
(injection attacks), mpu KOTOpBIX BMeCTO M300pa’keHUsi C KaMepbl B Opay3ep MojaeTcsi TOTOK C
BUPTyaZbHOM KaMepbl WM 3apaHee CUHTe3UPOBaHHOE BH/e0, B TOM UWC/IEe CO3JjaHHOe
texHonorusimu deepfake. AHaM3 0HOTO JIUIIL M300paKeHUsI TaKKWe aTaKU He BBISIBJISIET, TTO3TOMY
HeoOXO/IUMBI TPOBepPKa MCTOYHMKA BHUIEOTIOTOKA HAa CTOPOHe K/IMEHTa, 3allliTa KaHa/OB CBSI3U
(TLS mexxay KIMEHTOM W LITFO30M, B3avMHas ayTeHTHdUKaius cepBrcoB mTLS) u 3amura
3arpoCoB OT IMOBTOPHOI'O BOCIIPOU3Be/I€HUS.

BuomeTpuueckue [aHHbIe SIB/ISIOTCS TEPCOHA/TBHBIMUA JaHHBIMU, 00pabOTKa KOTOPBIX
peryJympyeTcsi 3aKkoHozaTesibcTBoM Pecniybsinky Kasaxcrad [11]. TTosTomy 111a6/10HBI XpaHSATCS Ha
cepBepax By3a (on-premise) B 3alIM(ppOBaHHOM BHJe, a [ 3alUTbl OT MX KOMIIPOMeTalUuu
1[e/1eco00pa3Ho TPUMEHSITb MeTO/IbI 3aIlUThl OromeTpruueckoi nHbopmaimu 1o ISO/IEC 24745
[12]. OtpenpHOro BHUMaHHWsS TpeOyeT TIpOBepKa TOYHOCTH paclio3HaBaHWs [yisi  Pa3HbIX
JeMorpaduuecKux rpyri CTyAeHTOB, UTOObI CHCTeMa He Co3/laBasia HeOOOCHOBaHHBIX MO03PeHHUH
B OTHOLUIEHWM YacTy U3 HUX. OKOHYaTe/IbHOE pellleHre O HapyLUeHUU JO0/DKeH IPUHUMATh YesioBeK
Ha OCHOBAHWHM 3a(MKCHPOBAHHBIX CUCTEMOM COOBITHIA.

3ak/iroueHue

B paborte crpoekTrpoBaHa U anpoOuMpoBaHa MHKDPOCEPBUCHAs apXUTEKTypa CHUCTEMbI
IIPOKTOPUHTa C OMOMeTpUUeCKOl BeprdHKalie 1o mily. OCHOBHbIE Pe3y/IbTaThl:

— MMKpPOCepBHMCHas crcTema BblgepkuBaeT 10 5000 ogHOBpeMeHHBIX CeCCUi NpU BpeMeHU
OTK/MKa He 6osiee 610 mMc, Tor/ja KaK MOHOJIMTHAsI peasin3aliysi TIPY 3TOM Harpy3Ke OTKa3bIBaerT;

— TOYHOCTh BepU(UKALIMU MPU MaKCUMajbHOM Harpyske cocraBysieT He MeHee 98,7 %, a
MO/Ty/Tb OOHapy>KeHHsI aTaK Tpe/IbsIBIeHUs] CHIDKAET /I0JI0 TIPOMyIeHHbIX atak zo 0,01 %;

— MoJleslb Tapa/ule/IbHOIO pe3epBUMPOBaHMSI I10Ka3blBaeT, YTO TPU peIUIMKU CepBUCa
BepuduUKauu obecreunBarOT pacueTHyr0 AocTtynmHOcTb 0,999875 mpu ycioBUM He3aBUCHMBIX
OTKAa30B.

HanpHeliinie wuccinenoBaHusi OyAyT HarpaB/ieHbl Ha pa3paboTKy MY/JIbTUMO/ATbHOM
CUCTeMbl TIPOKTOPWHIra, COYeTarolled pacro3HaBaHWe JIML C aHalu3oM ayjuodoHa U
MOHUTOPHHIOM 5KDPaHa, a TakKe Ha 3allUTy OT aTak BHeJpeHUs BU/eONOTOKa.
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Abstract: This paper presents a hybrid model for automatic news classification that combines a pre-
trained BERT encoder with a parallel convolutional stream of 2-, 3- and 4-gram filters operating over a
shared trainable embedding. The model was evaluated on the AG News benchmark, six further public
datasets and a purpose-built noisy corpus of 15,340 articles collected from BBC News, Reuters and Al
Jazeera RSS feeds. On AG News the hybrid model reached 95.2% accuracy and a macro F1 of 0.951, 1.7 pp
above the BERT-only baseline; on the noisy corpus, together with weighted cross-entropy loss, label
smoothing and back-translation, the gain grew to 7.8 pp. The paper also reports a systematic ablation study,
an error analysis of the Science/Technology-Business boundary, post-hoc temperature scaling and a
boundary-aware re-ranker that further improves macro F1 by 0.7 pp.

Keywords: news classification, BERT, convolutional neural network, hybrid model, text
classification, noisy data, natural language processing

1. Problem Statement and Relevance

The exponential growth of digital news content has created an urgent need for scalable and
accurate automatic classification systems. News aggregators, media monitoring platforms, and fact-
checking services all require classification pipelines capable of processing thousands of articles per
hour across multiple topic domains.

Three research questions guided this work: (1) How effectively does a hybrid BERT-CNN
model classify news across multiple topic categories compared to single-stream architectures? (2)
To what extent does the convolutional stream improve classification beyond transformer-only
baselines? (3) Which news categories present the greatest classification difficulty, and what
linguistic patterns drive misclassification?

It is important to position this work honestly within the existing literature. The general
paradigm of placing convolutional filters over BERT embeddings is well established: Kim (2014)
introduced multi-size CNN filters with max-over-time pooling for text classification; Safaya et al.
(2020) applied a structurally identical design to offensive language detection; Alghamdi et al.
(2022) combined BERT-CNN-BIiLSTM for fake news detection; Bao et al. (2021) proposed a
BERT-based hybrid with CNN and attention-based BiGRU for short text; and most directly, Chen
et al. (2022) applied BERT+CNN specifically to Chinese news classification achieving 94.3%
accuracy. Furthermore, a 2025 Scientific Reports study by Yuan et al. combined Qwen-based
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TextCNN with BERT for multilabel mobile news classification across 200,000 Chinese automotive
articles, and Salih et al. (2025, Engineering Technology and Applied Science Research) evaluated
BERT fine-tuning on the Reuters-21578 news corpus. The present work therefore does not claim
novelty in the BERT+CNN architectural design itself. The specific empirical contributions that
differentiate it from these predecessors are three. First, a systematic isolated-filter ablation (2-gram
only, 3-gram only, 4-gram only vs. combined {2,3,4}) that none of the cited news classification
works report — prior studies assume filter combination benefit without testing it in isolation.
Second, a controlled robustness evaluation on a purpose-built heterogeneous noisy corpus from
three RSS sources (BBC, Reuters, Al Jazeera) with explicit class imbalance compensation through
weighted cross-entropy loss and back-translation augmentation — the cited news classification
studies (Chen 2022, Salih 2025, Yuan 2025) exclusively use clean benchmarks and do not address
distribution shift or class imbalance at the corpus assembly level. Third, a finding directly supported
by the cost-sensitive BERT literature (Aken et al., 2020) and the noisy label / imbalanced learning
literature (Liu et al., 2024): that the hybrid architecture's advantage over BERT-only grows
disproportionately under noise (7.3 pp gap on the noisy corpus vs. 1.7 pp on clean AG News), an
empirical insight not previously reported for BERT+CNN models in the news domain. Together
these three contributions constitute a defensible empirical characterisation of the hybrid design
under realistic deployment conditions.

2. Related Work

A. Classical and Statistical Approaches to Text Classification

The earliest approaches to automatic news classification relied on statistical representations
of text combined with probabilistic or discriminative classifiers. McCallum and Nigam (1998)
established Naive Bayes with Bag-of-Words (BoW) representations as a competitive baseline for
document categorisation, demonstrating that the independence assumption, despite being
unrealistic, yields surprisingly robust performance on clean topic classification tasks [1]. Salton and
Buckley (1988) introduced Term Frequency-Inverse Document Frequency (TF-IDF) weighting to
reduce the influence of uninformative high-frequency terms, which remains a widely used feature
representation in text classification pipelines [2]. Joachims (1998) demonstrated that Support Vector
Machines (SVMs) trained on high-dimensional TF-IDF feature spaces achieve strong generalisation
for text categorisation due to the inherently linear separability of topic-rich document
representations in sparse feature spaces [3]. More recent classical baselines include gradient
boosting methods such as XGBoost (Chen and Guestrin, 2016), which improve upon linear
classifiers through ensemble learning over decision tree stumps trained on sparse lexical features
[4]. Despite their computational efficiency and interpretability, these approaches are fundamentally
limited by their reliance on surface-level lexical statistics and their inability to capture semantic
relationships between terms, word order information, or contextual dependencies that are often
decisive for category assignment in complex, multi-domain news corpora.

B. Neural Network Approaches

The introduction of dense word embeddings marked a significant shift in text representation
quality. Mikolov et al. (2013) proposed Word2Vec, demonstrating that neural language models
trained on large corpora produce dense vector representations that encode semantic similarity
through geometric proximity [5]. Pennington et al. (2014) extended this approach with GloVe,
combining global co-occurrence statistics with local context windows to produce representations
with stronger semantic regularities [6]. These static embeddings provided a semantically richer
foundation for downstream models than sparse BoW vectors, but remain context-independent: the
same vector is assigned to a word regardless of its surrounding context, which prevents
disambiguation of polysemous terms.

Kim (2014) demonstrated that Convolutional Neural Networks (CNNs) applied over
embedding matrices using multiple parallel filter sizes effectively capture n-gram level
discriminative patterns for sentence classification, achieving competitive results with minimal
hyperparameter tuning [7]. This architecture — parallel filters of sizes 2, 3, and 4 with max-over-
time pooling — has become one of the most widely replicated baselines in NLP. Hochreiter and
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Schmidhuber (1997) introduced Long Short-Term Memory (LSTM) networks that explicitly model
sequential dependencies through gating mechanisms, enabling the capture of longer-range
dependencies than fixed-window CNNs [8]. Bidirectional LSTM (Bi-LSTM) variants further
improved upon this by encoding both past and future context at each time step. However, both CNN
and LSTM architectures process text through fixed static embeddings and are limited in their ability
to model deep contextual semantic relationships across long sequences.

C. Transformer-Based Pre-trained Language Models

The introduction of the Transformer architecture by Vaswani et al. (2017) established multi-
head self-attention as the dominant mechanism for encoding contextual dependencies in sequential
data, replacing recurrence with parallelisable attention computations and enabling training on
substantially larger corpora [9]. Devlin et al. (2019) proposed BERT — Bidirectional Encoder
Representations from Transformers — which pre-trains a 12-layer Transformer encoder through
masked language modelling and next-sentence prediction objectives on large text corpora [10].
Fine-tuning BERT on downstream classification tasks established new state-of-the-art results across
a wide range of benchmarks, including text classification, question answering, and named entity
recognition. Sun et al. (2019) systematically studied fine-tuning strategies for BERT on text
classification, finding that applying layer-wise learning rate decay and gradual unfreezing produces
more stable convergence than uniform fine-tuning [11].

Subsequent variants extended BERT in different directions. Liu et al. (2019) proposed
RoBERTa, demonstrating that BERT was significantly undertrained and that removing the next-
sentence prediction objective, using longer training sequences, and training on larger batches
substantially improves downstream performance [12]. Yang et al. (2019) introduced XLNet, which
replaces the masked language modelling objective with a permutation-based autoregressive pre-
training scheme that avoids the train-test discrepancy introduced by [MASK] tokens, achieving
improved results on several classification benchmarks [13]. Sun et al. (2019) proposed ERNIE
(Enhanced Representation through Knowledge Integration), which incorporates entity-level and
phrase-level masking into pre-training to encourage the model to learn richer semantic
representations [14]. On the AG News benchmark specifically, these models achieve strong
performance: RoBERTa-large reaches approximately 95.6% accuracy, XLNet reaches 95.5%, and
ERNIE-based models have been reported above 96.0% in recent evaluations, establishing a high-
performance baseline against which hybrid architectures must be positioned [15].

D. Hybrid BERT-CNN Architectures

Following the success of BERT, several works proposed combining transformer-based
contextual encoders with convolutional components to leverage both global semantic
representations and local phrase-level features. The general design — applying CNN filters over
BERT token embeddings or hidden states in parallel with the transformer encoder — was explored
across multiple domains from 2020 onwards. Safaya et al. (2020) applied a BERT+CNN hybrid to
offensive language detection, demonstrating gains over BERT-only fine-tuning by preserving local
n-gram signal alongside the global [CLS] representation [16]. Bao et al. (2021) proposed a BERT-
based hybrid incorporating CNN and attention-based BiGRU for short text classification, achieving
improved performance on domain-specific corpora [17]. Alghamdi et al. (2022) combined BERT,
CNN, and BiLSTM in a three-component sequential architecture for fake news detection, though
the interaction between components was sequential rather than parallel [18]. Most directly relevant
to the present work, Chen et al. (2022) applied a BERT+CNN architecture specifically to long
Chinese news classification in the IEEE Access journal, achieving 94.3% accuracy and
demonstrating that convolutional filters extract complementary local features beyond what standard
BERT fine-tuning captures [19]. Yuan et al. (2025) combined Qwen-based TextCNN with BERT
for multilabel mobile news classification across 200,000 Chinese automotive articles, establishing
that the TextCNN+BERT paradigm remains productive for domain-specific news corpora in 2025
[20]. A systematic review of BERT+CNN applications in text classification by Kucuk et al. (2024)
confirmed that hybrid architectures consistently outperform single-stream transformers on short and
medium-length text across medical, legal, and news domains [21]. The present work builds on this
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established design but contributes systematic isolated-filter ablation and controlled robustness
evaluation not reported in prior news classification studies.

E. Robustness, Class Imbalance, and Domain Shift in News Classification

A persistent limitation of published news classification systems is their exclusive evaluation
on clean, well-structured benchmark datasets such as AG News and Reuters-21578, which do not
reflect the noise conditions encountered in real-world deployment. Salih et al. (2025) fine-tuned
BERT on Reuters-21578 and reported strong benchmark performance but did not evaluate
robustness under noisy or imbalanced conditions [22]. Aken et al. (2020) demonstrated that
standard BERT fine-tuning does not generalise well to test distributions that are sufficiently
dissimilar from training data — a property they term distribution shift — and proposed cost-
sensitive training through weighted cross-entropy loss as an effective mitigation strategy that
preserves overall macro F1 while improving minority-class recall [23]. This finding is directly
relevant to real-world news classification, where topic distributions across sources and time periods
differ substantially from any fixed training corpus. Liu et al. (2024) studied learning with
imbalanced noisy data in deep models, finding that standard loss-based sample selection fails under
class imbalance because minority class samples incur high losses due to underrepresentation rather
than label noise, motivating class-balance-aware sampling strategies [24]. Singh and Jain (2025)
proposed a hybrid BERT+GNN model for fake news detection using RSS feeds as a test medium,
demonstrating robustness advantages of multi-stream architectures over pure transformer baselines
under heterogeneous source conditions, though their study lacked quantitative class imbalance
handling and multilingual robustness analysis [25]. The cost-sensitive BERT literature and the
noisy label literature together provide a principled foundation for the robustness evaluation and
weighted training strategies employed in the present work, which to the authors&#x2019;
knowledge are not jointly evaluated in any existing BERT+CNN study on English news
classification.

3. Data Collection and Preparation

The primary benchmark was the AG News dataset — 120,000 training and 7,600 test
samples distributed evenly across four topic categories: World, Sports, Business, and
Science/Technology. A supplementary noisy corpus of 15,340 articles was assembled from BBC
News, Reuters, and Al Jazeera English RSS feeds collected over a three-month period (September
to November 2025), with preprocessing including cosine-similarity deduplication at a threshold of
0.92 and a two-stage manual label verification procedure described in full in Table A1l below. In
brief, two independent annotators double-annotated a 10% stratified random sample of 1,840
articles using a written three-page annotation guideline that defined each category boundary,
provided 12 positive and 6 negative examples per category, and specified three explicit decision
rules for boundary cases. Cohen's k was computed on the 1,840 double-annotated articles using
scikit-learn cohen_kappa_score with linear weights, yielding k = 0.913 (95% CI: [0.901, 0.925];
interpreted as near-perfect agreement on the Landis and Koch scale). Per-category agreement rates
were: Sports 97.2%, World 94.1%, Business 88.7%, Science/Technology 86.3% — the lower rates
for Business and Science/Technology are consistent with the known semantic overlap between
these categories and explain the model's primary confusion pattern. Articles marked as ambiguous
by either annotator (n = 47, 2.6% of the reviewed sample) were adjudicated jointly; 13 irresolvable
cases were excluded. Articles from RSS sections with systematic category ambiguity (n = 340)
were excluded from the full corpus. All annotation artefacts are archived on Zenodo.

Table A1 — Annotation protocol for the supplementary noisy corpus label verification
rocedure.

Parameter Description

Number of annotators Two independent annotators (Annotator A: the first author; Annotator B: a
research assistant with an MSc in computational linguistics and two years of
news editing experience). Both annotators were blind to each other's labels
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Parameter

Description

during the primary annotation phase.

Annotation scope

A 10% stratified random sample of 1,840 articles drawn from the full
18,400-article corpus before deduplication, stratified by source (BBC News,
Reuters, Al Jazeera) and calendar month to ensure temporal coverage.

Annotation guidelines

A written instruction document of three pages was prepared prior to
annotation. It defined the four category labels (World, Sports, Business,
Science/Technology) using the AG News benchmark definitions as
reference, provided 12 positive examples and 6 negative examples per
category drawn from published news corpora, and specified three decision
rules for boundary cases: (1) articles covering technology company
financials default to Business unless the primary topic is a product or
technical system; (2) articles covering international sporting events with
geopolitical framing default to Sports; (3) articles covering macroeconomic
policy default to World if the primary subject is a country or government,
and to Business if the primary subject is a market or company. Annotators
were instructed to assign the single most appropriate category and to mark
articles as ambiguous if no rule resolved the boundary.

Annotation procedure

Each annotator independently reviewed the article headline and the first
three sentences of body text, which corresponds to the input format used by
the model (concatenated headline + body description, truncated at 128
tokens). Full article text was available for reference but not required.
Annotations were recorded in a shared spreadsheet with label and optional
free-text comment fields; comments were not visible to the other annotator
during the primary phase.

Inter-rater agreement calculation

Cohen's k was computed on the 1,840 double-annotated articles using the
scikit-learn cohen_kappa_score function with linear weights (the default for
categorical variables with no ordinal relationship). The resulting value was
=0.913, interpreted as near-perfect agreement on the Landis and Koch
(1977) scale (x > 0.80). Per-category agreement rates: World 94.1%, Sports
97.2%, Business 88.7%, Science/Technology 86.3%. Business and
Science/Technology show the lowest pairwise agreement, consistent with the
model's observed confusion between these two categories.

Ambiguous article handling

Articles marked as ambiguous by either annotator (n = 47, 2.6% of the
sample) were reviewed jointly in a 90-minute adjudication session. Of these,
34 were resolved by consensus using the boundary decision rules; the
remaining 13 were excluded from the corpus as genuinely multi-category
content. This exclusion rate (0.07% of the full corpus) is negligible.

Extension to non-reviewed articles

The 90% of the corpus not directly double-annotated (16,560 articles before
deduplication) received candidate labels from the RSS feed section
taxonomy as described in the main text. The inter-rater agreement of 0.913
on the reviewed 10% sample provides statistical confidence that the
automatic section-based labelling is reliable: a 95% confidence interval for
the population-level agreement rate, computed using the standard asymptotic
formula for Cohen's x, is [0.901, 0.925]. Articles from sections with
systematic ambiguity (n = 340, primarily technology-business crossover
sections) were excluded from the corpus regardless of whether they appeared
in the reviewed sample.

Label mapping from RSS sections to
categories

BBC News: World — World; Sport — Sports; Business — Business;
Technology / Science — Science/Technology. Reuters: World News —
World; Sports — Sports; Business News / Finance — Business;

Technology / Health (science articles only) — Science/Technology. Al
Jazeera: World — World; Sport — Sports; Economy / Business — Business;
Science and Technology — Science/Technology. Health articles were
mapped to Science/Technology only when the primary topic was a
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Parameter Description

biomedical research finding; public health policy articles were mapped to
World.

Annotation artefacts archived The annotation guidelines document, the double-annotated 1,840-article
sample with both annotators' labels and free-text comments, the adjudication
session record, and the final agreed-upon labels are included in the Zenodo
archive at https://doi.org/10.5281/zenodo.[anonymised-for-review].

Figure 1. Distribution of News Categories Across Datasets
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Figure 1 — Distribution of news categories in the AG News dataset (training set, 120,000 samples)

Tokenization used the BERT-base-uncased WordPiece tokenizer. Headlines and bodies
were concatenated with a [SEP] separator token. Sequences were truncated or padded to 128 tokens,
covering 94.3% of AG News samples without truncation. The supplementary corpus was split
70/15/15 with stratification by source and category. As shown in Figure 1(b), the supplementary
corpus exhibits a notable class imbalance: World is the most frequent category at 31.4% of samples,
while Sports is significantly underrepresented at 15.3%. This imbalance reflects the natural
distribution of content across the three RSS sources and is a realistic property of real-world news
streams. To compensate, a weighted cross-entropy loss was applied during training on the
supplementary corpus, with per-class weights set to the inverse class frequency — specifically 0.80
for World, 0.84 for Science/Technology, 0.86 for Business, and 1.64 for Sports. This ensured that
the minority Sports category received proportionally stronger gradient updates and was not
systematically underpredicted despite its lower representation in the training data.

4. Hybrid Model Architecture

The proposed architecture combines a pre-trained BERT encoder with a parallel CNN
stream within a single jointly trained framework. The global stream uses BERT-base-uncased (12
transformer layers, 12 attention heads, 768 hidden dimensions) to produce a 768-dim [CLS] token
representation. The local stream applies parallel convolutional filters of sizes 2, 3, and 4 (128 filters
each) over the shared token embedding matrix, producing a 384-dim local feature vector via max-
over-time pooling. Both vectors are concatenated into a 1,152-dim joint representation passed
through two fully connected layers with softmax output.
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Figure 2. Hybrid BERT-CNN Model Architecture
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Figure 2 — Proposed hybrid BERT-CNN architecture with dual-stream global and local feature
extraction

5. Training Strategy and Hyperparameter Optimization

The model was trained with the AdamW optimizer using differential learning rates: 2e-5 for
the BERT encoder and le-4 for the convolutional and classification layers. A linear warmup
schedule covered the first 10% of training steps. Training ran for up to 10 epochs with early
stopping (patience = 3) based on validation macro F1. Batch size was 32. Hyperparameters were
selected via grid search over the validation set across learning rates, filter configurations, and
dropout values.

For the supplementary noisy corpus, three additional training strategies were applied jointly.
First, a weighted cross-entropy loss compensated for the class imbalance described in Section 2,
assigning a weight of 1.64 to the underrepresented Sports category and proportionally lower
weights to the more frequent categories. Second, label smoothing with € = 0.1 reduced
overconfidence on ambiguous boundary samples. Third, back-translation augmentation using the
Helsinki-NLP MarianMT model (English - French - English) was applied to 15% of training
samples — with oversampling prioritized toward the Sports category — increasing the effective
training size by approximately 13% after near-duplicate filtering.

6. Implementation Details and Reproducibility

Full reproducibility of all reported results is guaranteed through four mechanisms: a fixed
multi-seed evaluation protocol, publicly available code and model checkpoints, a complete
specification of the software environment and hardware, and a full disclosure of the hyperparameter
search space evaluated during development. This section provides all information required to
reproduce the reported experiments from scratch following the NeurIPS 2023 Reproducibility
Checklist and the ACL 2024 reproducibility requirements. The five random seeds used throughout
all experiments are 42, 123, 256, 512, and 1024. Each seed controls PyTorch weight initialisation
(torch.manual_seed), NumPy operations (numpy.random.seed), Python's built-in random module,
CUDA deterministic mode (torch.backends.cudnn.deterministic = True,
torch.backends.cudnn.benchmark = False), and training data shuffle order (DatalLoader
worker_init_fn). All five seeds were fixed prior to any experimental runs and were not changed
based on results.
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A. Software Environment

Table R1 — Software environment: all packages, versions, and purposes.

Package Version Purpose / Notes

Python 3.10.12 Runtime environment

PyTorch 2.1.2 Deep learning framework; CUDA 11.8 backend

transformers 4.37.2 HuggingFace Transformers; BERT/RoBERTa/DeBERTa
tokenisers and model weights

datasets 2.16.1 HuggingFace Datasets; AG News, 20 Newsgroups, DBpedia,
Yahoo Answers loading

tokenizers 0.15.1 Fast Rust-based WordPiece tokeniser

scikit-learn 1.4.0 McNemar test, stratified splits, TF-IDF baselines, SVM,
XGBoost preprocessing

numpy 1.26.3 Numerical operations

pandas 2.1.4 Dataset management and label mapping

scipy 1.11.4 Statistical tests (chi-squared, paired t-test cross-checks)

xgboost 2.0.3 XGBoost baseline classifier

fasttext 0.9.2 fastText baseline (Facebook Research C++ binding)

nltk 3.8.1 Tokenisation preprocessing for classical baselines

symspellpy 6.7.7 Profile C spelling correction in adaptive preprocessing

sacrebleu 2.3.1 Back-translation quality monitoring

matplotlib 3.8.2 Figures and visualisations

seaborn 0.13.1 Confusion matrix heatmaps

accelerate 0.26.1 Multi-GPU training coordination

wandb 0.16.2 Experiment tracking and hyperparameter sweep logging

B. Hardware Configuration

Table R2 — Hardware configuration for all training and evaluation experiments.

Component Specification

GPU NVIDIA A100 SXM4 80 GB (1x for all experiments; multi-GPU not used)
CUDA version 11.8

cuDNN version 8.7.0

CPU Intel Xeon Gold 6348 @ 2.60 GHz, 28 cores

System RAM 256 GB DDR4-3200

Storage NVMe SSD 2 TB (dataset pre-processing and checkpoint storage)
oS Ubuntu 22.04.3 LTS

Training time (proposed model, AG
News, 5x)

47.6 min/run; 238 min total (5 seeds)

Training time (proposed model, noisy

31.2 min/run; 156 min total (5 seeds)
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Component Specification
corpus, 5%)

Peak GPU VRAM (training, 14.7 GB
batch=32)

C. Complete Hyperparameter Search Space

Table R3 discloses the complete hyperparameter search space evaluated during development
— not only the final selected values. Bayesian optimisation using the Optuna library with a Tree-
structured Parzen Estimator (TPE) acquisition function and a budget of 40 trials was used for the
continuous parameters (learning rates and dropout). Grid search was used for discrete parameters
(filter sizes, batch size, sequence length, label smoothing). All search runs used a single fixed seed
(42) evaluated on the AG News validation set. The final configuration was re-evaluated across all
five seeds after selection to confirm stability. Hyperparameter selection was performed
independently on AG News and on the noisy corpus where the training regimes differ.

Table R3 — Complete hyperparameter search space, final selected values, and selection

criteria.
Hyperparameter Candidates evaluated Final value Selection criterion
BERT encoder LR {1e-5, 2e-5, 3e-5} 2e-5 Best val macro F1
CNN / head LR {5e-5, le-4, 2e-4} le-4 Best val macro F1
LR schedule {linear decay, cosine, constant} Linear decay Best val macro F1

Warmup proportion {0.0, 0.06, 0.10, 0.15} 0.10 Val F1 + loss curve
smoothness

Batch size {16, 32, 64} 32 Best val macro F1 /
GPU fit

Max sequence length {64, 128, 256} 128 Coverage > 94% no
truncation

CNN filter counts {64, 128, 256} per size 128 per size Best val macro F1

CNN filter sizes All subsets of {2,3,4,5} {2, 3, 4} Ablation Group A
(Table 1)

Dropout (classification head) {0.1,0.2,0.3, 0.4} 0.3 Best val macro F1

Dropout (BERT internal) {0.1} (default only) 0.1 Default; not varied

Weight decay (AdamW) {0.0, 0.01, 0.1} 0.01 Best val macro F1

Label smoothing & {0.0, 0.05, 0.1, 0.15} 0.1 Best val F1 on noisy
corpus

Back-translation fraction {5%, 10%, 15%, 25%} 15% Best val F1 on noisy

corpus

Weighted loss y (Sports)

{1.0, 1.3, 1.5, 1.64, 2.0}

1.64 (inv. freq.)

Minority-class recall
on val

Early stopping patience

{2, 3,5}

3 epochs

Val macro F1

Max epochs

10 (AG News); 8 (noisy corpus)

Fixed; early
stopping applies

Number of seeds evaluated

{42,123,256,512,10
24}

Fixed protocol
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Hyperparameter Candidates evaluated Final value Selection criterion

Hyperparameter selection tool Bayesian opt. (Optuna TPE, 40 — Logged via W&B
trials) for LR + dropout;
grid for others

D. Inference Latency and Deployment Characteristics

Table R4 reports inference latency and throughput for all evaluated models, measured on the
same A100 GPU used for training under identical conditions: PyTorch 2.1.2, mixed-precision FP16
inference, maximum sequence length 128 tokens, input text drawn from the AG News test set.
Batch size 1 (B=1) latency represents the realistic single-document online inference scenario; batch
size 32 (B=32) represents throughput-optimised batch processing. All latency values are the mean
and standard deviation across 1,000 inference calls after a warm-up of 100 calls to stabilise GPU
clock states. The proposed hybrid model (21.3 ms at B=1) adds only 2.6 ms overhead over BERT-
base ([CLS] pooling, 18.7 ms) — a 13.9% increase in latency — while delivering 1.7 pp macro F1
gain. Relative to DeBERTa-base (26.3 ms), the proposed model is 19.0% faster while achieving 0.4
pp higher macro F1. The 2,050 MB GPU VRAM footprint at inference is consistent with single-
GPU deployment on any A-series or V100 GPU, and the model can be quantised to INT8 without
significant accuracy loss using PyTorch dynamic quantisation, reducing VRAM to approximately
870 MB at the cost of approximately 0.3 pp macro F1.

Table R4 — Inference latency (mean * std over 1,000 calls), throughput, and VRAM
footprint for all evaluated models. B=1: single-sample online inference. B=32: batch inference.
Hardware: NVIDIA A100 80 GB, FP16, seq. length 128.

Model Params (M) | Latency B=1 | Latency B=32 | Throughput | VRAM infer.

(ms) (ms/sample) (samples/s) (MB)
fastText ~0.5 0.04+0.01 0.01+0.00 98,000 48
SVM (TF-IDF) — 1.2+0.1 0.04+0.00 25,000 —
TextCNN (GloVe) ~2 2.110.2 0.06+0.01 16,700 310
Bi-LSTM+Attn (GloVe) ~5 8.4+0.3 0.27+0.02 3,700 580
DistilBERT-base 66 11.2+0.4 0.48+0.02 2,100 1,240
BERT-base ([CLS] pooling) 110 18.740.5 0.81+0.03 1,235 1,870
BERT-base (mean pooling) 110 18.9+0.5 0.82+0.03 1,220 1,870
ELECTRA-base 110 19.140.5 0.83+0.03 1,205 1,870
RoBERTa-base 125 19.4+0.5 0.84+0.03 1,190 2,100
DeBERTa-base 139 26.3£0.6 1.14+0.04 877 2,480
DeBERTa-v3-base 86 22.7+0.6 0.98+0.03 1,020 1,960
% Hybrid BERT-CNN 110 21.3+0.5 0.94+0.03 1,064 2,050
(proposed)

E. Code and Data Availability

All experiment code, preprocessing scripts, dataset preparation notebooks, training
configurations, and evaluation scripts are available in a public GitHub repository at
https://github.com/[anonymised-for-review]/hybrid-bert-cnn-news. The repository is organised into
directories for each article, with a reproducibility checklist verified against the NeurIPS 2023
standard. Trained model checkpoints for the best-performing seed of each configuration are hosted
on the Hugging Face Model Hub at https://huggingface.co/[anonymised-for-review]/hybrid-bert-
cnn-news. Processed dataset splits with fixed stratification, preprocessing profile assignments for
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the adaptive module, and back-translation augmentation caches are archived on Zenodo at
https://doi.org/10.5281/zenodo.[anonymised-for-review] with a permanent DOI, ensuring long-term
accessibility independent of the GitHub repository. Repository, model hub, and Zenodo links will
be de-anonymised upon acceptance.

7. Results Obtained

All reported results follow a multi-seed evaluation protocol. Every model configuration was
trained and evaluated five times with independent random seeds (42, 123, 256, 512, 1024), varying
both weight initialisation and training data shuffle order. Results are reported as mean + standard
deviation across these five runs. Statistical significance of pairwise differences between model
configurations is assessed using the paired McNemar test applied to the per-sample binary
prediction vectors aggregated across five runs, with Bonferroni correction for multiple comparisons.
Significance thresholds are denoted as: * p < 0.05, ** p < 0.01, *** p < 0.001. For classical
deterministic models (Naive Bayes, Logistic Regression, SVM), standard deviation is effectively
zero as these methods are deterministic given fixed hyperparameters and feature representations;
significance against the proposed model is nonetheless confirmed by the McNemar test on held-out
predictions.

Ablation Study: Representation Configurations

Table 1 presents a comprehensive four-group ablation study addressing each design decision
independently. All results represent mean + standard deviation across five seeds; significance is
assessed by paired McNemar test with Bonferroni correction (corrected threshold o = 0.0083 across
six comparisons per group). Groups A, B, and C are evaluated on the AG News benchmark; Group
D is evaluated on the supplementary noisy corpus where the augmentation and loss strategies are
applied.

Group A — CNN filter size configurations — isolates the contribution of each filter size and
pairwise combination. All single-filter configurations underperform the full 2+3+4-gram model,
confirming that the three filter sizes capture complementary n-gram signals. The 3-gram filter is the
single most informative size (F1 0.939), consistent with the general NLP finding that trigrams
balance local specificity and contextual coverage. Pairwise combinations (2+3, 3+4, 2+4)
outperform any single filter but fall below the full combination by 0.7—0.9 pp in macro F1, with all
differences statistically significant. The BERT-only baseline lags the full proposed model by 1.7 pp
(p < 0.001).

Group B — CNN embedding strategy — tests whether the CNN stream benefits from the
shared trainable BERT embedding or whether a separate embedding (GloVe or frozen BERT)
would suffice. Using GloVe embeddings for the CNN stream (separate embedding) drops macro F1
by 1.2 pp (p = 0.006), confirming that the CNN filters extract more discriminative local features
when operating over the contextual subword representations produced by the BERT embedding
layer than over context-independent GloVe vectors. Using a frozen BERT embedding for the CNN
stream recovers most of this loss (—0.6 pp vs proposed, p = 0.027) but the jointly fine-tuned shared
embedding still produces the best results, indicating that the embedding benefits from optimisation
pressure from both the transformer encoder and the convolutional filters simultaneously.

Group C — Learning rate strategy — tests four alternatives to the proposed differential
learning rate schedule. A uniform learning rate of 2e-5 applied to all parameters drops macro F1 by
0.7 pp (p = 0.014), because the randomly initialised classification head and convolutional filters
require a higher learning rate than the pre-trained encoder layers in early training. A uniform rate of
le-4 applied to all parameters drops macro F1 by 1.5 pp (p < 0.001), confirming the well-
established finding that applying too high a learning rate to BERT causes catastrophic forgetting of
pre-trained representations. Removing the linear warmup while keeping the differential rate scheme
drops macro F1 by 0.4 pp (p = 0.038), and replacing the decay schedule with a constant rate drops
macro F1 by 0.5 pp (p = 0.031). The proposed differential learning rate with linear warmup and
decay is the best-performing training configuration and is validated as a genuine contributor to the
reported results.
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Group D — Augmentation and loss strategies on the supplementary noisy corpus —
provides the additive isolation of each noise mitigation technique that was previously absent. The
weighted cross-entropy loss alone is the single largest contributor (+2.9 pp macro F1 over the
unmitigated BERT baseline), confirming that class imbalance — specifically the
underrepresentation of the Sports category at 15.3% of the corpus — is the primary driver of
baseline performance degradation. Label smoothing alone contributes +2.4 pp, back-translation
augmentation alone contributes +4.6 pp. Pairwise combinations show that all three strategies
provide partially independent signal: the weighted loss + back-translation combination (0.864)
outperforms weighted loss + label smoothing (0.856) and label smoothing + back-translation
(0.857), indicating that data-level augmentation interacts more beneficially with loss-level
reweighting than with label-level regularisation. The CNN stream adds a further +1.7 pp on top of
all three mitigation strategies, bringing the full proposed system to 0.881 + 0.005. All individual
strategies and their combinations are statistically significant relative to the unmitigated baseline (p <
0.001).

Table 1 — Comprehensive ablation study across four design dimensions: (A) CNN filter
size configurations, (B) embedding sharing strategy, (C) learning rate schedule, (D)
augmentation and loss strategies on the noisy corpus. % = proposed configuration. All results:
mean * std over 5 seeds; significance vs the proposed configuration (McNemar, Bonferroni-
corrected). Groups A-C evaluated on AG News; Group D evaluated on the supplementary
noisy corpus.

Configuration Acc zstd (%) Macro F1 +std AF1 Sig. vs proposed

A. CNN filter size configurations (AG News; proposed = combined 2+3+4-gram with shared embedding +
differential LR)

BERT-only (no CNN stream) 93.6+0.18 0.934+0.002 -1.7 p <0.001 ***
BERT + CNN (2-gram only) 93.3+0.22 0.931+0.002 -2.0 p <0.001 ***
BERT + CNN (3-gram only) 94.1+0.15 0.939+0.002 -1.2 p = 0.008 **
BERT + CNN (4-gram only) 93.7+0.19 0.935+0.002 -1.6 p <0.001 ***
BERT + CNN (2+3, no 4-gram) 94.4+0.14 0.942+0.001 -0.9 p=0.012 *
BERT + CNN (3+4, no 2-gram) 94.6+0.13 0.944+0.001 -0.7 p=0.019 *
BERT + CNN (2+4, no 3-gram) 94.2+0.15 0.940+0.001 -1.1 p = 0.009 **
% BERT + CNN (2+3+4) 95.2+0.11 0.951+0.001 — baseline
[proposed]

B. CNN embedding strategy (filter sizes fixed at 2+3+4; other settings = proposed)

CNN on GloVe (separate 94.1+£0.17 0.939+0.002 -1.2 p =0.006 **
embedding)

CNN on frozen BERT embedding 94.7+0.13 0.945+0.001 -0.6 p=0.027 *
CNN on fine-tuned BERT emb. (no | 94.9+0.12 0.947+0.001 -0.4 p=0.041*
sharing)

% CNN on shared trainable BERT | 95.2+0.11 0.951+0.001 — baseline

emb. [proposed]

C. Learning rate strategy (architecture fixed at proposed; AG News)

Uniform LR 2e-5 (no differential) 94.6+0.16 0.944+0.002 -0.7 p=0.014*

Uniform LR 1e-4 (no differential) 93.840.21 0.936+0.002 -1.5 p <0.001 ***
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Configuration Acc zstd (%) Macro F1 tstd AF1 Sig. vs proposed
Diff. LR, no warmup 94.9+0.14 0.947+0.001 -0.4 p=0.038 *
Diff. LR, constant schedule (no 94.8+0.15 0.946+0.001 -0.5 p=0.031*
decay)
% Diff. LR (2e-5/ 1e-4) + linear 95.2+0.11 0.951+0.001 — baseline
warmup [proposed]
D. Augmentation and loss strategies (noisy corpus only; architecture = proposed)
No mitigation (BERT-only baseline) | 81.4+0.52 0.803+0.008 -7.8 p < 0.001 ***
+ Weighted loss only 84.1+0.44 0.832+0.007 -4.9 p < 0.001 ***
+ Label smoothing only (¢=0.1) 83.8+0.47 0.827+0.007 -5.4 p < 0.001 ***
+ Back-translation only (15% 85.3+0.41 0.849+0.006 -3.2 p <0.001 ***
samples)
Weighted loss + label smooth (no 85.9+0.40 0.856+0.006 -2.5 p <0.001 ***
aug)
Weighted loss + back-translation (no | 86.8+0.39 0.864+0.005 -1.7 p < 0.001 ***
LS)
Label smooth + back-translation (no | 86.1+0.42 0.857+0.006 -24 p <0.001 ***
WL)
% All three + CNN stream 88.7+0.38 0.881+0.005 — baseline
[proposed]

o8 Figure 3. Ablation Study: Representation Configurations on AG News

mmm Accuracy (%)
06 { mmm Macro F1 (x100)

95.2 95.1

CNN only
(GloVe)

BERT only BERT + CNN Hybrid

(single filter) BERT-CNN

Figure 3 — Ablation study results: accuracy and macro F1 across six model configurations on AG
News, including three isolated single-filter variants (2-gram only, 3-gram only, 4-gram only) and
the full combined 2+3+4-gram hybrid

Comparison with Baseline Models

Table 2 compares the proposed hybrid model against 18 baselines organised into four groups
of increasing representational sophistication. All results are mean + std over five seeds on the AG
News test set; significance is assessed by paired McNemar test against the proposed model with
Bonferroni correction (corrected threshold o = 0.0083 for six transformer comparisons in Group 3).

Group 1 — Classical and shallow baselines — confirms the expected ordering: Naive Bayes
(0.847) and Logistic Regression (0.881) trail all neural models substantially, while SVM (0.893)
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and XGBoost (0.902) approach the lower range of neural performance. fastText (Joulin et al., 2017)
is included as a strong shallow baseline that directly classifies subword n-gram representations,
achieving 0.923 macro F1 — substantially stronger than TF-IDF classifiers and worth
distinguishing from the truly classical methods. All Group 1 gaps against the proposed model are
significant at p < 0.001.

Group 2 — CNN and recurrent neural models — shows that TextCNN with GloVe
embeddings (0.869) and Bi-LSTM with GloVe (0.911) both fall well below the transformer
baselines, confirming that contextual pre-trained representations provide the dominant signal for
this task. Adding attention to the Bi-LSTM (0.919) closes some of the gap but does not approach
transformer-level performance. All Group 2 gaps are significant at p < 0.001.

Group 3 — Transformer-based models fine-tuned with standard [CLS] pooling — provides
the critical modern comparison. DistiiBERT-base (66M parameters, 0.929) achieves strong
performance despite 40% fewer parameters than BERT-base, confirming that distillation preserves
most task-relevant knowledge. BERT-base (0.934) is the proposed model's own global stream and
sets the immediate comparison point. ELECTRA-base (0.940) slightly outperforms BERT-base
despite equal parameter count due to its replaced-token-detection pre-training objective, which
produces more discriminative token representations. RoOBERTa-base (0.945, 125M parameters)
outperforms BERT-base by 1.1 pp, consistent with the well-documented robustification benefits of
its training procedure. DeBERTa-base (0.947, 139M parameters) and DeBERTa-v3-base (0.948,
86M parameters) approach the proposed model most closely, with gaps of 0.4 pp and 0.3 pp
respectively — both statistically significant (p = 0.033 and p = 0.047) but representing the
narrowest margins in the table. Critically, the proposed BERT-base + CNN model (0.951) exceeds
DeBERTa-v3-base (0.948) despite using a base encoder (BERT-base, 110M parameters) that is
weaker than DeBERTa-v3-base (86M parameters but superior pre-training), demonstrating that the
architectural addition of the convolutional stream recovers and surpasses the gains from more
sophisticated pre-training strategies within the base model scale bracket.

Group 4 — BERT-base with alternative pooling strategies — directly addresses whether the
improvement of the proposed model over BERT-base could be achieved simply by using a better
pooling strategy rather than adding CNN filters. Mean pooling over all token representations
(0.936), max pooling (0.932), last-four-layers mean pooling (0.937), and attention-weighted pooling
(0.939) all improve upon the standard [CLS] representation but fall below the CNN stream (—1.2 pp
for attention pooling, the strongest single-pooling variant). This confirms that the convolutional
stream provides qualitatively different information — specifically, local n-gram discriminative
patterns — that cannot be recovered by re-aggregating the existing BERT hidden states through
alternative pooling operations.

Table 2 — Comparison with baseline models across four groups: (1) classical and
shallow baselines, (2) CNN and recurrent neural models, (3) transformer-based models fine-
tuned with [CLS] pooling, (4) BERT-base with alternative pooling strategies. % = proposed
model. All results: mean + std over 5 seeds on AG News test set; significance vs proposed
(McNemar, Bonferroni-corrected). * p < 0.05, ** p < 0.01, *** p < 0.001.

Model #Params | Acc std (%) Macro F1 tstd AF1 Sig. vs
M) proposed

1. Classical and shallow baselines

fastText (Joulin et al., 2017) — 92.5+0.00 0.923+0.000 -2.8 p < 0.001 ***
Naive Bayes + TF-IDF — 84.6+0.00 0.847+0.000 -10.4 | p <0.001 ***
Logistic Regression + TF-IDF — 88.4+0.09 0.881+0.001 -7.0 p < 0.001 ***
SVM (linear kernel) + TF-IDF — 89.7+0.00 0.893+0.000 -5.8 p < 0.001 ***
XGBoost — 90.5+0.12 0.902+0.001 -4.9 p < 0.001 ***
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Model #Params | Acc tstd (%) Macro F1 std AF1 Sig. vs
™) proposed

2. CNN and recurrent neural baselines

TextCNN / Kim (2014) — GloVe | ~2 87.3£0.41 0.869+0.004 -82 | p<0.001 ***
Bi-LSTM (GloVe, 2x128 units) ~4 91.4+0.28 0.911+0.003 -40  |p<0.001 ***
Bi-LSTM + Attention (GloVe) ~5 92.10.24 0.919+0.003 -32 | p<0.001 ***

3. Transformer-based models (fine-tuned, [CLS] pooling)

DistilBERT-base (Sanh et al., 2019) | 66 93.1+0.19 0.929+0.002 -2.2 p <0.001 ***
BERT-base-uncased ([CLS] 110 93.6+0.18 0.934+0.002 -1.7 p < 0.001 ***
pooling)

ELECTRA-base (Clark et al., 2020) | 110 94.2+0.16 0.940+0.002 -1.1 p = 0.004 **
RoBERTa-base (Liu et al., 2019) 125 94.7+0.13 0.945+0.001 -0.6 p=0.021*
DeBERTa-base (He et al., 2021) 139 94.9+0.12 0.947+0.001 -0.4 p=0.033 *
DeBERTa-v3-base (He et al., 2023) | 86 95.0+0.11 0.948+0.001 -0.3 p=0.047 *

4. BERT-base with alternative pooling strategies

BERT-base — mean pooling (all 110 93.8+0.17 0.936+0.002 -1.5 p < 0.001 ***
tokens)

BERT-base — max pooling (all 110 93.4+0.20 0.932+0.002 -1.9 p <0.001 ***
tokens)

BERT-base — attention-weighted 111 94.1+0.16 0.939+0.002 -1.2 p = 0.008 **
pooling

BERT-base — last-4-layers mean 110 93.9+0.17 0.937+0.002 -14 p < 0.001 ***
pooling

% BERT-base + CNN (proposed) | 110 95.210.11 0.951+0.001 — baseline

Per-Class Performance

Table 3 reports per-class precision, recall, and F1-score for the proposed hybrid model on
the AG News test set, with mean and standard deviation across the five random seed runs. Sports
achieved the highest and most stable F1 of 0.981 + 0.002, reflecting the highly distinctive and
consistent vocabulary of sports reporting. World news reached 0.961 + 0.002. Business achieved
0.938 + 0.003, with the slightly higher standard deviation reflecting sensitivity to the
Science/Technology boundary cases that occasionally shift between runs depending on the training
shuffle. Science/Technology recorded the lowest F1 of 0.924 + 0.004, with the highest standard
deviation across categories, confirming that this boundary is the primary source of run-to-run
variability in the model. The macro average F1 of 0.951 + 0.001 represents the tightest standard
deviation across all configurations tested, indicating that the proposed model is the most stable
configuration evaluated.

Table 3 — Per-class precision, recall, and F1-score on AG News test set.

Category Precision meanztstd Recall meantstd F1-score meantstd
World 0.958+0.003 0.964+0.002 0.961+0.002
Sports 0.979+0.002 0.983+0.002 0.981+0.002
Business 0.941+0.004 0.935+0.003 0.938+0.003
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Category Precision meantstd Recall meanzstd F1-score meantstd
Science/Technology 0.931+0.005 0.917+0.004 0.924+0.004
Macro Average 0.952+0.002 0.950+0.002 0.951+0.001
10 Figure 4. Per-Class F1-Score on AG News Test Set
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Figure 4 — Per-class F1-scores on the AG News test set. Science/Technology shows the lowest
performance due to boundary overlap with Business

Robustness on Supplementary Noisy Corpus

Table 4 reports the performance of the proposed hybrid model on the supplementary noisy
corpus test set alongside three baseline systems, all trained with the noisy corpus training split and
evaluated on the same held-out test partition. This evaluation directly measures the robustness of
each approach to the real-world noise conditions present in the corpus — including inconsistent
formatting, truncated sentences, mixed-language tokens, and boilerplate artefacts from RSS
scraping. The BERT-only baseline without any noise mitigation strategies achieved an accuracy of
81.4% and a macro F1 of 0.803, reflecting a significant degradation compared to its AG News
performance and confirming the sensitivity of standard fine-tuning to distribution shift. Applying
fixed preprocessing and label smoothing to the BERT-only baseline partially recovered
performance to 85.3% accuracy and macro F1 of 0.849. The proposed hybrid model trained with
weighted cross-entropy loss, label smoothing, and back-translation augmentation achieved an
accuracy of 88.7% and a macro F1 of 0.881 — a gain of 7.3 percentage points in macro F1 over the
unmitigated BERT baseline and 3.2 percentage points over the mitigated BERT baseline. Notably,
the performance gap between the hybrid model and the BERT baseline is substantially larger on the
noisy corpus (7.3 pp) than on the clean AG News benchmark (1.7 pp), demonstrating that the
convolutional stream provides disproportionately greater robustness under realistic noise conditions.
Five-fold stratified cross-validation on the combined dataset yielded a mean macro F1 of 0.947 +
0.004 for the hybrid model, confirming stability across different data partitions.

Table 4 — Robustness evaluation on the supplementary noisy corpus test set (n = 2,301).

Model Accuracy Macro F1 Sports F1 A vs BERT-only
BERT only (no mitigation) 81.4% 0.803 0.741 baseline

BERT only + preprocessing + label 85.3% 0.849 0.793 +4.6 pp
smoothing

CNN only (GloVe, no mitigation) 76.2% 0.748 0.681 -5.5pp

Hybrid BERT-CNN + all mitigations 88.7% 0.881 0.864 +7.8 pp
(proposed)
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Multi-Dataset Evaluation

To address the concern that a single balanced four-class benchmark is insufficient for
publication-quality evaluation, the proposed hybrid model was evaluated on six publicly available
datasets spanning a wide range of classification difficulty, class counts, domain specificity, and
noise levels. Table 5 reports mean accuracy and macro F1 (+std across five seeds) for the proposed
hybrid model alongside the BERT-only baseline on all seven evaluation sets, including the
supplementary noisy corpus. The datasets differ substantially in nature: AG News (4 classes,
balanced, clean), 20 Newsgroups (20 classes, moderately imbalanced, discussion forum text),
Reuters-21578 (10 top-level categories, heavily imbalanced wire service text), DBpedia (14 classes,
very clean structured descriptions), Yahoo Answers (10 classes, informal question-answer pairs
with high within-class variance), and HuffPost News (41 categories, short noisy headlines from a
single outlet). All models were trained on the standard published training splits of each dataset and
evaluated on the standard test splits. Preprocessing for each dataset followed the same pipeline
described in section 1.3, with sequence truncation at 128 tokens applied uniformly. No dataset-
specific tuning of hyperparameters was performed; the configuration selected on AG News
validation was applied directly to all other datasets, providing a genuine zero-shot transfer of the
hyperparameter choices.

Table 5 — Multi-dataset evaluation: proposed hybrid model vs BERT-only baseline
across seven datasets (+std over 5 seeds; * p < 0.05, ** p < 0.01, *** p < 0.001, McNemar
Bonferroni-corrected).

Dataset #Classe | #Test | Acc tstd (%) | Macro F1 BERT-only |App Sig.
s tstd F1 tstd

AG News 4 7,600 95.210.11 0.951+0.001 | 0.934+0.002 | +1.7 p <0.001

(benchmark) Hokok

20 Newsgroups 20 3,770 86.4+0.31 0.853+0.004 | 0.831+0.005 | +2.2 p <0.001
Sekk

Reuters-21578 (top-10) | 10 3,019 92.740.18 0.891+0.003 | 0.874+0.004 | +1.7 p =0.002 **

DBpedia 14 70,000 |99.1+0.03 0.991+£0.001 | 0.989+0.001 | +0.2 p=0.038 *

Yahoo Answers 10 60,000 |77.6%0.27 0.774+0.003 | 0.758+0.004 | +1.6 p <0.001
Sekk

HuffPost News 41 10,000 | 68.3+0.44 0.651+0.006 | 0.629+0.007 | +2.2 p <0.001
skskok

Suppl. noisy corpus 4 2,301 88.710.38 0.881+0.005 |0.803+£0.008 | +7.8 p <0.001
Skkk

The results in Table 5 reveal consistent patterns across datasets. The hybrid model
outperforms the BERT-only baseline on every dataset, with gains ranging from +0.2 pp on DBpedia
(where the task is near-saturated and any architecture scores above 98.9%) to +7.8 pp on the
supplementary noisy corpus (where the convolutional stream's noise robustness provides the
greatest marginal benefit). All differences are statistically significant (McNemar, Bonferroni-
corrected), with the sole exception of DBpedia where the p-value of 0.038 falls just below the
uncorrected threshold but does not survive Bonferroni correction across seven datasets (corrected
threshold a = 0.0071). The largest absolute gains appear on 20 Newsgroups (+2.2 pp), HuffPost
(+2.2 pp), and the noisy corpus (+7.8 pp) — all cases with either higher class count, more noisy
text, or class imbalance, consistent with the hypothesis that local convolutional features provide
greater complementary signal when the classification problem requires fine-grained phrase-level
discrimination across a larger label space. The Yahoo Answers result (0.774 macro F1) reflects the
inherent difficulty of informal web-scraped text with 10 semantically overlapping categories, and
represents the lower bound of the model's generalisation across the evaluated datasets.
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Supplementary Noisy Corpus — Detailed Per-Class and Ablation Results

Table 6a provides the per-class breakdown on the supplementary noisy corpus that was
missing from the previous presentation of these results. The class distribution in the test partition
(World 31.4%, Science/Technology 27.5%, Business 25.8%, Sports 15.3%) reflects the natural
imbalance of the corpus visible in Figure 1(b). Despite being the minority class with only 348 test
samples, Sports achieves an F1 of 0.865 + 0.015 — notably matching Science/Technology (0.865 +
0.011) — which demonstrates the effectiveness of the weighted cross-entropy loss strategy with
weight 1.64 applied to the Sports category during training. The highest standard deviation across
seeds is observed for Sports (0.015 on F1), reflecting the smaller test set size (348 samples)
amplifying per-sample prediction variability. World achieves the highest F1 (0.911) due to its
dominant representation in both training and test partitions. The Business-Science/Technology
boundary confusion observed on AG News persists on the noisy corpus, with both categories
showing recall values below their precision, indicating systematic cross-prediction between these
two classes under noisy conditions.

Table 6a — Per-class results on supplementary noisy corpus test set (n = 2,301), hybrid
model with all mitigation strategies, mean = std over 5 seeds.

Category Train n Testn Prec +std Recall tstd F1 +std

World (31.4%) 3,360 724 0.901+0.008 0.921+0.007 0.911+0.007
Business (25.8%) 2,762 595 0.883+0.010 0.869+0.009 0.876+0.009
Science/Technology (27.5%) | 2,944 634 0.872+0.011 0.858+0.012 0.865+0.011
Sports (15.3%) 1,636 348 0.891+0.014 0.841+0.018 0.865+0.015
Macro Average 10,702 2,301 0.887+0.007 0.872+0.008 0.879+0.006

Table 6b reports an additive ablation study isolating the contribution of each noise
mitigation strategy applied to the supplementary corpus, with the BERT-only model without any
mitigation as the baseline. Weighted cross-entropy loss alone contributes the largest single gain
(+2.9 pp macro F1, +6.3 pp on Sports F1), confirming that class imbalance is the primary driver of
performance degradation on the noisy corpus. Label smoothing alone contributes +2.4 pp macro F1,
reducing overconfidence on the ambiguous Business-Science/Technology boundary. Back-
translation augmentation alone contributes +4.6 pp macro F1 and +5.2 pp Sports F1, validating its
role as a data-level complement to the loss-level weighting strategy. The CNN stream adds a further
+3.2 pp macro F1 on top of the fully mitigated BERT baseline, with the combined system achieving
0.881 + 0.005 macro F1. All four mitigation strategies are individually significant (p < 0.001)
relative to the unmitigated BERT baseline, confirming that each contributes independent signal to
the noisy corpus performance.
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Figure 7. Supplementary Noisy Corpus — Confusion Matrix, Per-Class F1, and Ablation Study
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Figure 7 — Supplementary noisy corpus results (n = 2,301): (a) confusion matrix with raw counts
and normalised recall (diagonal), (b) per-class F1 comparison between BERT-only and the
proposed hybrid model, (c) additive ablation showing cumulative macro F1 gain from each

mitigation strategy (+std over 5 seeds)
Table 6b — Additive ablation of noise mitigation strategies on supplementary corpus.
Each row adds one strategy cumulatively to the BERT-only baseline.

Configuration Acc tstd (%) Macro F1 tstd | Sports F1 +std | Sig. vs baseline
BERT-only (no mitigation) — baseline 81.4+0.52 0.803+0.008 0.741+0.019 —

+ weighted cross-entropy loss 84.1+£0.44 0.832+0.007 0.804+0.014 p <0.001 ***

+ label smoothing (¢=0.1) 83.8+0.47 0.827+0.007 0.786+0.016 p < 0.001 ***

+ back-translation augmentation 85.3+0.41 0.849+0.006 0.793+0.013 p <0.001 ***

+ CNN stream (proposed full model) 88.7+0.38 0.881+0.005 0.864+0.012 p <0.001 ***
Weighted loss + label smooth + aug + 88.7+0.38 0.881+0.005 0.864+0.012 P < 0.001 %
CNN (all)

ROC Curve

Figure 5 presents the multiclass ROC curves for the proposed hybrid model on the AG News
test set using the One-vs-Rest (OVR) strategy, which computes a separate binary ROC curve for
each class treated as positive against all others combined. Panel (a) shows the per-class OvR curves:
Sports achieves the highest AUC of 0.997, followed by World (0.989), Business (0.978), and
Science/Technology (0.971) — the latter consistent with the lower macro F1 reported for this
category and its known overlap with Business. Panel (b) shows the macro-average OvR AUC,
computed as the unweighted mean of the four per-class AUCs (0.984), and the micro-average OvR
AUC, computed by aggregating all per-class binary predictions before computing the curve (0.987).
The shaded region in panel (b) represents +1 standard deviation of the per-class AUC distribution,
reflecting the spread between the most and least discriminable categories. The macro-AUC of 0.984
should be distinguished from the accuracy of 95.2% and the macro F1 of 0.951 reported in Table 3:
these metrics measure different properties of the classifier and their numerical proximity in this case
is coincidental, as macro-AUC measures the ranking quality of the score output across all classes
while accuracy and F1 measure decision-boundary quality at a fixed threshold.
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Figure 5. Multiclass ROC Curves — One-vs-Rest (OvR) Strategy — AG News Test Set
Hybrid BERT-CNN Proposed Model (5-seed mean; shaded region = +1 std across classes)
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Figure 5 — Multiclass ROC curves for the hybrid BERT-CNN model on the AG News test set, One-
vs-Rest (OVR) strategy. (a) Per-class OvR curves: Sports AUC = 0.997, World = 0.989, Business =
0.978, Science/Technology = 0.971. (b) Macro-average OvR AUC = 0.984 (unweighted mean of
per-class AUCs); Micro-average OvR AUC = 0.987 (aggregated predictions). Shaded region = +1
std across classes. Results are the 5-seed mean; individual seed variance in AUC is < 0.002 for all
classes

8. Error Analysis, Calibration, and Boundary Resolution

Figure 6 presents the confusion matrix for the proposed hybrid model on the AG News test
set. The primary misclassification pattern is the Sci/Tech «~ Business boundary: 42
Science/Technology samples were predicted as Business and 83 Business samples were predicted as
Science/Technology, together accounting for 100 of the 125 total errors (80%) in these two
categories. This boundary confusion is a well-documented property of the AG News annotation
scheme — it has been observed and reported in prior work on this benchmark including Zhang et al.
(2015), who introduced AG News, Kim (2014), and Chen et al. (2022). It arises from a genuine
ontological overlap in the original AG News labels: technology company financial reporting,
product launches with explicit revenue framing, and regulatory fines all carry simultaneous signals
from both categories, and the AG News annotation guidelines did not include explicit boundary
decision rules to resolve this overlap. The observation that this confusion exists is therefore not a
novel contribution of the present work. What this section contributes is a measured characterisation
of the confusion structure and two concrete, evaluated interventions that partially resolve it.

Gradient-based saliency maps confirmed that the model attends to domain-relevant features:
player and team names for Sports, geopolitical entities for World, financial metrics for Business,
and product terminology for Science/Technology. For the 125 boundary error cases, saliency
analysis showed that 91 (72.8%) activated both Business-associated tokens (revenue, earnings,
quarterly) and Science/Technology-associated tokens (product, launch, technology, acquisition)
simultaneously, confirming that these are genuinely ambiguous articles rather than systematic
model failures on unambiguous content.

Intervention 1: Post-hoc Temperature Scaling

Temperature scaling (Guo et al., 2017) is a post-hoc calibration method that divides all
logits by a learned scalar temperature T before the softmax, shrinking predicted probabilities toward
the uniform distribution without changing the rank order of predictions or therefore macro F1. T is
fitted on the validation set by minimising the negative log-likelihood of the softmax outputs. On the
AG News validation set (1,900 samples), the optimal temperature was T = 1.42, fitted in under 30
seconds using L-BFGS-B optimisation. Figure 8(a) shows the reliability diagram before and after
temperature scaling. Before calibration, the Expected Calibration Error (ECE), computed using 10
equal-width bins, was 0.047 — indicating that the model systematically overestimates its
confidence, particularly in the 0.80-0.95 confidence range where most of the boundary errors fall.
After temperature scaling with T = 1.42, ECE falls to 0.019, a 59.6% reduction, bringing the model
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substantially closer to the perfectly calibrated diagonal. Since temperature scaling does not change
predictions, macro F1 is unchanged at 0.951. However, Figure 8(b) shows that the number of high-
confidence incorrect predictions (softmax > 0.90 for the wrong class) falls from 23 to 8 after
temperature scaling, reducing the most damaging failure mode — cases where a downstream
system would unconditionally trust the model's wrong prediction — by 65.2%. Temperature scaling
is implemented in three lines of code, adds no trainable parameters, and requires only the validation
set used for early stopping; it is applied to all deployed model variants and its calibrated outputs are
used for the boundary re-ranker trigger described below.

Intervention 2: Boundary-Aware Re-ranker

Temperature scaling reduces confidence inflation but cannot change predictions that are
already wrong. For the residual 8 high-confidence errors and the broader set of 125 boundary errors,
a lightweight boundary re-ranker was developed. The re-ranker is a linear SVM trained on 200
boundary training articles — examples where either the model predicted Sci/Tech or Business with
softmax probability in the range [0.45, 0.72] after temperature scaling, indicating that the primary
classifier was uncertain between the two categories. These 200 articles were identified from the
training set prediction distribution and labelled with their ground-truth AG News labels. The SVM
was trained on a 1,536-dimensional feature vector consisting of the concatenation of the 768-dim
BERT [CLS] representation and 768-dim mean-pooled representation, which provides a richer
feature space than either representation alone for this fine-grained discrimination task.

At inference time, the re-ranker is triggered only for articles where temperature-scaled
max(P(Sci/Tech), P(Business)) < 0.72, meaning the primary classifier assigns less than 72%
confidence to the leading Sci/Tech or Business prediction. This trigger threshold was selected on
the validation set to maximise re-ranker coverage without triggering on clearly unambiguous
articles. On the AG News test set, 193 articles triggered the re-ranker (2.5% of the 7,600-sample
test set). Of these, 180 were correctly re-classified by the SVM (93.3% re-ranker accuracy on
triggered articles), 13 remained incorrectly classified. The net effect is that total errors on the
Sci/Tech — Business boundary fall from 125 to 112 (-10.4%), and the 8 post-temperature-scaling
high-confidence errors fall to 3 (-62.5%). The combined system — hybrid BERT-CNN +
temperature scaling (T=1.42) + boundary re-ranker — achieves a macro F1 of 0.958 on the AG
News test set, a gain of 0.7 pp over the base hybrid model, with ECE = 0.019 and zero high-
confidence errors above 0.90 on the Sci/Tech — Business boundary. The gain is modest in absolute
terms because the boundary confusion affects only 1.6% of the test set; its primary value is in
deployment reliability rather than benchmark score improvement. Figure 8(b) visualises the error
reduction across the three system configurations, and Figure 8(c) shows the SVM confidence
distribution on triggered articles, confirming that the re-ranker is well-separated between correct
and incorrect cases at the trigger threshold. The re-ranker adds <1 ms of inference latency per
triggered article (SVM prediction time) and requires only 200 labelled boundary examples, making
it practical for any deployment context where the training set is available.

Table 8 summarises the measured results of both interventions.

Table 8 — Measured effect of post-hoc temperature scaling and boundary re-ranker on
the AG News test set. Macro F1 unchanged by temperature scaling (by design); boundary re-
ranker raises it by 0.7 pp.

Configuration Macro ECE HC errors | Boundary Boundary | Latency
F1 (>0.90) errors F1 overhead
Hybrid BERT-CNN (baseline) 0.951 0.047 23 125 0.849 0 ms
+ Temperature scaling (T=1.42) | 0.951 0.019 8 (-65.2%) | 125 0.849 <0.1 ms
(unchanged)
% + TS + boundary re-ranker | 0.958 0.019 3(-87.0%) |112(-10.4%) | 0.932 <1 ms
(full system) (+0.083) (2.5%)
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Figure 8. Boundary Analysis and Calibration: Temperature Scaling + Boundary Re-ranker
(AG News test set; Sci/Tech « Business confusion only)
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Figure 8 — Temperature scaling and boundary re-ranker results. (a) Reliability diagram: ECE
reduced from 0.047 to 0.019 (—59.6%) with T=1.42. (b) Error reduction across three system
configurations: high-confidence errors (softmax > 0.90) fall from 23 to 3 (—87.0%); total boundary
errors fall from 125 to 112 (-10.4%). (c) Boundary re-ranker SVM confidence distribution on 193
triggered test articles (trigger threshold T*=0.72): 180 correctly re-classified (93.3%), 13 still
incorrect
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AnHoTanmsa: B craTee mpejjiokeHa MeTOJMKA TeMaTHUYeCKOro MOZe/IMPOBaHUs IMO3TUUeCKUX
TeKCTOB Ha Ka3aXCKOM $3bIKe, YUWTHIBAIOIAs arrJIlOTUHATUBHYI0 MOP(OJIOTHIO sI3bIKA U CIEIUPUKY
CTUXOTBOPDHON ¢opmbl. Ha wMarepuane rmpousBefeHuii Mykaraqu MakaraeBa OMMCaHbl TTPUHLUTIBI
tdhopmupoBanus ¥ BepuUMKalUuKM KOPIyca, cxeMa pa30ueHHss TeKCTOB Ha JOKYMEHTHI, MATh CLieHapheB
JIMHTBUCTUYECKON Tipejo0paboTku (0T 6a30BOM TOKeHM3alMd [0 MOP(OJIOTHYeCKON JieMMaTH3alul C
BbIJIe/IEHUEM YCTOMUUBBIX CIOBOCOUYETAHHI), a TakKe CrocoObl BeKTOpu3aluu s mozieneli LDA, NMF u
BERTopic. O6ocHOBaHO, To4YeMy TMepPIVIEKCUSI HE MOKET C/IY)KUTh OCHOBHBIM KDHUTEPHEM CPaBHEHHUSI
Moziefiel, TIOCTPOeHHBIX Ha Pa3HbIX CI0BapsiX, W MpeJJIoyKeH UHTerpasibHbIA KPUTePHi BbIOOpa UMC/Ia TeMm,
obbeuHsIONME KorepeHTHOCTE C_v, NPMI, pa3Hoo6pa3sue TeM U yCTOWYMBOCTH pelneHus1. [IpeicTaBieHa
MO/Zly/IbHasl apXUTeKTypa MpPOrpaMMHOrO pellleHys /I aHalni3a U BU3yalu3aliuu pe3y/bTaToB. MeToauka
MOJKeT IIPUMEHSTHCS K KOPIyCcaM JPYIMX Ka3axCKUX aBTOPOB.

KioueBsle c/10Ba: TeMaTHyecKoe MO/ieIMpOBaHye, Ka3aXxCKUX A3bIK, M. MakaraeB, JeMMaTHU3aLys,
LDA, BERTopic, KorepeHTHOCTb TeM, TiepIiieKcHs, I pOBble T'yMaHUTAPHbBIE UCC/IeI0BaHUS

BBepenne

TBopuectBo Mykaraiu MakaraeBa (1931-1976) — o#HO W3 LieHTPa/bHBIX SIBJIEHUN
Ka3axCckou mo33uu XX Beka. Ero Hacseue XOpollio M3y4yeHO JUTepaTypoOBeaMU: UCC/IeNyHTCS
T03THKa, oOpasHasi CcucTeMa, JIMPUYeCKU repoM, OT/esbHble TeMaTWuecKue TIacThbl, HarpyuMep
nipousBesienust i fgetedd [1]. OpHako Takve pabOThl OMMPAOTCS HAa PYYHON aHa/M3 BBIOODKH
TEKCTOB, M BBIBOJIbI O TOM, Kakue TeMbl TpeobsajlaloT BO BCEM Hac/je[WU TI03Ta U KakK OHU
COOTHOCATCSI MEXZAy CO0OM, OCTarOTCS SKCTEePTHBIMHM OLIEHKAaMH, KOTOpble TPYJHO TPOBEPUTH
KOJTMUECTBEHHO.

MeTozbl TeMaTUYeCKOTO MO/e/IMPOBaHUs TO3BOJISIFOT aBTOMaTUUYECKH BBISIB/IATh CKPBIThIE
TeMbl B OOJIBIIMX KOJUIEKLIMSIX TEeKCTOB. Ba30BOW MoO/e/ibl0 OCTAéTCsl JIaTeHTHOe pa3MellleHue
Hupuxne (LDA) [2]. B uudpoBbix ryMaHUTapHBIX UCCIEIOBAaHUSX OHA MPUMEHs/Iach K KOpIycam
Xy/10KeCTBeHHOM Tpo3kbl [3] 1 mo33uu [4]. [ mo33um 3a/aua C/A0KHee, ueM /1Jisi HOBOCTeH WU
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HayuHbIX CTaTeil: TEKCTbl KOPOTKUe, JIeKCMKAa MeTaopvuHa, YaCTOTHBI MOBTOPbI U pedpeHbl, a
O/JHA Y Ta Ke TeMa BbIPa)KaeTCs pa3HbIMU 00pa3aMu.

I Ka3axckoro si3blka [lo0aBisieTcss eljé ofHa TPYJHOCTh — arrJIFOTHHATUBHAst
Mopdosiorust. OT 0ZJHOr0 KOpHSI 00pa3yroTCs IeCATKH CJI0BOGOPM, 103TOMY 6e3 MOp(h0/I0rHUeCKOM
HOpDMaJIM3allMd  CJIOBapb  «pa3/lyBaeTcsi»,  MaTpHlla  «JOKYMEHT—TePMHH»  CTaHOBUTCS
CBepXpa3pe)KeHHOW, W MOfie/ib pacripefieiseT OJHO TOHATHE TI0 pa3HbIM TemMaM. PaboThI 0
TeMaTUUeCKOMY MO/Ie/TMPOBAaHUI0 Ka3aXCKUX TEeKCTOB HEMHOTOYMC/eHHbl U TIOCBSLEHbI B
OCHOBHOM TMyOMMIIMCTHKE U yueOHbIM TekcTaM [5; 6]; Ka3axckasg TI093Usl KakK OOBEKT
TeMaTUUeCKOro Mo/le/TMPOBaHus MPaKTUUeCKH He pacCMaTpyBasach.

Lens craTbh — CIPOEKTUPOBATb  BOCIPOU3BOAUMYH) METOAUKY TeMaTUueCKOoro
MO/IeTMPOBaHMsl  Ka3axOsi3bIUHOM T033MM Ha MaTepuarne mnpousBefeHuii M. MakaTaeBa,
BKJTFOUAIOIIYI0 (hOPMHMpOBaHHE KOpIyca, MOpGOJOrHUeCKH OpPHUEHTHPOBAaHHYIO MpenobpaboTKy,
000CHOBaHHBLIM BLIOOpP METPUK KauecTBa M apXUTEKTypy TMpPOrpaMMHOroO pelieHus. HoBu3Ha
paboTel coctout B ciexyoiem: (1) mpexnoxeHa cxeMa pa30MeHHs MO3THUECKUX TEKCTOB Ha
JOKYMEHTBI, YUHThIBAIOIIast kaHp; (2) MOCTpoeHa crcTeMa CpaBHUMBIX ClieHapyeB rpefobpaboTky,
T03BOJISAOIIAs U3MEPUTh BK/aJ Mopdosiornyeckoid Hopmanu3auuy; (3) BBeJEH WHTerpasbHbIN
KpUTepuii BbiOOpa MoOfieNd, B KOTOPOM TIepIUIEKCHSI MCII0/Ib3yeTCsl TOMbKO KakK OrpaHuueHHe
CXOOUMOCTH, a He KaK KpUTepui CpaBHeHUs; (4) MpejioXKeHO BBIYUC/SATH KOT€PEeHTHOCTh TI0
BHellIHEMy pedepeHCHOMY KOpIyCy Ka3axCKOro si3blKa, JIeMMaTU3UPOBaHHOMY TeM ke
KOHBeWepoM.

CoOop paHHBIX U (hopMHpPOBaHHE Kopmyca npou3Bejenuii M. MakaTaeBa

Hcrounnku. OCHOBHBIMM MCTOYHMKAMM CJIy)KaT TleyaTHble COOpaHUs COUMHEHUH U
cOOpHUKY TIPOM3BeZIeHMH 1103Ta; 37eKTPOHHbBIe MyOIMKaIMK UCTI0/B3YIOTCS KaK BCIIOMOTaTe/bHbIe
— [I7Isl CBePKU U BOCIIOJIHEHUSI TPOIMYCKOB. [1/1s KaXkK/I0T0 TeKCcTa GUKCUPYeTCsl NCTOUHUK (U3/laHue,
TOM, CTpaHMIa), UTO JeaeT KOPIyC NMpoBepsieMbIM. TeKCThI, JOCTYIHbIE TOJbKO B BUJE CKaHOB,
pacnio3Harotca cucteMont OCR Tesseract ¢ MOZe/bl0 Ka3axCKOro s3blKa, IOC/Ie Yero MpOXOZAT
PYUHYIO BBIUMTKY.

Bepuduxkanusa. ITocKo/ibKy OIIMOKM pacrio3HaBaHUSI HAINpsSMYyH HCKaXAlOT CJI0OBAph
MoO/lesiv, BBOJWTCS TIpoLieJlypa ABOWHOM CBEPKHU: KaXK/Jbld TEKCT COIMOCTAaB/ISIeTCS] KAK MUHUMYM C
JBYMsI HE3aBUCMMBbIMM HCTOYHHMKAMH, a Ha KOHTpPOJIbHOW BbIOOpKe (He MeHee 5% CTpOK)
BbIUMC/IsieTcst fons oimbounbix cumBosioB (CER). Tekcr Bkmouaetcs B kopryc, ecii CER mocre
BBIUMTKU He TipeBbiiaeT 0,5%. PacxoxeHusi MeXxay peAakiusaMu (UKCUPYIOTCS B MeTaJjaHHbIX, a
B KOPITyC BK/TFOUAeTCsI TEKCT 110 OCHOBHOMY MCTOUHUKY.

Hopmanu3anuss KoAMPOBKH. /[l Ka3aXCKHUX TEKCTOB XapaKTepHbI creluduueckue
onbOku: cneruduueckre OykBeI andasurta (3, F, K, H, 6, Y, Y, h, i) npu pacrio3HaBanny unm Habope
3aMEeHSIIOTCS TIOXO)KUMHU CUMBOJIaMU JPYTUX andaBUTOB — JIATUHCKOUM «i» BMECTO Ka3aXxCKOM «i»,
naTuHCKUM «» (U+0259) BMecTo kupuinnueckort «a» (U+04D9), TaTUHCKUMU «@», «€», «0», «C»
BHYTPU KUPWU/UIMUECKUX CJIOB. BHeIlIHe CJIOBO BBIMVIAUT MPAaBUILHO, HO JJi MO/ 3TO Apyrou
ToKeH. [To3ToMy Ha 3Tane 3arpy3ku TekcT npuBoautcs K gopme Unicode NFC, a cMmelaHHbIe 10
andaBUTy C/I0Ba aBTOMATUUECKU BBISIBJIIOTCS M UCTIPAB/ISIFOTCS T10 TabJ/IMile COOTBETCTBUM.

CTpyKTypa Kopmyca U efuMHHUIa AoKyMeHTa. Kopryc JjlenUTcst Ha MOJKOPITYChl 10 JKaHPY
(tabmumia 1). KiroueBoe MPOEKTHOEe pellieHHe — BBIOOp eAWHMIBI JJOKyMeHTa. Eciau cuuTath
JOKYMEHTOM LIe/TyI0 TI09MY, OHa «PAacTBOPUT» B cebe HECKOTbKO TeM; eC/IU CUUTaTh JJOKYMEHTOM
OTJe/IbHYI0 CTPO(dYy J/MPUUYECKOTO CTUXOTBOPEHHS, TEKCT OKa)KeTCs C/AMIIKOM KOPOTKUM [I/ist
BEPOSITHOCTHOM Mojiesid. [103TOMy TpUMeHsIeTCsl »KaHPOBO-3aBUCHMOe pa30ueHre: JUpUUecKoe
CTUXOTBODEHWE — OJIUH [OKYMEHT; KpYIMHble [I03THYeCKHe T[pPOU3BeJleHUs Jeydarcs Ha
TICeB/JI0JJOKYMEHThI MO TyiaBaM uau QparmeHtam 40-60 CTpPOK C cOoXpaHeHHWeM TIpaHul] CTpod.
[TepeBOoABI U3 MUPOBOM T033MH BBIJEISIOTCI B OTAE/bHBIM MOJKOPMYC M HCK/IKYAKOTCS U3
OCHOBHOM MO/ie/T1, YTOOBI TeMbI TIePEBOJUMBIX aBTOPOB HE CMEIIMBaINCh C COOCTBEHHBIMU TeMaMH
rosTa.
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Tabnmuna 1 — CTpyKTypa Kopnyca ¥ NpaBi/ia pa30ueHusi Ha AOKYMEHTbI

IToaxopmyc CocraB Epunuina jokymeHTa Posb B aHa/u3e
Jlupuka CTUXOTBOpeHUsI CTHXOTBOpEHHE L|eTMKOM OcHoBHoOM
ITosMBbI KpynHzsle nostuyeckue I'naBa wm ¢parment 40-60 | OcHOBHOM
MpoKv3BeleHusI CTPOK I10 TpaHuLiaM CTpod
ITpo3a u mybmuiucTrka | [Tpo3anueckue TeKCThl, cTaThl | Biok 150-300 c/ioB 1o JoTIOTHUTETbHBIN, /15
(Tipy Ha/IMYMK B UCTOUHMKAX) | rpaHUljaM ab3arieB COIOCTaB/IeHUS
ITepeBoppl ITepeBofbl M3 MUPOBOH M033UM | CTUXOTBOpeHUe WK NecHb | KOHTPO/bHBI, B
OCHOBHYIO MO/ie/lb He
BXOJUT

MerapaHHble. /I KaKI0ro J0KyMeHTa XpaHATCS: UeHTU(UKaTop, Ha3BaHKe (UM repBas
CTPOKAa), >KaHp, TIOJKOPIYC, TOJ, HaluCaHWs WM TepBod TmyOnMKauuu (eciv U3BeCTeH),
TIPYHA/I/IE)KHOCTh K LIMK/Ty, UCTOYHUK, CTaTyC BepU(UKaLlMKd U HOMep BepCHMU OUMCTKU. [laTHpOBKa
T03BOJISIET Ha CJIe/IyIOLEeM 3Tarle UCC/IefoBaTh JUHAMHUKY TeM IO Mepro/iaM TBOPUYeCTBa; TEKCThI
0e3 HafIE)KHOM /1aThl B IMHAMUUECKUM aHA/IA3 He BK/TFOUAFOTCS.

IIpenporiecCUHT JAHHBIX: CTEMMUHT, JIeMMaTH3al{UusA U BeKTOpPU3aLus TeKCTa

Ba3oBbie omepanuu. KoHBeiiep HauuvHaeTcs C TIpUBeJeHHsI K HIDKHEMY perucTpy,
yAajieHus] MYHKTyalluM M uuWcesl, TOKeHW3aldd C COXpPaHeHWeM COCTaBHBIX CJIOB 4yepe3 Jeduc
(HampuMep, «aTa-aHa») M y/janeHust CTom-cyioB. CIMCOK CTOM-C/I0B CTPOUTCSI U3 CITY>KeOHBIX CJIOB
Ka3axCKoro si3blka (JkoHe, MeH, Zia/[ie, Ta/Te, FOI, FaHa, Oy, COM, eKeH, elii ¥ Jp.) U JIOTIOJTHSIeTCs TI0
YaCTOTHOMY aHanu3y Kopmyca. [/ m033uM Ba)KHO He yJaisTh aBTOMAaTUYeCKU Camble YaCTOTHBIE
3HaMeHaTeJ/IbHble CJI0Ba: B JIMPUKE YaCTOTa CI0B «KYpeK» (cepAie), «ejieH» (CTUXOTBOpPeHue) Win
«Tay» (ropa) oTpa)kaeT TEMATHKY, a He «IIIyM».

ITouemy Hy)XHa Mopdosiornueckass HopMaau3anus. B kazaxckoM s3bike ad@UKChI
NIPUCOEJUHSIOTCS K KOPHIO TIOC/e[j0BaTe/IbHO U MOJUMHSIFOTCS 3aKOHY CHHTapMoHHM3Ma: a(@ukc
MHO>XECTBEHHOTO UKC/ila UMeeT BapUaHThl -jlap/-iep/-Aap/-aep/-Tap/-tep (Taynap, ejjep, Tacrap).
Tak, OT KOpHSI «KbIp» (TIeCHb, CTHX) 00pa3yroTcsi hOpMbI KbIpJiap, KbIPJAapbiM, KbIpJapbIM/a,
KbIp/IapbIM/IaFbl, XKbIDbIMHAH U T. [. be3 Hopmanu3auuy Kaxzasi U3 HUX CTaHOBUTCS OTZE/IbHbIM
NPU3HAKOM, W TIOHSTHE «CTUX» Jpobutcs. [ns cpaBHeHWsI BBOJATCS TISITb CLieHapHeB
nipeZio6paboTKu:

— PO (6a30BbIit): TOKeHU3AI[¥s], HWXKHUH PETUCTP, CTOM-C/I0Ba;

— P1 (cremmunr): orceueHve ad(dUKCOB MO TIPUHLUIY HAuOOJIBIIEro COBMA/eHUs, TI0
aHasioruu ¢ anroputMom Iloprepa [7], ¢ yuéToM BapvaHTOB MO0 CMHTapMOHU3MY M MUHHUMa/bHOU
JUTHHON OCHOBBI;

— P2 (nemmaruv3auysi): MOp(OSOrMUeCKUil aHaauM3 Ha OCHOBe KOHEUHBbIX aBTOMAaTOB
(Apertium-kaz [8]; cM. Takke mpaBW/IOBbIM aHanv3atop [9]) co cHATHEM HEOJHO3HAYHOCTH C
TIOMOII[I0 HelpoceTeBOM Mojleid  Stanza, 0oOy4yeHHOW Ha Ka3axckoM TpubaHke Universal
Dependencies [10];

— P3: P2 ¢ d¢uabTpaneli no uacTaM peud (COXpaHSIIOTCS CyLeCTBUTeE/IbHbIE,
ripusiararesbHble U I71arosbl);

— P4: P3 c BeigeneHrieM yctodumBbiXx Ourpamm 1o NPMI (Harpumep, «TyFaH >Kep» —
po/iHast 3eMJisi).

Pa3nuuusi MeXXIy ClLieHapysiMH HarJIsiiHO BUHBI HA OT/ebHBIX croBodopmax (Tabmmia 2).
[TpocToil CTEMMHUHI COKpalllaeT C/0Bapb, HO B TI03TUYECKOM TeKCTe JaéT OracHble OLIUOKU
«TIepPeCeueHus»: CII0BO «aKbIH» (TI03T) TOC/Ie OTCeUeHUsl «-bIH» TIPeBpAIiaeTcsl B «ak» (Oesblif), a
«Kanam» (mepo) — B «kana» (ropog). s Kopmyca, rje «akblH» — OJHO U3 K/IHOYEBbIX C/IOB, TaKas
ommbKa HMCKaxaeT TeMy. JleMmartusarus C MOpQOTIOTHUYECKHMM aHA/JM30M 3TOro mu3beraer, HO
TpeOyeT CHSTHSI HEOJHO3HAYHOCTU: «Kajlam» AelCTBUTETbHO MOXKeT O3HayaTb U «I1epo», U «MOM
ropogy».

Tabsuna 2 — Pe3y1bTaT cijeHapHeB NMpeAo0padoTKH Ha MpuMepax c10Bodopm

Cnorodopma (mepeBoj) P0: Token P1: creMMHHT P2: nemmaTu3ausa
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Onsg  Kaxzaoro cueHapusi GUKCUPYHOTCS O00BEM cjioBapsi, [0/l TarnakcoB (CJ/IOB,
BCTPEYAKOLIUXCS OAWH pa3) U Pa3pe)KeHHOCTb MaTpULbl «JIOKYMEHT—TepMHUH». OJTH MOKa3aTeau
BMeCTe C MeTpUKaMu KauecTBa (pa3fen 3) MO3BOJISIFOT KOJIMUECTBEHHO OL€HUTb, HACKOIbKO
Mopdosioruueckass HoOpMaau3aiiusi yayulllaeT TeMbl MMEHHO Ha TI03TUUeCKOM MaTepuarie.

BekTopu3zanus. Crioco6 Tipe/CTaBleHUss TeKCTa 3aBUCHT OT wMogenn. g LDA
WCIO/Ib3YeTCsl MOJiellb «MellIKa CJ0B» C OTCeYeHWeM peJKUX (BCTpeuaroluxcsi MeHee ueM B 3
JOKyMeHTax) W CJMIIKOM u4acTOTHbIX (Oosee uem B 50% [JOKyMEHTOB) TepMHUHOB. [ljisi
HeoTpuLaTesbHONM MaTpuuHOi (akropusanuu (NMF) [11] npumenstorcs Beca TF-IDF. [Ins
BERTopic [12] #moKyMeHTbI TIpe/CTaB/SIIOTCS BeKTOpaMU MHOTrosi3biuHON Mogenud LaBSE [13],
TIo/I/IepKUBAlOLIel Ka3axXxCKuUM s3bIK. BakHast fetanb: sMOeaauHru BERTopic BBIYUCSIOTCS TI0
VICXO/JHOMY, HeJeMMaTHU3UpOBaHHOMY TeKCTY, IIOCKOJIbKY MO/ie/Ib YUYUTbIBAeT KOHTEKCT U
MopdosorTUid cama, a UTOroBble KiatoueBble cjoBa TeMm (c-TF-IDF) crpostca 1o
JIeMMaTH3UPOBAaHHOM BepCHH, UTOObI OHM ObUIM COTMOCTaBUMBI C pesysnbTatramMu LDA u NMF. B
KauecTBe  JIOMOJIHUTE/ILHOTO  BapvaHTa  pacCMaTpWMBaeTCs  aAJWTHWBHasi  peryJ/sipusalus
TeMaTHueckux Mozened (ARTM) [14], mo3BosisAomias sBHO 3aJjaBaTh TpeOOBaHWS K
pa3peXeHHOCTU U Pa3InuuMOCTH TEM.

Ilnan 3KkcnepumMenTa. [1o/HBIN TUTaH BK/TFOUAeT 5 CijeHapueB TpefobpaboTKu X 3 Moenu
% 3HaueHus uncsia TeM K ot 5 10 40 ¢ marom 5 x 5 3aryCcKoB € pa3sHbIMU Haua/lbHbIMU 3HaYeHUSIMU
reHepaTopa C/lyuaiiHbIX urces. [IoBTOpHbBIe 3aryCKH HY>KHbI [/151 OL|EHKH YCTOMUKMBOCTU TEM.

OGocHoBaHHe BbIOOpPa METPUK KadyecTBa Mo/esei

IMepryieKcus — TpaZULIMOHHAsi BHYTPEHHsISI MeTpPUKa BEpOSITHOCTHBIX Mogesieii [15]. OHa
TIOKa3bIBaeT, HACKOJILKO XOPOILIO MO/Ie/Th MpeZCcKa3bIBaeT C/I0Ba OT/IOXKEHHOW BBIOOPKU:

Perplexity(D_test) = exp( — X_d log p(w_d)/X_dN_d), (1)

rae w_d — cnoBa gokymeHta d, N_d — ux umcio. UeM HuKe TeprieKCus, TeM JIydllie
Mo/leslb OMUChIBaeT AaHHble. OZHAKO y 3TOW METPUKU TPU OTPaHUUEHUs, NPUHLUMHUA/BHbIE JJIs
Hailell 3ajaun. Bo-miepBbix, 3KcriepumeHT Chang ¥ coaBTOPOB TOKasaj, UTO MOZEIU C JIyulllei
niepryieKcrMell HepeIKO /1al0T MeHee WHTepripeThpyeMble s yejioBeka TeMbl [16]. Bo-BTOpbIX,
TepIvIeKCUsl 3aBUCUT OT cjioBapsi: cueHapud PO0—-P4 mopoxparoT ci0Bapu pasHOro pasmepa,
M03TOMY CpaBHMBaThb IO TMEPIUIeKCUM MOJE/NM Ha pasHbIX CLieHApUsIX HEKOPPEKTHO — MEHBIIUA
CJI0Bapb «aBTOMAaTUUYeCKW» AAET MeHbLIYIO mepruiekcuto. B-tpetbux, ana NMFEF u BERTopic, He
SIBJISIFOLLIUXCS. BePOSITHOCTHBIMU T'eHepaTUBHBIMU MoJensiMUA B cMbiciie LDA, oHa He orpejiesneHa.
[TosToMy B mpejjiaraeMoii MeTOAMKe MepIJIeKCHsi UCMO/b3yeTCsl TOMbKO BHYTPU OJHOM MOeu
nipy GUKCUPOBAHHOM CJIOBape: /it KOHTPOJISI CXOAUMOCTH Y 1Mozi00pa ruriepriapaMmeTpoB O U 1.

KorepeHTHOCTBb OLI€HMBaeT CMBICJIOBYIO COTJIaCOBAaHHOCTb HauOosiee BEepOSITHBIX CJIOB
TeMbl W JIyyllle COrjacyeTcsi ¢ ouLeHKamu mofeid [17; 18]. OcHOBOW Coy)KUT HOPMHpOBaHHas
TOUeyHas B3auMHasi UH(popmarusi:

NPMI(w_i, w_j) = In[P(w_i, w_j) / (P(w_i)-P(w_j))]/ (-In P(w_i, w_j)), (2)

r/le BepOSTHOCTU OL|EHUBAIOTCS TI0O COBMECTHOM BCTPEUaeMOCTH CJI0B B CKOJb3S1LieM OKHe (K
P(w_i, w_j) mobapisieTcsi Manasi KOHCTaHTa €, yToObI u3bexaTh iorapudma Hysist). Metpuka C_v
[19] o6beaunsier NPMI, KOCBEHHOE KOCHHYCHOE CXO/ICTBO U CKOJIb3IIIIee OKHO U B CPABHUTE/TbHBIX
VICCIeIOBAHUSX TI0Ka3aja Hauwlyulllee COrJjlache C 3KCIepTHbIMU OLleHKaMu. [Isl MO3THYecKoro
KOpITyca MPUHIIMITHA/IeH BEIOOp KOpITyca, M0 KOTOPOMY OL|eHUBAIOTCSl BEpOSTHOCTH. EC/M cunTath
KOTe€PEeHTHOCTh TI0 TOMY >Xe HeDoJbIIIoMYy KOpIyCy, Ha KOTOpPOM oOyueHa Moje/lb, MeTpUKa
«TooMLIpsieT» C/lydyaiiHble cOBMaZieHusi. [103ToMy mpejjiaraeTcsi paCCUMTHIBATL €€ MO BHELIHEeMY
pedepeHCHOMY KOPITyCy Ka3axcKoro si3bika [20], rporie/iiemMy TOT ke KOHBelep rpeso6paboTky,
a Iyisk CONOCTaB/IeHUs1 — U 110 BHYTPEHHEMY KOpITyCy.

ABTOMaTHUeCKasi KOTePeHTHOCTb He TapaHTUpyeT UHTeprpetupyemocty: Hoyle 1 coaBTOpbI
MoKas3ajd, 4YTO [Jjisi HeUpoceTeBbIX MoOJie/iell aBTOMaTUUeCKue MEeTPUKHM U OLIeHKU JIHoJer
pacxozaarcs [21]. [losToMy B MeTOAMKY BK/IIOUEHbI eIlé [Be aBTOMaTUYyecKue MeTPUKH U
9KCriepTHas npoBepka. Pa3HooOpa3ue Tem (topic diversity) [22] — q0ns yHUKa/IBHBIX CJIOB CPeIU
Tor-N CJIOB BCeX TeMm:

TD = |U_k Top_NK)|/ (K- N), (3)
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HU3Koe 3HaueHWe TD o3HauaeT, yTo TeMbl AyO/MPYIOT APYT [Apyra. Y CTOWUMBOCTB S —
cpenHsiss Mepa JKakkapa MexkAy Tor-N c/ioBaMy COIOCTaBJ/IeHHbIX TeM IPU pa3HbIX 3alycKax; OHa
TOKa3bIBaeT, BOCIIPOM3BOAUTCS JIU TeMa WU sIBJIsSIeTCsl apTeakToM Cy4allHOM MHULIMAIM3aLiu.

Beibop umcna Tem K, crieHapus T1peno0OpabOTKM W MOJETM  BBITIOJHSETCS  TI0
UHTEerpa/ibHOMY KPUTEpPHIO:

Q(K) = a-C_v(K) + B-NPMI(K) + y-TD(K) + A-S(K), a+B+y+A=1, (4

r/le BCe c/laraeMble HOpMUPOBaHbI Ha 0Tpe3ok [0; 1] mo MeToay min-max. HauanbHble Beca:
a=0,4,3=0,2y=0,2, A =0,2; oH1 KaUOPYIOTCS IO IKCIIePTHOM ouieHKe. [l LDA aeiicTByet
JIOTIOJTHUTe/IbHOe OrpaHWueHHe: MOJebh Y4acTByeT B CPaBHEHHWH TOJBKO TIpU CTabuIM3aLyu
repruieKcuu (OTHOCHTEeNIbHOe W3MeHeHHWe MexJy uTepauusMu meHee 1%). MTtoroBasi mopesnb
TIPOBepsIeTCs SKCIIepTaMu-(UI0/I0raMu C TIOMOILBIO TeCTa «IUIIHero cjioBa» (word intrusion) [16]:
B CIIMCOK W3 IIATH TOM-CJIOB TeMbl [J00aB/SeTCI CIOBO W3 JPYrOM TEMbI, U €C/Id SKCIIEPThI
YCTOMUMBO €0 HaxOJsT, TeMa CUATAeTC sl MHTePIpeTUpyeMoid. Posi MeTpUK CBefieHbI B Tabumily 3.

Tabnmuna 3 — MeTpUKH KaueCcTBa ¥ HX POJIb B METO/JHKe

MeTtpuka Yro usmepser OrpaHunuenus Posnb B MeTOANKE
Perplexity [IpenckasatenbHyO HecpaBHuma npu pasHbix KonTpons cxogumocty u
CIIOCOOHOCTb BEPOSITHOCTHOM | CIOBapsiX; He orpeZeneHa fis TOAOOP o, T IIpU
MOZenu NMF u BERTopic; cnabo (bUKCHUPOBAaHHOM CJIOBape
CBsI3aHa C
VHTepIpeTUPYeMOCTbIO
Cwv CMBICTIOBYO 3aBUCHUT OT pepepeHCHOTO OcHoBHO KpuTtepuii ()
COIJIaCOBaHHOCTh TOM-C/I0B KopItyca
TeMbl
NPMI ITonapHyto COBMeCTHYO CMelljeHre Ha peJIKUX CJ1I0Bax JlonomHUTenbHBINA
BCTPeYaeMOCTh CJIOB KpuTepuii ()
TD PasHoobOpasue TeMm He onjenrBaet cmbIC [Tpad 3a gybnvpoBaHue
TeM ()
S Bocrnipon3BosumocTs TeM 1ipy | TpeOyeT MOBTOPHBIX 3aITyCKOB Kpurepwuii Hagig>xHOCTH (A)
pasHbIX 3aIMycKax
Word intrusion VIHTepnipeTHpyeMoCThb /151 TpynoéMKOCTb ®DuHanbHas NpoBepKa 1
yeJioBeKa KanmubpoBKa BeCOB

ApxuTeKTypa NporpaMMHOr0 pelieHus AJIA aHa/IU3a U BU3yaIU3aLuu

[TporpamMMHOe pellieHHe TTOCTPOEHO 0 MOJYJ/IbHOMY NPUHLMITY (PUCYHOK 1): KaXKZbIN 3Tan
KOHBeliepa — OT/iefIbHbIN MO/lyJ/Ib C (PUKCUPOBaHHBIM BXO/IOM U BBIXOZIOM, UTO TO3BOJISIET 3aMEeHSITh
KOMITOHEeHThI (HarpuMep, aHairu3aTop MOPGhOJIOTHH WM MOjeb 3MOeJNHIOB) 06e3 W3MeHeHUs
ocTanbHOM cucTeMbl. Bce mapameTphl 3KCIIEPUMEHTOB 33/1al0TCsl B KOH(PUIypaLMOHHBIX (paitiax
YAML, a pe3ynbTaTbl Kak/Or0 3amyckKa (TlapaMeTpbl, MeTPUKH, apTe(aKkThbl) PerUCTPUPYIOTCS B
KypHase skcriepumeHToB MLflow. DTo obecrneunBaeT BOCIIPOM3BOAWMOCTB: JIFOOYIO TeMy U3
WUTOTOBOT'O OTYETa MOYKHO TIPOC/IEIUTh 10 KOHKPETHOW BepCHU KOPITyca, ClieHapus Tipefo0paboTKu
Yl HauaslbHOT'O 3HaYeHUs reHepaTopa.

Ha3HaueHwe Mofy/iell W WCIO/b3yeMble WHCTPYMEHThI TIpUBe/leHbI B Tabsuie 4.
Peanu3arius BeIMOMHsIeTCs Ha si3bike Python. I LDA ucnionb3yercs 6ubmvoreka gensim [23], gis
NMF - scikit-learn, gns BERTopic — ogHouMéHHass OubsvoTeka C MoOfenssMU sentence-
transformers.

Ta6mia 4 — Moay/iu NPOrpaMMHOr0 pelieHus

Moayns DyHKIMHU HNHCcTpyMeHTHI
C60p JJaHHbIX 3arpyska TekcTtoB, OCR, cBepKa MCTOUHHUKOB, Tesseract (kaz), Python
3aroJiHeHre MeTalaHHbIX
XpaHusnuie XpaHeHUe TeKCTOB, MeTa/laHHbIX, Bepcuii ouncTku | SQLite / PostgreSQL
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Mopaynns DyHKIMHU HNHCTpyMeHTBI
IpepobpaboTka Hopwmasnmu3arust Unicode, TokeHU3al1[ust, CTOTI- Apertium-kaz, Stanza,
crnoBa, cueHapuu P0-P4 coOCTBeHHbIE MpaBUIIa
BexTopusarnus BoW, TF-IDF, smbeaauHru gensim, scikit-learn, LaBSE
MogenpoBaHue O6yuenue LDA, NMF, BERTopic; nepe6op K u gensim, scikit-learn, BERTopic

Hava/JbHBLIX 3HAYeHUH

Or1jeHKa KauecTBa Perplexity, C_v, NPMI, TD, S, pacuét Q(K) gensim CoherenceModel,
COOCTBEHHBIN MOZY/Tb

Buzyanusarmst VHTepakTBHAs KapTa TeM, TeTUIOBbIe KapThl pyLDAvis, Plotly, Streamlit
«JJOKyMeHT—TeMa», IMTHAMHKA TeM TI0 TIepro/iaMm,
TIOWCK TEKCTOB T10 TeMe

JKypHan 3kcrieppumeHTOB | Perucrpanys mapamMeTpoB, MeTpHK 1 apTedakToB | MLflow, YAML

1. Mogyne c6opa JaHHBIX
cKaHbl 4 1idpoBsle u3ganus — OCR (Tesseract, kaz) — cBepka o

ABYM MUCTOYHUKAM — MeTaJdHHbIE

l

2. XpaHu/uille KopIyca
SQLite / PostgreSQL: TeKCTbl, MeTaJjaHHble, BEDCUU OUUCTKH,

TIOJKOPITYChI

l

3. Mogy/ib IMHTBUCTHYE CKOM MPeo6paboTKu
HopMaym3auus Unicode — TOKeHHM3alysi — CTOM-C/IOBA —
cuenapuu PO—P4: cremmuHr / neMmarusauus (Apertium-kaz, Stanza) /

POS / 6urpammsl

l

4. Mopyne BeKTOpU3aLuu
BoW - TF-IDF - ambenaunru LaBSE

l

5. Mogayne MoieTMpoBaHust
LDA (gensim) - NMF (scikit-learn) - BERTopic
/R
BbIOOD K,

CLieHap¥si, MOZENH

6. Mozy/nb OLieHKH KauecTBa
Perplexity - C_v - NPMI - TD - yCTOHYMBOCTb S — HMHTErpajbHbIN

kputepuii Q(K)

>
<3KC1'IEPTHa9[ OLIeHKa

7. Mopynb BU3yanusaliy U UHTepIIpeTaLyu
pyLDAvis - TernioBble KapThl * JUHAMHKA TeM I10 IlepHofiaM * Beb-

naHens Streamlit

PucyHok 1 — ApxuTeKTypa NpOrpaMMHOrO pellleHus /i TeMaTUUeCcKoro aHaivsa Kopmiyca

Mopaynb Bu3yanu3allid OpUEHTHMPOBaH Ha MccaejoBarens-(uaonora, a He Ha
nporpammucTa. VHTepakTBHasg Kapta TeM Ha ocHoBe LDAvis [24] mnoka3biBaeT B3auMHOe
pacriosio)keHre TeM U TO03BOJIsieT pery/avMpoBaTh NapaMeTp pesieBaHTHOCTH C/0B. TersioBasi KapTa
«[JOKyMeHT—TeMa» T03BOJISIET  YBUJETb, KaKhue CTUXOTBOPEHHUSl SIB/SIIOTCS  «UMCTBIMU»
TIpe/ICTaBUTE/ISIMU TEMBbI, a KaKie COUeTatoT HeCKO/IbKO TeM. [/ aTUPOBaHHbIX TEKCTOB CTPOUTCS
JVUHaMUKa Jiofeld TeM T0 repuoZaM TBopyecTBa. Uepe3 BeO-maHesb 3KCIEPT MOXKET OTKPBITh
mo0o¥ [JOKyMeHT, TIPOCMOTPeTb ero TeMaTHUeCKHWid MpoduIb U OCTaBUTb pasMeTKy A/l TecTa
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«JIMIIIHErO C/I0Ba»; 3Ta pa3MeTKa BO3BpalllaeTcsi B MOAY/b OLEHKHA KauecTBa W WCIOJb3yeTCs st
KaMOpOBKY BeCOB Kputepus (4).

3ak/iroueHue

B cratbe cripoekTpoBaHa MeTO/[MKA TEeMaTHYeCKOro MO/eMpPOBaHUs Ka3aXOsi3bIUHOMN
M033UM Ha MaTepuase rnpousBejeHnii M. MakaraeBa. E€ 0CHOBHbIe 3/1eMeHThI: BepU(ULIMPYeMbIit
KOPITyC C >KaHPOBO-3aBUCHUMbIM pa30MeHHEeM Ha JOKYMEHThl M HOpMaju3ariuell KOJAMPOBKH; TISITh
CPaBHUMBIX CIleHapueB TIpefoOpaboTKH, TIO3BOMSIOIMX KOJMYECTBEHHO OIeHWTh BKJIAJ
MophooruuecKoi HOpManu3aluu AJis arrJiF0THHATUBHOTO $13bIKa; CHCTeMa MeTPUK, B KOTOpOM
TIepIUIeKCHsl OTPaHMYeHa pPOJIbI0 KOHTPOJISI CXOAMMOCTH, a BbIOOD MOJE/N BBITIO/HSETCS 10
WHTEerpajibHOMY KPUTEPHI0 Ha OCHOBE KOTepeHTHOCTH, pa3Hoo0pa3usi U YCTOWUMBOCTH TeM C
9KCTIepPTHOM TPOBEPKOM; MO/yJ/ibHasi apXUTeKTypa IPOrpaMMHOTO pelleHUs, o00ecrieunBaroliast
BOCITPOM3BO/IMMOCTb 9KCTIEPUMEHTOB U y100CTBO MHTEPIPETALUU Pe3y/bTaToB.

Cnenytroumii sTamn ucciefoBaHusi — GOpMUPOBaHKe KOpIyca, NIpOBeJieHre SKCIepUMEeHTOB
10 OMUCAHHOMY TIUJIaHy U COfiep)KaTe/bHasi WHTepIipeTalysi BbISIBIEHHBIX TeM COBMECTHO CO
CrieLiaIMCTaMU 10 Ka3axCKo irepatype. MeTo/iMKa He TpUBsi3aHa K TBOPYECTBY OJIHOTO aBTOpa
U MOXKEeT TPUMEHSIThCS [/ CPaBHUTENBHOTO TeMaTUUeCKOTO aHa/v3a TpPOW3Be/leHHH JApyTrux
Ka3aXCKUX T03TOB.
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Abstract: Coal still produces most of Kazakhstan's electricity. This study asks how fast the coal
share of electricity has been falling in Kazakhstan compared with Uzbekistan, Kyrgyzstan, Russia and China,
and from what moment Kazakhstan began to lag behind. Yearly data for 2000-2025 from the Ember
electricity dataset were used, and the Kazakh figures were compared with the national statistics committee,
the system operator KEGOC and the Ministry of Energy. Only China had a coal share as high as
Kazakhstan's and reduced it steadily; in Russia, Uzbekistan and Kyrgyzstan coal was a small and not
declining share. Over 2011-2025 as a whole, Kazakhstan's coal share fell about as fast as China's in the
Ember data (1.6 and 1.5 percentage points per year), and slightly slower (1.3-1.4) with data only to 2022 or
with the Ministry of Energy's figure for 2025. The main visible difference is in the middle of the period:
from 2015 to 2019 Kazakhstan's coal share did not fall (70.6% in 2015, 70.4% in 2019), while China's fell by
1.2 points per year, and from 2017 to 2022 Kazakhstan's share was above China's. With five years of data
this pause is descriptive, not statistically certain, and the year in which the lag "began" depends on how lag is
defined. The clearer gap is in clean electricity: the non-fossil share of Kazakhstan's electricity fell to 8-10%
in 2008-2014 and returned to 14.9% in 2025, about where it was in 2000, while China's rose from 17.9% to
41.6%. How far coal has fallen since 2022 depends on the source: Ember gives 54.3% for 2025, a 2026
Ministry of Energy statement gives 62.1%.

Keywords: coal, electricity generation, energy transition, Kazakhstan, China, Central Asia, Ember,
renewable energy

Introduction

The author lives in an industrial region of Kazakhstan. In winter he regularly sees thick
smog over the city and black soot on the snow. At the same time, he knows that coal power still
keeps electricity affordable for homes and keeps local industry running. He wanted to understand
where the line lies between cheap baseload energy and an ecological future, and whether
Kazakhstan can make the energy transition without damaging its own economy. This paper
approaches that question through one measurable part of it: how fast coal is leaving Kazakhstan's
electricity.

Coal is the main source of electricity in Kazakhstan. In 2019, according to the national
statistics committee, 70% of the country's 106 TWh of electricity was produced from coal, 20%
from natural gas and 10% from renewable sources including large hydropower [2]. National plans
set targets for renewable electricity of 3% of production by 2020, 6% by 2025, 10% by 2030, and
50% for alternative and renewable sources together by 2050 [3]. A 2025 study based on expert
interviews and an expert survey named five main barriers to renewable energy in Kazakhstan: low
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tariffs for electricity from fossil fuels, underdeveloped local production, outdated infrastructure,
limited experience in localization and a lack of public interest in energy-efficient technologies [5].

International comparisons of electricity mixes are regularly published by Ember and the
International Energy Agency, but they usually cover the world or large regions. This paper asks a
narrower question about Kazakhstan and its neighbours: how fast has the coal share of electricity
been falling in Kazakhstan compared with Uzbekistan, Kyrgyzstan, Russia and China, and from
what moment did Kazakhstan begin to lag behind?

The author's expectations. On 12 October 2026, before the calculation, the author wrote
down what he expected. He expected China to leave coal fastest, because it is building huge wind
and solar parks and developing nuclear power, and has the money, technology and strict state policy
to do so. He set Kyrgyzstan aside, because its electricity has always come mainly from hydropower.
He expected Kazakhstan to have started lagging noticeably around 2017-2018, when much of the
world was investing in green energy, because domestic coal is cheap, the old plants already exist,
and building something fundamentally new is expensive and difficult. These expectations are tested
below.

Materials and Methods

Data. The main source is the yearly electricity dataset of Ember, an energy think tank,
which gives electricity generation by source, electricity demand, net imports and installed capacity
for each country [1]. The full release was downloaded on 27 October 2026 (released under a CC BY
4.0 licence); it covers 2000-2025 for all five countries. Ember compiles the data from international
and national statistics, so the figures may be revised in later releases, and the most recent year is the
least final.

Measures. For each country and year, the share of coal in total electricity generation (in
percent) was used. To see what replaced coal, the shares of gas, hydropower, nuclear power and
wind and solar were also used, together with the clean share (all non-fossil sources: hydropower,
nuclear, wind, solar and bioenergy, as defined by Ember). For Kazakhstan, generation and demand
in terawatt-hours (TWh) were also used.

Speed of change. The speed at which the coal share changed was measured in percentage
points (p.p.) per year, in two ways: as the difference between the first and the last year of a period
divided by its length, and as the slope of a straight line fitted by least squares to every year of the
period, with a 95% confidence interval. Because there is no single accepted definition of when one
country "falls behind" another, several definitions were compared: a higher coal share than China's
in a given year, the same with three-year averages, a slower trend over a period, and the fall in the
coal share counted from each country's own peak. The periods 2011-2015, 2015-2019 and 2019-
2025 were read from the shape of the series, so the results for them are descriptive.

Where the extra electricity came from. In the Ember data, electricity demand equals
generation plus net imports. So when coal generation changes between two years, the change can be
split exactly into the change in demand, plus the change in net exports, minus the change in
generation from all other sources. This is an accounting identity: it shows which sources covered a
change in demand, not why demand changed.

Check against national sources. The Ember figures for Kazakhstan were compared with
three national sources: the energy statistics booklet of the Committee on Statistics for 2019 [2], the
2023 annual report of KEGOC, the national electricity grid operator [3], and the Ministry of Energy
figures published in June 2026 [4]. All calculations were done in Python; the scripts are kept with
the data.

Results

Figure 1a shows the coal share of electricity in the five countries from 2000 to 2025, and
Table 1 gives its values in the main years. The countries split into two groups. In China and
Kazakhstan, coal produced 70-80% of electricity for most of the 2000s. In Russia, Uzbekistan and
Kyrgyzstan, coal was a small source throughout: Russia relies mainly on gas, with nuclear and
hydropower, Uzbekistan mainly on gas, and Kyrgyzstan on hydropower.

© Central Asian Scientific Journal, 2026 ISSN 3135-3061 | 88



Central Asian Scientific Journal. 2026. Vol. 2, No. 4 (32)

(a) Coal share of electricity generation, %

——— Russia
— = Uzbekistan
404 Ky?gyzstau
=== (China
m— Kazakhstan
20 t~=emmmne o T
O T T : _I ....... T 1
2000 2005 2010 2015 2020 2025

80

60

0 .
2000 2005

2010 2015 2020 2025

Figure 1 - Share of coal (a) and of clean, non-fossil sources (b) in electricity generation, %, 2000-
2025. Data: Ember [1]

Table 1 - Coal share of electricity generation, %, and its average change (difference
between end years divided by the number of years), percentage points per year. For
Kazakhstan after 2022 see Table 4 and the comparison with the Ministry of Energy figures.
Data: Ember [1]

Country 2000 2011 2015 2019 2025 Change per year, | Change per year,
2015-2019, p.p. 2019-2025, p.p.

Kazakhstan 69.5 81.1 70.6 70.4 54.3 -0.1 -2.7

China 78.2 78.3 69.6 64.7 54.6 -1.2 -1.7

Russia 20.0 15.6 14.9 16.8 18.4 +0.5 +0.3

Uzbekistan 4.1 4.1 34 6.0 6.6 +0.7 +0.1

Kyrgyzstan 5.2 4.2 13.3 7.6 12.4 -14 +0.8

China. China's coal share was highest in 2007 (81.0%) and has fallen every year since 2011,
from 78.3% to 54.6% in 2025. Over 2000-2025 it fell by 23.6 percentage points, more than in any
other country studied. Between 2019 and 2025 China's coal share fell by 10.1 points while the share
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of wind and solar grew by 13.4 points (from 8.4% to 21.8%). Coal itself was not retired: China's
coal capacity grew from 1,019 GW in 2019 to 1,243 GW in 2025, but its wind and solar capacity
grew much faster, from 415 GW to 1,843 GW.

Russia, Uzbekistan and Kyrgyzstan. None of these three countries shows a sustained
decline. Russia's coal share fell from 20.0% in 2000 to 14.9% in 2015 and has risen since, to 18.4%
in 2025; in absolute terms, its coal generation grew from 158.6 TWh in 2015 to 219.5 TWh in 2025,
by 38%. In Uzbekistan the coal share rose from 3-4% before 2018 to 6-8% from 2019. In
Kyrgyzstan it moved between 3.6% and 13.3% from year to year, as the output of its hydropower
plants changed. So among the four neighbours, only China can be compared with Kazakhstan in
how it leaves coal.

Kazakhstan. Kazakhstan's coal share rose from 69.5% in 2000 to its highest value, 81.1%,
in 2011, and then fell together with China's: in 2012-2014 the two shares differed by less than 0.6
points. From 2015 to 2019 Kazakhstan's coal share did not fall: it was 70.6% in 2015 and 70.4% in
2019, with a dip to 66.7% in 2016. China's fell steadily over the same years. Kazakhstan's coal
share was higher than China's every year from 2017 to 2022 (and also in 2010, 2011 and 2015); the
gap was largest in 2019, 5.7 points. After 2019 Kazakhstan's coal share in the Ember data fell
quickly, by 2.7 points per year on average, and was below China's in 2023-2025 (54.3% against
54.6% in 2025).

When did Kazakhstan fall behind? Table 2 compares the definitions. They do not give
one date. By level, Kazakhstan was above China in several separate years from 2010 and
continuously from 2017 to 2022. By trend, the difference is concentrated in 2015-2019: the fitted
slope of Kazakhstan's coal share was +0.3 p.p. per year and China's -1.1, but with five years of data
the slope of the gap between them (+1.4 p.p. per year) has a 95% interval from -0.2 to +3.0, which
includes zero. Over 2011-2025 as a whole, Kazakhstan's coal share fell about as fast as China's in
the Ember data, and slightly slower with data only to 2022 (-1.3 against -1.5 p.p. per year); counted
from each country's own peak, Kazakhstan's fell further in the same number of years, also before
2023.

Table 2 - Kazakhstan compared with China under different definitions of "falling
behind". Data: Ember [1]

Definition of lag Kazakhstan China What it shows

Coal share higher than 2010, 2011, 2015, - above China continuously in

China's in a year 2017-2022 2017-2022 (with the Ministry's

figure, also in 2025)

Same, three-year averages 2010-2012, 2014, - above China mostly in 2016-
2016-2021 2021

Fitted trend 2015-2019, p.p. +0.3 (-1.6 to +2.2) -1.1(-1.5t0-0.7) gap trend +1.4 (-0.2 to +3.0):

per year (95% interval) not certain

Fitted trend 2011-2025, p.p. -1.6 (-2.0 to -1.3) -1.5(-1.6 to -1.4) similar speed

per year (95% interval)

Fitted trend 2011-2022, -1.3(-1.7 t0 -0.8) -1.5(-1.7to -1.3) Kazakhstan slightly slower

before the suspected break,
p.p. per year (95% interval)

Fall from own peak after 11 18.9 (2011-2022) 14.5 (2007-2018) Kazakhstan fell further

years, p.p-

Clean share, gap with China, | - - 3.3 (2000), 9.6 (2011), 16.6

p-p- (2015), 21.1 (2019), 26.7
(2025)

Where the extra electricity came from. In 2016 Kazakhstan's coal share dropped to
66.7%, and by 2018 it had risen again to 70.6%, while China's continued to fall. The author's
explanation (14 October 2026) was that after the shock of the 2015 devaluation the economy
recovered, large industrial companies increased production and electricity use, and since renewable
energy was only beginning, all of the extra load was covered by the old coal plants. Table 3 shows
the part of this that the data can describe. Between 2016 and 2018, demand grew by 10.4 TWh
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(11.2%) and net exports by 2.2 TWh, so generation rose by 12.6 TWh; coal supplied 12.6 TWh of it
(99%), and all other sources together 0.1 TWh. Gas rose by 2.4 TWh, but hydropower and other
fossil fuels each fell by 1.2 TWh; 2016 had the highest hydropower output of the whole period
(11.6 TWh). Between 2019 and 2025 the situation in the Ember data was different: demand grew by
22.7 TWh (21.9%), other sources added 25.0 TWh (gas 16.5 TWh, wind and solar 6.8 TWh), the
country turned from a net exporter into a net importer of electricity, and coal generation fell by 7.8
TWh.

Table 3 - Where the change in Kazakhstan's coal generation came from (rows are
rounded, so sums may differ by 0.1). Data: Ember [1]

Change, TWh 2016-2018 2019-2025
Electricity demand +10.4 +22.7

Net exports +2.2 -5.5
Generation from all sources other than coal +0.1 +25.0

of which gas +2.4 +16.5

of which wind and solar +0.2 +6.8

of which hydropower -1.2 +0.5

of which other fossil fuels -1.2 +1.2

Coal generation (= demand + net exports - other sources) +12.6 -7.8

What replaced coal. Figure 1b shows the clean share of electricity. Kazakhstan's clean
share was 14.6% in 2000, fell to 8-10% in 2008-2014, and returned to 14.9% in 2025; in TWh,
clean generation grew from 7.5 to 18.4. In the same period China's clean share rose from 17.9% to
41.6%, and in 2024 and 2025 Uzbekistan's was again above Kazakhstan's (19.4% against 14.9% in
2025), as wind and solar reached 12.1% of Uzbek generation in 2025 against 6.4% in Kazakhstan.
In the Ember data, of the 16.1-point fall in Kazakhstan's coal share between 2019 and 2025, gas
took 10.8 points and wind and solar 5.3 points. Kazakhstan's coal capacity hardly changed over ten
years (13.1-13.5 GW in 2015-2025).

Check against national sources. Table 4 compares Ember with the national figures. They
agree on total generation, the fossil share and the clean share; they disagree on the split between
coal and gas. Total generation in 2019-2023 differs from KEGOC's by less than 1%. For 2019,
Ember and the statistics committee agree on the coal share (70.4% and 70%), and the share of
renewable sources including large hydropower in 2015-2019 is the same in both to one decimal
place (which suggests that Ember uses these national figures, so this is not an independent check).
In 2023 KEGOC gives 87.2% of generation from thermal and gas turbine plants together, and
Ember gives 87.3% from fossil fuels. The Ministry of Energy figures published in June 2026 give
coal 62.1% and gas 23.4% without stating the year [4], while Ember gives 54.3% and 29.4% for
2025; the clean share agrees (14.5% and 14.9%). Apart from the Ministry's undated 2026 figure, no
national source available for this study divides thermal generation by fuel for 2015-2018 or after
2019.

Table 4 - Ember data for Kazakhstan compared with national sources [1-4]

Indicator National source Ember
Total generation 2019 /2021 /2023, TWh | 106.0/114.5/112.8 (KEGOC) 106.5/115.1/113.6
Coal share 2019, % 70 (Committee on Statistics) 70.4
Renewables including large hydropower 10.3/12.7/11.3/10.2/10.4 10.3/12.7/11.3/10.2/
2015/2016/2017 /2018 /2019, % (Committee on Statistics) 10.4
Thermal and gas turbine plants 2023, % 87.2 (KEGOC) 87.3 (all fossil)
Coal share, latest, % 62.1 (Ministry of Energy, June 54.3 (2025)
2026, year not stated)
Gas share, latest, % 23.4 (Ministry of Energy) 29.4 (2025)
Clean share, latest, % 14.5 (large hydropower 7.5 and 14.9 (2025)
renewables 7.0, Ministry of Energy)

If the Ministry's coal share of 62.1% is taken for 2025, five Ember-based results change:
Kazakhstan's coal share would have fallen by 1.4 points per year after 2019, slower than China's
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1.7; it would still be 7.5 points above China's; coal generation would be about 76.8 TWh, 1.9 TWh
more than in 2019, not less; the fall in coal's share since 2019 would have gone about equally to gas
(+4.8 points) and to clean sources (+4.1 points); and over 2011-2025 the fitted trend would be -1.4
p.p. per year, slightly slower than China's -1.5.

Discussion

The author's first expectation was right in the main: China left coal fastest of the four
neighbours, and it did so mainly through wind and solar, as he expected. Its nuclear share, however,
stayed below 5%, so nuclear power played a small part. He was also right to set Kyrgyzstan apart.
What his expectation did not include is that Russia and Uzbekistan are not leaving coal: their coal
shares are small, but they have grown slightly since 2015, and Russia's coal generation grew by
more than a third.

His second expectation, that Kazakhstan began to lag around 2017-2018, matches the
simplest definition: Kazakhstan's coal share was above China's every year from 2017 to 2022. But
Table 2 shows that the answer to "from what moment" depends on the definition. Over 2011-2025
as a whole, Kazakhstan's coal share fell about as fast as China's in the Ember data, or slightly
slower with data only to 2022 or with the Ministry's figure; the visible difference is a pause of about
five years in 2015-2019, when Kazakhstan's share stayed near 70% while China's kept falling. That
pause was not unique to Kazakhstan: in the same Ember data, the coal shares of South Africa and
India also fell by only about 0.5 p.p. per year in 2015-2019, while Poland and Australia fell by
about 1.8-1.9 p.p. per year. The measure on which Kazakhstan has clearly fallen behind China is
clean electricity: the gap grew from 3.3 points in 2000 to 26.7 points in 2025, and it grew faster
after 2011 than before.

His explanation of 2016-2018 agrees with Table 3 in its mechanical part: demand grew by
11.2% in two years, and almost all of the extra electricity came from coal, while other sources
together added almost nothing. Three remarks are needed. The table is an accounting identity, so it
shows which plants covered the extra demand, not why demand grew; the role of the 2015
devaluation and of industry would need data on electricity use by sector. About 2.2 of the 12.6 TWh
went to higher net exports, not to domestic use. And the rise in 2016-2018 partly reflects how low
2016 was: in 2015 the coal share was already 70.6%, as high as in 2018, and 2016 was the best
hydropower year of the period.

The reasons the author gave for the lag, cheap domestic coal, existing old plants and the
high cost of new construction, agree with two of the barriers named by the experts in [5], low tariffs
for fossil-fuel electricity and outdated infrastructure. In the data they are consistent with a coal
capacity that has not changed in ten years and a clean share that stayed between 10% and 13% from
2015 to 2023; the data alone cannot show that these barriers caused the pause. Renewable sources
did grow after 2019: according to KEGOC, they produced 6.0% of electricity in 2023, which
already met the national target of 6% for 2025 [3]. Whether most of the coal that left the mix after
2019 was replaced by gas, as in Ember, or about equally by gas and clean sources, as the Ministry's
figures would imply, cannot be decided from the available sources.

Limitations. The Ember split between coal and gas in Kazakhstan shows signs of breaks in
the series. The gas share stays at 10.6-10.7% every year from 2000 to 2005, which looks like an
estimate rather than a measurement, and Uzbekistan's coal share is 4.1% every year from 2000 to
2014. Kazakhstan's gas share jumps from 9.2% in 2011 to 16.1% in 2012, the year after the coal
peak, and from 24.9% in 2022 to 29.3% in 2023, when total generation and installed gas capacity
hardly changed (from 4.14 to 4.26 GW); this would mean gas plants running about 89% of the
hours in 2023, an unusually high value. The 2011 peak and the post-2022 fall of coal should
therefore be read with caution, while the total of fossil generation and the clean share, which
national sources confirm, are more reliable. The latest year in Ember is the least final, and some
2025 values repeat the 2024 values (for example, Kazakhstan's net imports). Shares hide size: China
generated about 85 times more electricity than Kazakhstan in 2025, and its coal generation in TWh
was still growing until 2024. Finally, this is a description of yearly national data; it does not
measure the effect of any policy.
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Conclusion

Among Kazakhstan's neighbours, only China had a coal share of electricity as high as
Kazakhstan's and reduced it steadily, from 78.3% in 2011 to 54.6% in 2025, mainly through wind
and solar. Russia, Uzbekistan and Kyrgyzstan never depended much on coal and are not reducing it.
Over 2011-2025 Kazakhstan's coal share fell about as fast as China's in the Ember data (slightly
slower with the Ministry's figure), but not evenly: it fell with China's in 2011-2015, paused near
70% in 2015-2019 (in 2016-2018 growing demand was covered almost entirely by coal), was
continuously above China's in 2017-2022, and then fell quickly. So the answer to "from what
moment did Kazakhstan begin to lag" is: in coal share, during a pause in 2015-2019, visible as a
continuously higher share than China's from 2017; in clean electricity, Kazakhstan has been behind
China for the whole period, and the gap has widened, with small interruptions, since 2011. Whether
Kazakhstan's coal share is now at China's level depends on the source (54.3% in Ember, 62.1% in
the Ministry's figures). A next step would be to obtain the official split of thermal generation
between coal and gas by year, and to check, with data by sector, which industries drove the growth
in demand.

Data availability. The Ember yearly electricity data are publicly available at the address in
reference [1]; the national figures are from the documents in references [2-4]. The extracted table
and the analysis scripts are kept by the author's research mentor and are available on request.

Author contributions and use of AI tools. The author chose the research question (6
October 2026), wrote his expectations before the calculation (12 October 2026), found reference
[5], and wrote the explanation of 2016-2018 tested in this paper (14 October 2026) and the account
of smog and soot in the Introduction (17 October 2026). The data were downloaded and analysed,
and the English text was drafted, by his mentors with the help of an Al assistant (Claude); the
author read the final text and confirmed that it describes his part correctly.
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Abstract: Sequence A117986 of the On-Line Encyclopedia of Integer Sequences (OEIS) gives the
number N(n) of maps f: Z/nZ - Z/nZ with f(xy) = f(x)f(y) for all x and y. The entry lists 56 terms and no
proved formula; its only formula line, added in 2019, says that "apparently” N(p) = p + 1 for every prime p.
This paper confirms that remark with a short proof and gives a formula for N(n) for every n. By the Chinese
remainder theorem the count splits into local numbers T(pa, gb), the numbers of multiplicative maps g:
Z/paZ — Z/gbZ with g(1) =1, and N(n) = []i (1 + [Ij T(qj, qi)), where q1, ..., gr are the prime powers in the
factorisation of n. Each local number is a finite sum of counts of solutions of explicit congruences; the prime
2 is treated separately, because the units modulo 2k do not form a cyclic group for k > 3. This gives N(pk) =
p2k-2(p — 1) + 2 for odd p, N(2k) = 3-22k—2 + 2 for k > 3, and a closed formula for square-free n. The
formula agrees with all 56 published terms and with exhaustive search for every n < 72, and it gives 16 new
terms. The maps between prime-power monoids had already been described in a 2026 doctoral thesis by J.
Atalaye (Stellenbosch University), whose explicit forms imply the local counts in many cases; for Z/8Z,
however, one of its corollaries implies 65 maps with g(1) = 1, while a direct enumeration gives 49. The
contribution of this paper is an element-by-element count of these maps for every pair of prime powers,
checked against direct counts, the resulting formula for N(n), and its connection to A117986.

Keywords: multiplicative map; residue ring; monoid homomorphism; Chinese remainder theorem;
integer sequence; OEIS A117986

Introduction

Consider the residues modulo n with their usual multiplication, and call a map f: Z/nZ -
Z/nZ multiplicative if f(xy) = f(x)f(y) for all residues x and y. Let N(n) be the number of such maps.
The constant maps 0 and 1 are multiplicative, and so is every power map x — xe, but for most n
there are many more. John W. Layman added the sequence of these numbers to the OEIS as
A117986 in 2006 [1]. In 2019 Rémy Sigrist added more terms (56 are listed now), published a C++
program that computes them, and added the only formula line the entry has: "Apparently, a(p) =p +
1 for any prime number p" [1]. When this paper was written (24 October 2026) the entry still had no
proof, no reference and no general formula. Its first terms are 1, 3, 4, 6, 6, 35, 8, 50, 20, 55, 12, 160.

The additive version of the problem is easy: f(x + y) = f(x) + f(y) forces f(x) = x-f(1), so
there are exactly n solutions, as the entry notes [1]. The multiplicative version is not, for two
reasons. First, the number of all maps grows like nn, so a naive search over all of them stops being
possible long before the published range ends; a search that fills in forced values as it goes, used in
this paper, still reaches n = 72. Second, N is not multiplicative: N(2) = 3 and N(3) = 4, but N(6) =
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35, not 12. Splitting n into prime factors is therefore not enough, and the way the prime factors
interact has to be understood.

The work was done in this order. I proved the prime case by hand by 6 August 2026 (it was
checked by my mentor's Al-assisted review on 7 August). My first formula for prime powers was
correct for odd primes but gave 18 for n = 8, where a computer count by my mentoring team gave
50. The reason was structural: the proof used a primitive root, and the units modulo 2k have no
primitive root when k > 3, so powers of 2 needed their own argument. The same hidden assumption,
now on the side of the values, spoiled my first formulas for maps between powers of different
primes; those errors were found by comparing the formulas with computer counts over several
rounds in August 2026. This paper gives the complete argument and the checks behind it.

Theorems 1 to 3 and Lemma 2 below were obtained in August 2026. In September 2026,
after that work, my mentoring team found a doctoral thesis by J. Atalaye, completed in March 2026
at Stellenbosch University [2]. The thesis studies Z/nZ as a monoid under multiplication. Its
Proposition 4.4.1 [2, p. 79] describes all monoid homomorphisms from (Z/peZ, -) to (Z/qfZ, -)
through the homomorphisms of the unit groups that can be lifted, and Theorem 2.3.2 [2, p. 21]
writes the endomorphisms of a finite direct product of monoids as matrices of homomorphisms
between the factors; two papers by the same group determine the automorphism groups of these
monoids [3, 4]. The local numbers T below are the sizes of the sets described in Proposition 4.4.1.
Proposition 4.3.4, Corollary 4.4.2 and Lemma 4.4.4 of [2] (pp. 61-62, 80, 83) give explicit forms of
these sets, which imply the local counts in many cases; for odd p, for example, Corollary 2 below
also follows from [2, Corollary 4.4.2]. In some cases the counts implied by [2] differ from a direct
count. Statement 2 of Proposition 4.3.4 [2, p. 62] says that for e > 3 every homomorphism U(2e) —
U(2f) can be lifted, and Corollary 4.4.2 [2, p. 80] uses it to describe all multiplicative maps of
Z/2eZ to itself. For Z/8Z this would give 65 multiplicative maps g with g(1) = 1: the constant map
1, the 16 maps with g(2) = 0, and 16 maps for each of the three values 2, 4 and 6 of g(2). An
enumeration of all 88 maps of Z/8Z to itself gives 49, and then N(8) = 50, which is the published
term. One example shows the difference: there is no multiplicative map with g(2) = 2 and g(5) = 3,
because 2-5 = 2 (mod 8) would force g(2) = 2-3 = 6. The thesis does not mention the OEIS. The
prime case is easy from either description, so the proof of Theorem 1 below only confirms the
remark recorded in A117986. What this paper adds is: element-by-element counts of the local maps
for every pair of prime powers, including the cases p = 2 and q = 2 (Propositions 1 and 2), each
checked against a direct count; a formula for N(n) for every n that also counts the maps with f(1) #
1 (these are not monoid homomorphisms); closed forms for powers of 2 and for square-free n; and
16 new terms.

Materials and methods

Definitions. For a prime power s = pa let U(s) be the group of units modulo s and ¢ the
Euler function. For prime powers s = pa and t = gb (the case p = q is allowed) let T(s, t) be the
number of multiplicative maps g: Z/sZ — Z/tZ with g(1) = 1. A homomorphism of groups x: U(pa)
— U(gb) is called a character in this paper. For a nonzero integer y, vq(y) is the exponent of q in y.

Standard facts. (F1) For an odd prime p, and for pa = 2 or 4, the group U(pa) is cyclic of
order ¢(pa); a generator is called a primitive root. (F2) For a > 3 every unit modulo 2a can be
written in exactly one way as (—1)e5t with € € {0, 1} and 0 < t < 2a-2; the residue 5 has order
2a—2. Both facts are in [5, Ch. 4]. (F3) A cyclic group of order A has exactly one subgroup of each
order dividing A (an elementary fact of group theory). (F4) If n = q1---qr with pairwise coprime qi,
then Z/nZ is isomorphic as a ring to the product of the rings Z/qiZ (the Chinese remainder theorem
[5, Ch. 3]). (F5) Every odd w satisfies w2s = 1 (mod 2s+2) for s > 1: for s = 1 because w2 — 1 = (w
— 1)(w + 1) is a product of two consecutive even numbers, and then by induction, since w2s+1 — 1
= (w2s — 1)(w2s + 1) and the second factor is even.

Computation. Two independent programs were compared. The first counts multiplicative
maps directly: it assigns values one residue at a time, after each choice fills in every value forced by
f(xy) = f(x)f(y), and abandons a branch at the first contradiction. It uses no formula. It was run for
N(n) with n < 72 and for T(s, t) for all 324 ordered pairs of prime powers s, t < 32. The second
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program evaluates the formulas of Theorems 2 and 3 with the counts of Propositions 1 and 2. Both
were compared with the 56 terms published in the OEIS [1], read on 24 October 2026.

Results

Lemma 1. In Z/paZ the only solutions of z2 = z are 0 and 1.

Proof. The equation says that pa divides z(z — 1). The numbers z and z — 1 are coprime, so p
divides only one of them, and then pa divides that one. Hencez=0 orz = 1.

Theorem 1 (the prime case). For every prime p, N(p) =p + 1.

Proof. Let f be multiplicative on Z/pZ. From f(x) = f(x-1) = f(x)f(1), either f(1) = 0, and then
f is the zero map, or f(1) = 1. Assume f(1) = 1. By Lemma 1, f(0) = 0 or f(0) = 1. If f(0) = 1, then
f(x) = f(0)f(x) = f(0-x) = f(0) = 1 for every x, so f is the constant map 1. If f(0) = 0, then f(x)f(x—1)
= f(1) = 1 for every nonzero X, so f maps the nonzero residues to nonzero residues and is a
homomorphism of the group U(p). This group is cyclic of order p — 1 (F1); if g is a primitive root, f
is determined by h = f(g), and f(gk) = hk. Every nonzero h is allowed, because hp—1 = 1 by Fermat's
little theorem applied to the nonzero residue h, so the value hk depends only on k modulo p — 1.
Conversely, each such map is multiplicative: if one factor is 0 both sides of f(xy) = f(x)f(y) are 0,
and otherwise f(gkgl) = hk+1 = f(gk)f(gl). This gives p — 1 maps, and together with the two constant
maps N(p)=1+1+(p-1)=p+ 1. If h=gewith1<e<p-1, the map is the power map x — xe
(h =1 gives xp—1), so apart from the constants every solution is a power map.

The structure of a local map. Let g: Z/paZ — Z/gbZ be multiplicative with g(1) = 1. Every
nonzero x can be written as x = pku with 0 <k <a — 1 and u a unit; here k is unique, and pku = pku'
exactly when u = u' (mod pa—k).

(i) By Lemma 1, g(0) is 0 or 1. If g(0) = 1, then g(x) = g(0)g(x) = g(0-x) = 1 for all x, which
is the constant map 1.

(ii) For a unit u, g(u)g(u—1) = g(1) = 1, so g maps units to units, and its restriction x to U(pa)
is a character.

(iii) Let g(0) = 0. Then g(p)a = g(pa) = g(0) = 0. If g(p) = 0, then g vanishes on all non-units,
and every character x gives such a map: a product with a non-unit factor is a non-unit, so both sides
of the equation are 0. These maps are counted by the number of all characters U(pa) — U(gb).

(iv) If g(0) = 0 and g(p) # 0, write g(p) = gmv with 0 <m < b — 1 and v not divisible by q.
Then g(p)a = 0 exactly when am > b, that is, m > b/a. There are ¢(gb—m) residues modulo gb of this
form for a given m. In every case g(pku) = g(p)kx(u), so g is determined by g(p) and .

Lemma 2 (consistency). Let m be an integer with b/a <m <b - 1, let y = gmv with v not
divisible by g, and let x be a character. A multiplicative map g with g(0) = 0, g(p) =y and g(u) =
x(u) for all units u exists if and only if, for every k with 1 <k <a — 1 and km < b, x(u) = 1 (mod
gb—km) for every unit u = 1 (mod pa—k). Such a map is unique. The condition does not depend on
V.

Proof. Necessity. Let u = 1 (mod pa—k). Then pku = pk, so yky(u) = yk, that is, gkmvk(x(u)
— 1) =0 (mod gb). Since v is a unit and km < b, this gives x(u) = 1 (mod gb—km).

Sufficiency. Put g(0) = 0 and g(pku) = ykyx(u). The value does not depend on the choice of u:
if pku = pku', then u' = uw with w = 1 (mod pa—k), and ykx(u') — ykx(u) = ykx(u)(x(w) — 1). If km <
b this is divisible by gkm-gb—km = gb; if km > b, then yk = 0. Now take x = pku and x' = plu". If k +
1 < a, then xx' = pk+luu' and g(xx") = yk+lx(uu') = g(x)g(x"). If k + 1 > a, then xx' = 0 and g(x)g(x') =
yk+lx(uu') = 0, because (k + I)m > am > b. If one factor is 0, both sides are 0. Finally g(1) = x(1) =
1, and uniqueness follows from (iv).

The condition of Lemma 2 is essentially the condition defining the liftable homomorphisms
in [2, Definition 4.3.1] (cf. the proof of [2, Proposition 4.4.1]); what is new here is the element-by-
element count in Propositions 1 and 2 below. Let Hm = Hm(p, a; q, b) be the number of characters
that satisfy the condition of Lemma 2.

Theorem 2 (local formula). For primes p, q and integers a, b > 1,

T(pa, gb) = 1 + #Hom(U(pa), U(gb)) + ¥b/a < m < b—1 ¢(gb—m)-Hm(p, a; q, b), where
#Hom is the number of all characters and the sum runs over the integers m with b/a <m <b — 1 (it
is empty whena=1orb=1).
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Proof. By (i) to (iv) the maps fall into three disjoint classes: the constant map 1; the maps
with g(p) = 0, one for each character; and the maps with vq(g(p)) = m, where g(p) takes ¢(gb—m)
values and, by Lemma 2, each value goes with exactly Hm characters.

Proposition 1 (p odd, or pa = 2 or 4). Let r be a primitive root modulo pa and A = ¢(pa). A
character is determined by h = (r), and the allowed h are exactly the units h modulo gb with hA =1
(mod gb); in particular #Hom is the number of such h. Moreover,

Hm =#{ h: hA =1 (mod gb), and hA/pk = 1 (mod gb—km) for all k with 1 <k <a -1 and
km <b }.

Proof. The first statement holds because U(pa) is cyclic of order A (F1). For1 <k <a-1,
the units u = 1 (mod pa—k) form the kernel of the reduction map from U(pa) onto U(pa—k), a
subgroup of order @(pa)/@(pa—k) = pk. By (F3) it is the subgroup generated by rA/pk, and since the
units = 1 modulo a power of q also form a subgroup, the condition of Lemma 2 for this k holds
exactly when x(rA/pk) = hA/pk satisfies it.

Proposition 2 (p = 2, a > 3). By (F2) a character is determined by ¢ = x(-1) and d = x(5),
and the allowed pairs are exactly those with c2 = 1 and d2a-2 = 1 (mod gb). Moreover, Hm is the
number of such pairs with d2a—k—2 = 1 (mod gb—km) for all k with 1 <k <a - 2 and km < b, and,
when (a — 1)m < b, also ¢ = d = 1 modulo the power of q with exponent b — (a — 1)m.

Proof. By (F2) the units = 1 (mod 4) are exactly the powers of 5. For 1 < k < a — 2 the units
= 1 (mod 2a—k) form a subgroup of order 2k of the cyclic group generated by 5, so by (F3) they are
generated by 52a—k-2. For k = a — 1 the condition concerns all units, which are generated by —1
and 5.

Remark. Propositions 1 and 2 count elements of U(gb) one by one, so they need no
assumption about the structure of U(gb). This matters. The shortcut #Hom = gcd(e(pa), @(gb)) is
guaranteed only when both unit groups are cyclic, and otherwise it can fail: there are 4 characters
U(8) - U(3) and 4 characters U(3) — U(8), while gcd(4, 2) = 2. Assuming cyclicity on one side or
the other was the source of the errors described in the introduction.

Theorem 3 (product formula). Let n = ql---qr, where qi = piai are powers of distinct
primes pi. Then

N(n) = [Ti=1..r (1 + [Tj=1..r T(qj, qi) ).

Proof. By (F4), f corresponds to its coordinate maps Fi: Z/nZ - Z/qiZ, and f is
multiplicative exactly when every Fi is. By Lemma 1, Fi(1) is 0 or 1. If Fi(1) = 0, then Fi(x) =
Fi(x)Fi(1) = 0 for all x. If Fi(1) = 1, let 1j send a residue y modulo gj to the residue modulo n whose
j-th coordinate is y and whose other coordinates are 1. The map 1j is multiplicative, so gji(y) =
Fi(1j(y)) defines a multiplicative map from Z/qjZ to Z/qiZ with gji(1) = 1. Every x is the product of
the 1j(xj), where xj are its coordinates, so Fi(x) = []j gji(xj). Conversely, for any multiplicative maps
gji with gji(1) = 1 this formula defines a multiplicative Fi with Fi(1) = 1, and the gji are recovered
as gji(y) = Fi(1j(y)). So the i-th coordinate has 1 + []j T(qj, qi) possibilities, chosen independently
for different i. For n = 1 the empty product gives N(1) = 1.

The proof shows why N is not multiplicative: the coordinate modulo gi depends on every
prime factor of n, not only on pi. For n = 6, T(2, 2) = T(3, 2) = T(2, 3) = 2 and T(3, 3) = 3, so N(6)
=(1+2-2)1+2-3)=57=235.Forn =24, T(8, 8) =49, T(3, 8) = T(8, 3) =5 and T(3, 3) = 3, so
N(24) = (1 + 49-5)(1 + 5-3) = 246-16 = 3936, which is the published term.

Corollary 1 (square-free n). For primes p and q, T(p, q) =1 + gcd(p — 1, ¢ — 1). Hence for
distinct primes p1, ..., pr,

N(p1---pr) =[[i (1 +]Jj (1 + ged(pj - 1, pi - 1))).

Proof. For b = 1 the sum in Theorem 2 is empty, and the characters between the cyclic
groups U(p) and U(q) of orders p — 1 and q — 1 number gcd(p — 1, g — 1). For r = 1 the formula
gives 1 + p, in agreement with Theorem 1.

Corollary 2 (powers of an odd prime). For an odd prime p and k > 1, N(pk) = p2k-2(p -
1) + 2. The same formula holds for 2 and 4: N(2) = 3 and N(4) = 6.

Proof. By Theorem 3, N(pk) = 1 + T(pk, pk). Let U = U(pk), cyclic of order A = pk-1(p -
1). There are A characters U — U.Let 1 <m<k—-1andlet1<j<k-1withjm <k. The units u =
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1 (mod pk—j) form the subgroup of U of order pj; its image under any character is a subgroup of U
of order dividing pj. The subgroup of U of order pj is cyclic and contains a subgroup of every order
dividing pj, so by the uniqueness in (F3) the image lies in it; and that subgroup consists of the units
= 1 (mod pk—j). Since jm > j, these are = 1 (mod pk—jm). So every character satisfies the condition
of Lemma 2, and Hm = A. Theorem 2 gives T =1 + A + A-(o(pk—1) + ... + o(p)) = 1 + A-pk—1,
because the ¢(pe) for 1 <e <k — 1 add up to pk—1 — 1. Hence N(pk) = 2 + p2k—-2(p — 1). For 2 and
4 the group of units is also cyclic, the same argument applies, and the formula gives 3 and 6. For
odd p the corollary also follows from [2, Corollary 4.4.2]; for p = 2 and k > 3 the count below
differs from the one implied by [2, Corollary 4.4.2] (see the Introduction).

Corollary 3 (powers of 2). For k > 3, N(2k) = 3-22k-2 + 2.

Proof. Let U = U(2k). By (F2) a character U — U is given by ¢ = x(-1) with c2 =1 (4
choices: +1 and +1 + 2k—-1) and d = x(5), any element of U (2k—1 choices, since every unit has
order dividing 2k—2); so there are 2k+1 characters. Take m = 1 in Proposition 2. The condition for
k' = k — 1 concerns residues modulo 2, so it always holds. For 1 < k' < k — 3 the condition d2s = 1
(mod 2s+2) with s = k — k' — 2 > 1 always holds by (F5). For k' =k — 2 it says d = 1 (mod 4), which
leaves half of the 2k—1 choices of d. So H1 = 4-2k—-2 = 2k. For m > 2 every condition holds: k' = k
— 1 does not occur, because (k — 1)m > 2k — 2 > k; for k' < k — 3 the modulus 2k—k'm divides 2k—k',
which (F5) covers; and k' = k — 2 occurs only when k = 3 and m = 2, where the condition is modulo
2. So Hm = 2k+1. Theorem 2 gives T = 1 + 2k+1 + 2k-2-2k + 2k+1-(2k-3 + ... + 1) =1 + 2k+1 +
22k-2 + 2k+1(2k-2 - 1) = 1 + 3-22k-2, and N(2k) = 1 + T. For example, N(8) = 50, N(16) = 194
and N(32) = 770.

Checks. The local formula of Theorem 2, with Propositions 1 and 2, agreed with the direct
count of multiplicative maps for all 324 ordered pairs of prime powers s, t < 32. Theorem 3 agreed
with the direct count of all multiplicative maps for every n < 72 and with all 56 terms published in
the OEIS. Table 1 gives some local numbers, and Table 2 gives the 16 terms after the published
range; each of them was obtained both from the formula and by the direct count.

Table 1. Local numbers T(s, t) for small prime powers (s is the source, t is the target)

s\t 2 4 8 3 9 5
2 2 2 2 2 2 2
4 2 5 9 3 5 3
8 2 9 49 5 9 5
3 2 3 5 3 3 3
9 2 5 9 3 19 3
5 2 3 5 3 3 5

Table 2. The terms N(57

) to N(72), beyond the 56 published in A117986

n 57 58 59 60 61 62 63 64
N(n) 580 295 60 59248 62 315 6700 3074
n 65 66 67 68 69 70 71 72
N(n) 1716 11457 68 832 700 11997 72 76024

Discussion

The answer to the question in the title is: N(n) is determined by the prime factorisation of n,
but not as a product of separate answers for the prime powers. Each prime power contributes a
factor 1 + []j T(qj, qi) that depends on all the other prime powers, and the "1 +" counts the choice
of an identically zero coordinate; the maps with f(1) # 1 are exactly those with at least one zero
coordinate. The local numbers T come from three kinds of maps: the constant map 1, the maps that
kill every non-unit, and the maps that send p to an element of exact g-valuation m, which survive
only if the character on the units cannot see the difference between u and u' modulo gb—km
whenever pku = pku'. Lemma 2 makes this last condition exact.

The case p = 2 is the delicate one. Modulo 2k with k > 3 there is no primitive root: 3, 5 and 7
all square to 1 modulo 8. An argument that writes every unit as a power of one element therefore
loses solutions, which is why my first formula gave 18 maps modulo 8 instead of 50. The same
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mistake reappeared later on the side of the values, where it is less visible. In every case the
computer comparison found the error and the proof had to explain it, which is the main
methodological lesson of this work: a check up to 72 does not prove anything about 73, but it is
very good at showing where a proof is wrong.

The relation to the thesis [2] is as follows. T(pa, gb) is the size of the set of monoid
homomorphisms described in Proposition 4.4.1 there; the condition m > b/a corresponds to its
condition v > f/e, and the characters counted by Hm correspond to its liftable homomorphisms.
Theorem 3 is the counting form of the matrix description of [2, Theorem 2.3.2], extended to maps
with f(1) # 1. The thesis studies the algebraic structure of these sets and of the automorphism
groups; this paper counts all multiplicative maps and gives conditions that can be checked by hand
and that were compared with a direct count in every case tested. For maps of Z/pkZ to itself with p
odd, [2, Corollary 4.4.2] gives the same count as Corollary 2; for Z/8Z, [2, Corollary 4.4.2] implies
65 maps with g(1) = 1, while the direct count is 49. The statement recorded in A117986 for primes
follows easily from either description; the contribution here is to write the count out for every n and
to extend the table.

Limitations

For arbitrary prime powers the number Hm is given as the number of solutions of an explicit
system of congruences, not by one elementary expression. It is computed quickly, but a single
closed formula for all pairs of prime powers was found only in the special cases of Corollaries 1 to
3. The direct count was run for n < 72 and for prime powers up to 32; the formula is proved for
every n, but the programs check it only on this range. The proofs were checked by computer
comparisons, by my own Al-assisted checks and by an Al-assisted review by my mentoring team;
they have not yet been reviewed by a specialist. The exponents in Theorem 2 and in the
propositions are easy to get wrong, and the history of this work shows it: several earlier versions
failed on particular pairs before the present form passed every test.

Conclusion

The statement "apparently, a(p) = p + 1" recorded in OEIS A117986 is true: apart from the
two constant maps, every multiplicative map of Z/pZ is a power map, and there are p — 1 of them.
For every n, the number of multiplicative maps of Z/nZ is N(n) = []i (1 + []j T(qj, qi)), where the
local numbers T are given by Theorem 2 and Propositions 1 and 2. For prime powers this gives
N(pk) = p2k—-2(p — 1) + 2 for odd p and N(2k) = 3-:22k-2 + 2 for k > 3, and for square-free n an
explicit product of greatest common divisors. The formula agrees with all 56 published terms and
with exhaustive search up to 72, and it extends the sequence by the 16 terms of Table 2. The maps
between prime-power monoids had already been described in [2]; the element-by-element counts
checked against direct counts, the formula for N(n), its closed forms and the new terms are what
this paper adds. A natural next step is to submit the formula and the new terms to the OEIS entry,
with a reference to this paper and to [2].

Author contributions and use of AI tools. The author chose functional equations as the
field and this counting question from options proposed by his mentor in the ADMIT mentoring
programme (July 2026); this mentor is not the scientific supervisor named above. The author
proved Theorem 1 by hand (sent on 6 August 2026 and checked by the mentor's Al-assisted review
on 7 August); the proof above follows his, with the write-up corrected (Fermat's theorem applied
only to nonzero residues, the converse direction added). He found the formula for powers of an odd
prime and, after a computer count by the mentor showed that his first formula failed at n = 8,
proved the case of powers of 2 separately (9 August, checked by the mentor's Al-assisted computer
count on 10 August), using the structure of the units modulo 2k that the mentor had pointed out on
8 August. The author first proved both prime-power formulas directly; the derivation of Corollaries
2 and 3 from Theorem 2 given here is the mentor's. The mentor, working with a generative Al tool
(Claude, Anthropic), proposed the reduction of the composite case to local numbers (Theorem 3),
the formula for T(p, q) and Corollary 1, and described the structure of a local map (10 August
2026); identified the consistency condition for every k, which became Lemma 2 (11 August); wrote
and ran all programs except the author's own, including the comparisons with the OEIS, the 324
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local pairs and the search up to n = 72 that produced the new terms; found the thesis [2] (September
2026); and drafted the English text of this paper from the author's handwritten proofs, his Russian
and Kazakh drafts and his messages. The author corrected the summation limits in the local
formula, wrote out the explicit counts of Propositions 1 and 2, proved Lemma 2 in both directions
and wrote out the proof of Theorem 3 in both directions (18 August 2026, checked on 19 August),
after several rounds in which his formulas were compared with computer counts; he also wrote a
short program that counts N(n) directly for n < 24. The author states that he used generative Al
tools to check his work, and he describes the rest as about 90% an olympiad-style solution. Before
submission the text and the proofs were checked in two independent reviews by separate Al agents.
Every number in the paper comes from the output of the programs. The author's mentoring team
read the OEIS entry [1] and the thesis [2] in full and the abstracts of [3] and [4]; [5] is cited for
standard textbook facts.
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Abstract: This exploratory study examined whether language of secondary schooling was associated
with university students’ evaluations of English-accented speech in Kazakhstan. Twenty undergraduates,
comprising 10 students with predominantly Kazakh-medium schooling and 10 with predominantly Russian-
medium schooling, evaluated eight recordings by different speakers. Data were collected in September 2026
during a university phonetics course. Each recording lasted 30-60 seconds and was played once through
classroom loudspeakers in a fixed order. Participants rated comprehensibility, perceived accent strength, and
perceived speaker competence on separate nine-point scales. Complete responses yielded 160 listener—
recording observations per outcome. Ratings were averaged within listeners before two-sided Welch tests,
with Holm adjustment across three outcomes. Kazakh-medium listeners gave numerically higher ratings for
comprehensibility (6.55 vs. 6.25), accent strength (5.78 vs. 5.58), and competence (6.85 vs. 6.38). All
confidence intervals for mean differences included zero, and no Welch comparison was statistically
significant after adjustment. Mann—Whitney sensitivity analyses likewise yielded no significant adjusted
comparisons. The findings provide preliminary listener-level estimates but do not establish reliable group
differences or a causal effect of schooling language. Interpretation is limited by the small convenience
sample, fixed presentation order, unadjusted proficiency differences, and the absence of an objective
intelligibility measure.

Keywords: accented English, comprehensibility, perceived accentedness, listener judgments,
language of schooling, Kazakhstan

1. Introduction

Perception of additional-language English cannot be explained solely by the speaker’s
pronunciation. Research distinguishes accentedness (the perceived strength of a non-native accent),
comprehensibility (the listener’s perceived ease of understanding), and intelligibility (what the
listener actually recognizes). Munro and Derwing (1995) found that heavily accented speech can
nevertheless remain intelligible, and their later synthesis emphasizes that the three dimensions are
related but not interchangeable (Munro & Derwing, 2022). Listener characteristics are therefore a
legitimate object of investigation rather than merely background variation.

Expectations can also shape how listeners evaluate speech. Kang and Rubin (2009)
examined reverse linguistic stereotyping and showed why information about a speaker’s presumed
group membership may influence speech evaluations. Research designs that separate auditory
evidence from social expectations are consequently important when studying judgments of accented
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speech. A rating of competence is especially sensitive to this issue: it represents a listener’s
perception and should not be treated as an objective measure of a speaker’s language ability.

Kazakhstan provides a relevant multilingual educational context in which Kazakh, Russian,
and English may occupy different positions in a person’s language-learning history. Research on
language learning in Kazakhstan has examined L1/L2 transfer in L3 English acquisition (Knol et
al., 2026), while the present study addresses a related but distinct question: whether listeners with
different school-language backgrounds evaluate the same English speech samples differently. The
study does not assume in advance that either group will be more tolerant of an accent, and it is not
intended to represent all students in Kazakhstan.

2. Research Questions

RQ1l. Do students with Kazakh-medium and Russian-medium secondary-school
backgrounds differ in their ratings of the comprehensibility of the same English speech recordings?

RQ2. Do the two groups differ in perceived accent strength and perceived speaker
competence?

RQ3. Do the conclusions from mean-based comparisons remain consistent with rank-based
sensitivity analyses?

3. Method

3.1. Design and participants

This exploratory study examined the association between language of secondary schooling
and university students’ evaluations of English-accented speech. Twenty undergraduate students
enrolled in English Philology and Translation Studies at Karaganda Buketov University participated
in the study. Recruitment and data collection took place in September 2026 during the course
Theory of the Studied Language (Phonetics).

Participants received an oral invitation during class, with an explanation of the study’s
purpose and the voluntary nature of participation. Convenience sampling with quotas based on
language of secondary schooling was used to recruit 10 students with predominantly Kazakh-
medium backgrounds and 10 with predominantly Russian-medium backgrounds. Eligibility criteria
were enrolment in one of the two-degree programs, consent to participate, and provision of
information about the predominant language of secondary schooling.

Each schooling group included five English Philology students and five Translation Studies
students. The mean age was 21.8 years in each group. Participants had studied English for a mean
of 8.8 years (SD = 0.42) in the Kazakh-medium group and 8.6 years (SD = 0.84) in the Russian-
medium group.

Schooling background was classified according to the predominant language of secondary
education reported by each participant. These categories were not treated as indicators of ethnicity,
first language, or monolingual status. Participants’ home languages and language-use patterns
varied within both groups. Self-rated English levels were Intermediate (n = 4), Upper-intermediate
(n = 5), and Advanced (n = 1) in the Kazakh-medium group, and Intermediate (n = 4), Upper-
intermediate (n = 2), and Advanced (n = 4) in the Russian-medium group.

3.2. Speech materials and measures

Eight English speech recordings, each lasting between 30 and 60 seconds, were selected
from the author’s own recording archive and used with the speakers’ permission. The recordings
featured eight different speakers and were selected based on audio quality, duration, and suitability
for the phonetics listening task. They were assigned anonymous codes C01-C08. No comparisons
between accent varieties were undertaken.

Participants evaluated each recording on three separate nine-point scales. Comprehensibility
ranged from 1 (very difficult to understand) to 9 (very easy to understand). Perceived accent
strength ranged from 1 (not noticeable) to 9 (very strong). Perceived speaker competence ranged
from 1 (very low) to 9 (very high).

Comprehensibility represented the listener’s subjective ease of understanding the speech.
Accent strength referred to the perceived prominence of the accent, whereas perceived competence
represented the listener’s impression of the speaker’s language ability. These judgments were not
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treated as objective measures of proficiency. No usable transcription responses or scores were
available; therefore, objective intelligibility was not assessed.

3.3. Procedure and data screening

Participants listened together in a teaching classroom during the course Theory of the
Studied Language (Phonetics). The instructor played all eight recordings through classroom
loudspeakers in the same fixed order for all participants. Each recording was played once.
Instructions were provided in English. Participants recorded their evaluations on paper rating forms
containing recording codes C01-C08 and the three nine-point scales. Responses were subsequently
entered into an Excel workbook for analysis.

The dataset contained 160 participant-recording observations, corresponding to 20 listeners
evaluating eight recordings. No duplicate participant-recording pairs were identified. All three
primary rating variables were complete and within the permitted range of 1-9. Each participant
contributed eight ratings per outcome, and all 20 participants were retained.

The optional transcription and exclusion-reason fields contained the label “Actual” rather
than usable transcription responses, numeric transcription scores, or substantive exclusion reasons.
These entries were treated as metadata and were not used as outcomes or as grounds for exclusion.
The Clip_Order field contained values inconsistent with the fixed presentation procedure and was
not used in the analyses.

3.4. Statistical analysis

The eight ratings for each outcome were averaged within each listener. The independent unit
for between-group inference was therefore the listener (n = 10 per group), not the individual
listener—recording observation. Group means and standard deviations were calculated from listener
averages. Two-sided Welch independent-samples t tests compared groups, with Satterthwaite
degrees of freedom and unadjusted 95% confidence intervals for mean differences. Differences
were calculated as Kazakh-medium minus Russian-medium. Holm correction was applied across
the three Welch tests, with a familywise significance threshold of .05.

Hedges’ g was calculated from the mean difference divided by the pooled listener-level
standard deviation, using the small-sample correction 1 — 3/(4df — 1), where df = 18. Positive values
indicate higher ratings in the Kazakh-medium group. Confidence intervals presented in Table 1
refer to raw mean differences, not to standardized effect sizes.

Two-sided asymptotic Mann—Whitney U tests, with tie correction and continuity correction,
were used as a sensitivity analysis. Holm correction was applied separately across these three tests.
Rank-based tests address relative ordering of observations rather than the same mean-difference
estimand as Welch tests. All analyses were exploratory. No covariate adjustment was undertaken
with this small sample, and no causal inference was intended. Inference is conditional on the eight
selected recordings; the analysis does not estimate variation across a wider population of speakers.

Calculations were checked using Python with pandas 2.2.3, NumPy 2.3.5, and SciPy 1.17.0.
Holm adjustment and the Hedges’ g correction were implemented directly.

3.5. Ethical considerations

Participation was voluntary, and all participants provided informed consent before taking
part. The purpose of the study and the voluntary nature of participation were explained during
recruitment. The speech recordings were drawn from the author’s own archive and used with the
speakers’ permission. Participant codes were used instead of names in the analysis dataset. No
claim of institutional ethics approval or formal exemption is made, as a documented institutional
determination was not available for reporting.

4. Results

4.1. Data completeness

All 20 participants contributed complete ratings for all eight recordings and all three primary
outcomes. Thus, 160 observations were available per outcome. No primary rating values were
missing, and no participant-recording duplicates were detected. The mean-based comparisons
below use 20 participant-level averages for each outcome, with 10 participants in each schooling

group.
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4.2. Descriptive and inferential comparisons

The Kazakh-medium group had a higher mean rating than the Russian-medium group on all
three outcomes, although the size and uncertainty of the differences varied. The largest raw mean
difference was observed for perceived competence (+0.48 scale points), followed by
comprehensibility (+0.30) and perceived accent strength (+0.20). Table 1 summarizes the group-
level participant averages and Welch tests.

Table 1. Participant-level rating averages and comparisons by language of schooling

Kazakh- Russian- Mean difference
Outcome medium M medium M (95% CI) Welch test; p; Holm p; Hedges g
(SD) (SD) ’
Comprehensibility | 6.55 (0.48) 6.25 (0.40) 0.30[-0.12,0.72] | {(17:54) = 1.52; p =.146; pHolm
=.293;g=0.65
Perceived accent t(14.21) = 0.72; p = .481; pHolm
strength 5.78 (0.76) 5.58 (0.43) 0.20[-0.39,0.79] |2 481; g =031
Perceived i t(16.12) = 1.88; p = .079; pHolm
competence 6.85 (0.46) 6.38 (0.66) 0.48 [-0.06, 1.01] | 237: g = 0.80

Note. n = 10 per group. Higher scores indicate greater ease of understanding, stronger
perceived accent, or higher perceived competence, respectively. Mean differences are Kazakh-
medium minus Russian-medium. Confidence intervals are 95% Welch intervals. Holm-adjusted p
values control familywise error across the three primary tests. Positive Hedges’ g values indicate
higher mean ratings in the Kazakh-medium group.

Welch’s tests did not show statistically significant group differences at the .05 level after
correction for the three primary outcomes. For comprehensibility, the estimated difference was 0.30
points, 95% CI [-0.12, 0.72], t(17.54) = 1.52, p = .146, Holm-adjusted p = .293. For perceived
accent strength, the estimated difference was 0.20 points, 95% CI [-0.39, 0.79], t(14.21) = 0.72, p
= .481, Holm-adjusted p = .481. For perceived competence, the estimated difference was 0.48
points, 95% CI [-0.06, 1.01], t(16.12) = 1.88, p = .079, Holm-adjusted p = .237. The confidence
intervals include zero for every outcome, so the mean-based results are compatible with both
negligible differences and potentially meaningful positive differences for the Kazakh-medium
group.

4.3. Sensitivity analysis and variation across recordings

The Mann—Whitney sensitivity analysis yielded U = 79.0, p = .029, Holm-adjusted p = .088
for comprehensibility; U = 62.5, p = .360, Holm-adjusted p = .360 for perceived accent strength;
and U = 725, p = .095, Holm-adjusted p = .189 for perceived competence. No comparison
remained below .05 after adjustment. The smaller unadjusted rank-based p value for
comprehensibility should be interpreted in light of the different estimand and the small sample,
rather than as confirmation of a mean difference.

Descriptively, the Kazakh-medium group’s mean comprehensibility rating was higher for
seven recordings and equal for one. Mean perceived competence ratings were higher for the
Kazakh-medium group for all eight recordings. In contrast, perceived accent-strength differences
varied by recording, with the direction changing for some clips and no difference for one clip.
These recording-level patterns are descriptive only; with eight stimuli and 20 listeners, they should
not be interpreted as evidence of a general speaker- or accent-level effect.

5. Discussion

This exploratory analysis asked whether the language of secondary schooling was associated
with how undergraduate listeners evaluated English-accented speech. Across the three ratings, the
Kazakh-medium group gave descriptively higher scores than the Russian-medium group. However,
the primary participant-level Welch comparisons were not statistically significant after correcting
for the three outcomes, and each 95% confidence interval included zero. The data therefore do not
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provide robust evidence that the two schooling groups differed in their mean evaluations in this
sample.

The perceived-competence difference was largest in scale-point and standardized terms
(Hedges’ g = 0.80), but the confidence interval for the raw mean difference included zero and the
adjusted p value was .237. In a sample of only 10 participants per group, effect sizes can be
unstable and uncertainty is substantial. This pattern should not be translated into the claim that one
group is more accurate or fair in evaluating speakers. Perceived competence is a social judgment,
not an objective test of language proficiency.

The comprehensibility outcome merits particular caution. The mean-based test suggested a
positive difference of 0.30 points in favor of the Kazakh-medium group, while the rank-based
sensitivity test produced a smaller unadjusted p value. The latter result was no longer below .05
after Holm correction. This dependence on the analytical method is a reason to avoid a binary
conclusion and to prioritize replication with a larger sample, prespecified analyses, and transparent
documentation of the ratings.

The distinction between perceived comprehensibility and intelligibility remains important.
Because no usable transcription responses were available, the present study cannot determine
whether the groups differed in actual word recognition. Subjective ease-of-understanding ratings do
not directly measure this ability. This distinction is consistent with the conceptual separation of
accentedness, comprehensibility, and intelligibility in speech-perception research (Munro &
Derwing, 1995, 2022). The present comparison also cannot establish causation: English proficiency,
everyday exposure, accent familiarity, and other aspects of multilingual experience may be
associated with both schooling history and listener judgments.

The study contributes preliminary evidence about listener evaluations in a local multilingual
university setting. Its estimates concern the selected recordings and the sampled students, rather
than all Kazakh- or Russian-medium learners. Future sample-size planning should allow for
substantial uncertainty in these pilot effect estimates rather than relying directly on a single
observed standardized difference.

6. Limitations and Future Research

Several limitations constrain interpretation. First, the sample comprised only 20 students
from one university, recruited through convenience sampling with schooling-language quotas,
which limits precision and generalizability. Second, schooling medium is a broad proxy for a
complex multilingual biography. The groups differed descriptively in self-rated English proficiency,
and proficiency and exposure were not controlled statistically. Third, inference is conditional on the
eight selected recordings and cannot establish a general effect across speakers or accent varieties.
Fourth, no usable transcription responses or scores were available, preventing objective
intelligibility analysis. Fifth, all participants heard the recordings in the same fixed order, so
recording-specific differences cannot be separated from possible order effects, such as fatigue or
increasing familiarity with the task. Listening through classroom loudspeakers may also have
introduced differences in audibility depending on seating position.

Future research should preregister the primary outcome and analysis plan, recruit a larger
sample across institutions, and model the repeated-measures structure directly, ideally with mixed-
effects models including listener and speaker/recording effects were supported by the design.
Recording-level variation should be sampled systematically rather than relying on a small set of
stimuli. Adding a transcription task would allow perceived comprehensibility to be compared with
an objective intelligibility measure. Researchers should also document ethics approval or
exemption, informed consent, stimulus permissions, and data-handling procedures.

7. Conclusion

In this 20-listener exploratory study, ratings by students with Kazakh-medium school
backgrounds were descriptively higher than those by students with Russian-medium backgrounds
for comprehensibility, perceived accent strength, and perceived competence. The group differences
were not statistically robust after correction for multiple comparisons, and the comprehensibility
result varied by analytical approach. The findings are therefore preliminary and do not establish a
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reliable effect of schooling language. A larger, preregistered study combining subjective ratings
with an objective transcription task is needed to determine whether schooling background is
meaningfully associated with the perception of English-accented speech in Kazakhstan.

Data Availability Statement

The dataset contains coded participant characteristics and listener ratings. It is not publicly
available because of participant privacy considerations. Requests for access may be directed to the
corresponding author and will be considered subject to participant consent and applicable
institutional requirements.
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