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In distributed DBMS, strong consistency usually provides more predictable data
correctness but increases coordination cost and latency. Eventual or weaker
consistency models reduce synchronization overhead and improve availability, but
may lead to stale reads or application-level anomalies [1]. Therefore, there is no single
consistency model that can cover all or most use cases.

Existing works include the context-aware adaptive consistency model that groups
operations into consistency blocs and adjusts their consistency levels in response to
network latency, access patterns, and workload intensity [2]. The adaptive PDLC SDN
framework proposes dynamic inter-controller synchronization rates, where a
synchronization module adjusts rates based on network conditions and workload to
maintain consistent network state across distributed controllers [3]. These works
confirm that runtime adaptation of consistency is feasible, but they evaluate the
respective controllers mainly through isolated metrics (latency, conflict rate) and do
not aggregate correctness, performance, and adaptation cost into a single quality score.
Industrial systems such as ByteHTAP demonstrate that high data freshness and strong
data consistency can be achieved simultaneously in production HTAP systems,
reporting freshness lag (sub-second delay) and consistency guarantees as key quality
indicators [4]. They confirm the practical importance of multi-criteria evaluation but
do not provide a reusable quality model that can be parameterized for other systems.

Value-oriented quality metrics in software development categorize practically
relevant metrics across financial, customer satisfaction, and feature-oriented
perspectives, identifying their data sources and relevance through a practitioner
survey [5]. The ISO/IEC 25010 product-quality model provides a structured
vocabulary of quality characteristics and sub-characteristics [6]. These frameworks are
general and are rarely instantiated for adaptive data-management mechanisms.

Based on this, a consistency selection strategy should be implemented to improve
flexibility of the underlying DBMS, and quality of such strategy cannot be evaluated by a
single metric. It should be treated as a multi-criteria software quality problem, where
performance, reliability, availability, and data correctness form a system of conflicting
quality attributes. This issue is especially relevant for adaptive DBMS components that
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dynamically change consistency guarantees depending on runtime conditions. Such
adaptive require a formal quality model that can evaluate whether a selected consistency
strategy improves the total quality of the system rather than only one isolated metric. The
objective of this work is to propose a quality-oriented metric model for evaluating dynamic
data consistency strategies in replicated distributed DBMS. The model is intended for
simulation-based or prototype-based evaluation of adaptive consistency controllers.

The model defines an integral quality score that aggregates normalized
performance, correctness, and adaptation metrics into a single comparable value,
allowing the consistency controller to select strategies on a principled, multi-criteria
basis. Let g denote a selected consistency strategy, k a logical key or data group, and t
an observation interval. At every decision interval At, the consistency controller
observes the current workload and network conditions, evaluates each candidate
strategy g € G, and selects the strategy with the highest quality score for each logical
key or data group k. The action space G is finite and contains the consistency levels
supported by the underlying replication layer (typical instance: G =
{strong,quorum,causal,eventual}). The granularity of k can be assumed as per table, per
key range, or per session, depending on what the underlying engine exposes. The
proposed model itself is granularity-agnostic.

In addition, all partial indicators are normalized to [0; 1], where 1 denotes the best
observed value. The hat notation X denotes such normalized values. Cost-like metrics
enter the score with a negative sign or are inverted via a 1 — X transformation. Based
on this, the integral quality score of a dynamic consistency strategy can be defined as:

QC(g; k; t) = WL(1 - i-\'p95) + WTT + WAA + VVU(1 - vcons) + (1)

+WS(1 - §p95) - Woﬁcoord - Wswcswitch»

where Epgs is the normalized 95th percentile operation latency, T is normalized
throughput, A is normalized availability, V.., is the normalized rate of consistency
violations or anomaly events, §p95 is normalized 95th percentile staleness, Ocoorq IS

normalized coordination overhead, Cqywitch € [0; 1] is a penalty for frequent changes
of consistency mode, and w; = 0 are weights reflecting the priority of each quality
attribute, with ); w; = 1 over the additive terms.

The normalization is derived from Service Level Agreement (SLA) whenever an
SLA bound exists. For example, it is common to have SLAs for latency, staleness and
sometimes even violation rate. Therefore, the normalized values for these attributes
can be defined as follows:

- L
Lpos = min (#jk) 1), (2)
where L.« (K) is the SLA bound for latency for key or data group k. Values of
§p95 and V..,,s can be calculated in a similar way. But raw throughput can have
arbitrary units and ranges, so it is normalized by the maximum observed throughput
across all strategies and intervals:
T = & (3)

Tmax - Tmin
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However, it is also valid to use absolute throughput values if the SLA specifies a
minimum required throughput; in this case, the normalization can be defined as:

T = min ( ! 1) @
= min ,1].

Tmin (k)
Availability is typically measured as a percentage of successful operations, so it

can be directly normalized to [0; 1] by treating the observed availability as a fraction
of 1. Therefore, we can directly assume that A € [0; 1] and set A = A. Coordination
overhead can be normalized by the maximum observed overhead only, because
theoretical lower bounds are usually zero but may not be achievable in practice. This
also makes the model insensitive to the absolute units of overhead. So, the normalized
coordination overhead is defined as:

=~ Ocoord . (5)

Ocoord - 0
coord,max

The switching penalty is defined as:
Cswitch = min(nsw/nsw,max» 1)» (6)
where ng,, is the number of strategy changes for key k during a sliding window.
The metrics of the proposed model are aligned with ISO/IEC 25010 product-
quality characteristics so that the integral score remains traceable to a recognized
quality framework, as shown in table 1.

Table 1. Model metrics and I1SO standard alignment

ISO/IEC 2.50.10 Sub-characteristic Model metric
characteristic

Performance Efficiency Time behaviour Lpos
Performance Efficiency Capacity T
Performance Efficiency Resource utilization Ocoord
Reliability Availability A
Functional Suitability Functional correctness Veons Spos
Maintainability Modifiability (adaptation) Cswitch

An additive (compensatory) aggregation for the model is chosen because the
partial metrics are intentionally co-monitored and weak compensation across them is
acceptable when SLA constraints are also enforced as hard bounds. SLA-as-constraint
mechanism prevents a high throughput from masking a violation of staleness or latency
limits. In addition, the additive form admits a transparent interpretation of weights w;.

Weight-elicitation schemes can be considered based on the application context
and the relative importance of each quality attribute. For example:

— Equal weights as a neutral baseline. This option is simple and does not require
domain expertise, but it may not reflect the actual priorities of the application.

— SLA-derived weights, where w; is proportional to the criticality of attribute i
in the application SLA. This option aligns the score with business requirements but
may require a detailed SLA analysis, which is more suitable for enterprise applications
and production usage.
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— AHP-based pairwise comparison performed by domain experts. This option
can capture nuanced preferences but is more complex and may be subjective, which is
more suitable for research and exploratory analysis.

Using the base model, the adaptive consistency controller selects the strategy with
the highest quality score:

gkt = argmaxQc(g,k, t). (7)
geG

For systems with explicit service-level requirements, the model can be extended
with additional constraints:
VCOl’lS (gl k' t) S Vmax (k),
Sp95(g; k' t) < Smax(k): (8)

Lp95(g: k: t) < Lmax(k),

which means that a strategy is not considered acceptable even if it has high
throughput, unless it satisfies the required thresholds for consistency, staleness, and
latency. Therefore, the proposed model provides a single configurable score that
integrates correctness, performance, and adaptation cost into one comparable value
together with SLA-anchored normalization that makes heterogeneous metrics
consistent without arbitrary scaling.

Dynamic consistency management should be evaluated as a software quality
problem because the strongest consistency level is not always the highest-quality
configuration under real distributed conditions. The proposed model formalizes this
through an ISO/IEC 25010-aligned quality score with hard SLA constraints that
prevent high-performing strategies from masking critical correctness or latency
violations. This makes it possible to compare consistency strategies more
systematically and to justify adaptive consistency as a quality-oriented mechanism for
distributed DBMS. The model introduces an explicit switching cost to track runtime
overhead, and formulates the controller decision as a constrained optimization rather
than an unconstrained scalar maximization. Practically, the model can be used as a
decision-support mechanism in an adaptive DBMS component that selects consistency
modes based on runtime quality indicators.

Future work should validate the model through discrete-event simulation or a
prototype distributed DBMS component. Such validation should cover workload
scenarios such as read-heavy, write-heavy, network partition, hotspot, and dynamic
drift conditions, collecting latency percentiles, throughput, violation rate, staleness,
coordination overhead, and switch count per strategy. Comparing the resulting Q¢
scores against static consistency baselines would confirm whether adaptive selection
yields a measurable quality advantage.
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3ACTOCYBAHHJ BEJIMKHX MOBHHUX MOJIEJIEN
(LLM) JJIA ABTOMATHU3ALII TECTYBAHHA
INPOI'PAMHOI'O 3ABE3INIEYEHHA

FOpuenko IOpiii IOpiitoBny

CT. BUKJIaJa4

MaJgomyk fpociaas BikropoBuu

3100yBay BUIIOI OCBITH

@dakynbTeT 1HPOPMALITHHUX TEXHOIOT1H

Jlep>kaBHUI TOPrOBEIbHO-EKOHOMIYHHUM YHIBEPCUTET, Y KpaiHa

TectyBanus nporpamaoro 3ade3neueHHs (I13) € ogHuM 13 KIIIOYOBUX €TaITiB
pPO3pOOKH, BUTPATH HA AK€ MOXKYTh CTaHOBUTH BiJ 15 10 80 % 3arampHOro O10mKETY

npoekty [3]. TpaaguiiiiHi METOAM aBTOMATU30BAHOTO TECTYBAaHHS —  TOIIYKOBI
(search-based software testing, SBST) Ta cuMBOJIbHOTO BUKOHAHHS — ¢(PEKTHBHI IS
dbopmanbHO BU3HAYEHUX CUCTEM, IPOTE MAIOTh CYTTEBI OOMEXKEHHS MPU POOOTI 3

IPUPOJAHOMOBHUMH crHenudikalisMiu Ta HETpUBIAIbHUMU creHapisMu. [losiBa
BeMKUX MOBHUX Mojeneit (Large Language Models, LLM) Bigkpuiia IpUHIIAIIOBO
HOBI MO>KJIMBOCTI JIJIs1 aBTOMATH3aLlli pI3HUX PIBHIB 1 BUAIB TECTyBaHHA [1].

LLM  — HeifponHi Mepexxi Ha ocHOBI TpaHchopmepHoi apxiTektypu  (GPT-
4, LLaMA, Gemini Torio), momnepeHbo HaBUCHI Ha MACHBHUX KOPITycax KOay Ta
TMIPUPOIHUX TEKCTiB. IXHS 3JaTHICTH TeHepyBaTH, aHAi3yBaTH Ta MOSCHIOBATH
OporpaMHUN  KoJ poOUTh iX MPUIATHUMU JJIS LIMPOKOTO CIEKTPY 3aB/IaHb
3abe3neueHHs sikocti 113.
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