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Metric-Based Evaluation of Adaptive Consistency Benefits in Distributed

Database Management Systems

The article presents a simulation-based methodology for testing and comparing data-consistency
models in replicated distributed database systems. Such evaluation is important for modern cloud
and edge deployments, where the selected consistency policy directly affects response time,
coordination overhead, and the probability of stale reads under variable network conditions and
skewed workloads. It also addresses the lack of reproducible test procedures for identifying when
adaptive strategies are preferable to static consistency settings. In contrast to studies that focus
primarily on the conceptual properties of strong, eventual, or adaptive consistency, the proposed
paper emphasises the experimental side of the comparison: workload construction, metric selection,
scenario design, and interpretation of the obtained results. While the evaluation includes strong and
eventual consistency as reference regimes, the central emphasis is the practical benefit profile of
adaptive consistency: under what conditions it preserves part of the correctness of strong
coordination without inheriting its full performance cost. A modular discrete-event simulator
implemented in Python/SimPy is used to model replicated nodes, stochastic communication delays,
asynchronous propagation, and Zipfian access patterns. The evaluation protocol combines client-
observed read and write latency, consistency violation rate, completed operations per run, and the
average number of synchronised replicas per write, while Monte Carlo repetitions are used to
reduce the influence of a single stochastic trajectory. The reported results show that adaptive
consistency delivers its clearest advantage in hotspot, read-dominant, and moderate-latency
conditions, where it remains much closer to the strong regime in correctness while retaining part of
the throughput and write-latency advantages of eventual replication. At the same time, the high-
latency scenario exposes a boundary case in which the adaptive policy degrades toward near-
eventual behaviour. The obtained findings are useful both for evaluating adaptive-consistency

mechanisms and for constructing future control policies.
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Introduction

Modern information systems increasingly rely
on distributed database infrastructures to achieve
availability, scalability, geographic distribution, and
low-latency access to data [1, 2]. Such infrastructures
are used in cloud services, edge platforms, industrial
monitoring, IoT data processing, and other
environments in which both performance and
resilience are critical [3, 4]. However, the practical
deployment of distributed databases inevitably raises
the question of consistency: how quickly and how
reliably updates performed on one replica become
visible at others, and what level of temporary
divergence can be tolerated by the target application.

This issue is connected with important
scientific and practical tasks. From the scientific
perspective, consistency remains one of the central
dimensions of distributed system design because it
directly interacts with latency, availability, fault
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data consistency, simulation,

tolerance, and the observable semantics of client
operations [5]. From the practical perspective, the
choice of a consistency strategy affects the suitability
of a distributed database for financial transactions,
collaborative systems, telemetry pipelines, edge—cloud
deployments, and other real-world workloads with
different tolerance to stale reads and coordination
overhead. For this reason, the problem is not limited to
the theoretical classification of consistency models; it
also includes the development of reproducible testing
methods that make it possible to compare such models
under controlled but representative conditions.

The study focuses on the testing methodology
itself, on the system of evaluation metrics, and on the
interpretation of the obtained experimental results.
Such an emphasis is useful because the practical value
of a comparison depends not only on the selected
models, but also on how the experiment is constructed
and how the resulting measurements are interpreted. In
particular, this perspective makes it possible to show
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more clearly where adaptive consistency delivers a
practically useful balance between correctness and
performance, and where its simple control rules remain
insufficient.

The aim of the article is to develop and
substantiate a methodology for experimental
evaluation of adaptive consistency in distributed
database simulation, with emphasis on testing
conditions, metrics, and interpretation of the obtained
results relative to strong and eventual baselines.

To achieve this aim, the following objectives
are addressed.

To define a simulation environment that models
replicated nodes, stochastic latency, client requests,
and background propagation in a reproducible form.

To specify a system of evaluation metrics that
jointly characterises performance and correctness of
the compared models.

To construct a suite of scenarios that isolates
the influence of load intensity, workload mix, access
skew, and network regime.

To perform a comparative analysis of strong,
eventual, and adaptive consistency under the selected
scenarios, with special attention to the operating
conditions in which the adaptive regime provides the
most advantageous balance.

To identify the practical insights and limitations
that follow from the measured results and can be used
in further studies.

Related Work

While the theoretical foundations of
consistency models are well established, practical tools
for comparing these models under realistic conditions
remain limited [6]. Query execution speed, latency,
and other measurable characteristics depend not only
on the selected consistency model, but also on the
implementation details of the underlying DDBMS and
the surrounding network conditions. Implementing
several competing protocols directly in production
systems requires substantial engineering effort, and the
instrumentation needed for collecting fine-grained
operational metrics can itself affect the behaviour
being measured [7, 8].

Recent studies on simulation environments for
distributed systems usually emphasise a particular
layer of the system stack rather than cross-model
consistency  evaluation.  Existing  frameworks
frequently concentrate on network protocols, storage
behaviour, or a single coordination mechanism [9],
[10]. At the same time, adaptive consistency is
receiving growing attention because it promises to
switch between stronger and weaker coordination
modes depending on network delay, workload
intensity, or application targets [11, 12, 13]. However,
the published literature still leaves several aspects
insufficiently resolved.

First, there is no

universally adopted
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experimental methodology that would allow
researchers to compare strong, eventual, and adaptive
consistency within a common scenario suite and with
a shared set of metrics. Second, recent publications
often discuss the idea of adaptation itself, but they
provide less guidance on how to evaluate whether a
particular control rule behaves robustly across read-
intensive, write-intensive, hotspot, or high-latency
conditions [14, 15]. Third, edge-oriented deployments
remain underrepresented in many cloud-centred
studies, despite the fact that intermittent connectivity
and resource constraints make metric-based evaluation
especially important in that domain [16].

Accordingly, the general problem addressed in
this article is the development of a compact but
informative experimental methodology for evaluating
the practical benefits and limitations of adaptive
consistency in a simulated distributed database
environment. The article is devoted to the unresolved
question of how to organise the test scenarios, what
metrics to collect, and how to interpret the measured
values so that the resulting comparison is reproducible
and useful for further design of adaptive consistency
mechanisms.

Experimental Methodology

The proposed framework is implemented as a
modular event-driven simulator in Python using
SimPy, a process-based discrete-event simulation
library [17]. The simulation environment represents
the distributed database as a set of replicated nodes,
each of which contains a local data store, version
metadata, latency parameters, and a queue for
asynchronous propagation tasks. The use of discrete-
event simulation makes it possible to model concurrent
requests, blocking operations, and background
replication without implementing a production-grade
database. Request arrivals follow a Poisson process
with exponentially distributed inter-arrival times,
while the probability of generating a read or write
request is configurable to allow simulation of different
scenarios. The access distribution across keys follows
a Zipf’s law, this choice allows the methodology to
represent both moderately skewed workloads and
hotspot-like request patterns that are typical of real
distributed systems [18].

The comparison covers three representative
operating regimes. The first is a strong-consistency
implementation based on synchronous replication,
where the coordinator waits for acknowledgements
from reachable replicas before confirming a write to
the client. In methodological terms, this mode serves
as a correctness-oriented reference point: it is expected
to minimise or eliminate stale reads, but also to
amplify the effect of network delay on write latency.

The second regime implements eventual
consistency. Writes are acknowledged after
completion at the coordinator replica, while



ISSN 1996-1588

Hayxosi npayi /[onHTY

Ne 1(42), 2026

Cepin “Ingpopmamuxa, xibepnemuxa
ma 06UUCTIO8ANbHA MeXHIKa ™

propagation to other replicas is performed
asynchronously by a background process. This reduces
immediate coordination cost and therefore should
improve write latency and the number of completed
operations per run, but it also introduces a measurable
inconsistency window in which clients may read
outdated versions [19].

The third regime is an adaptive consistency
strategy. In the implemented simulator, the policy uses
stronger synchronisation for hot keys under low
observed load, and otherwise falls back to coordinator-
side completion with background propagation. The
decision rule is intentionally simple so that the
influence of metrics and scenario design can be studied
clearly. As a result, the adaptive model is treated here
not as a finished production mechanism, but as a test
object. Existing adaptive strategies employ various
concepts for data distribution and synchronisation in
distributed systems [20]; therefore, the developed
framework may also help to evaluate the effectiveness
of new experimental approaches.

The methodology uses four principal metrics
that jointly describe the operational efficiency and
correctness of the compared models. The first metric is
client-observed latency. Read and write operations are
measured separately because the compared models
impose fundamentally different coordination costs on
them. Latency is interpreted as the elapsed time
between request initiation and completion from the
client perspective. This makes it sensitive both to
internal processing and to network conditions, which
is especially important in distributed settings [21].

The second metric is the consistency violation
rate. A violation is recorded whenever a read returns a
value whose version is lower than the current version
at the primary reference replica. The normalised metric

is computed as

Nyiol

N read’ (1)
where N,,;,; is the number of stale-read events

and N,..q4 is the total number of completed reads. This

definition makes the metric comparable across

scenarios with different request counts.

The third metric is completed operations per
run, which acts as an effective throughput proxy under
a fixed simulation duration:

Teff = Nread + Nwrite' (2)

Because stronger consistency increases service
time, it can reduce the number of operations that finish
within the same simulated time horizon. The fourth
metric is the average number of synchronised replicas
per write:

Rviol -

1 Nwrite

j=1 5

5 Nwrite J (3)

where s; denotes the number of replicas
synchronised during write j. This indicator is useful for
interpreting the internal behaviour of the adaptive
strategy, because it shows whether the policy tends to

operate near strong or near eventual replication.

avg —
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To reduce the probability that the conclusions
are artefacts of one random event ordering, the
evaluation is conducted as a Monte Carlo study [22].
For every model-scenario pair, repeated runs are
executed under the same parameterisation, and the
results are summarised by sample means and standard
deviations. This procedure improves the robustness of
the comparison and makes the observed differences
easier to interpret.

The experimental design includes eight
scenarios. They are selected to isolate the influence of
workload composition, system scale, access skew, and
network regime. The workload parameters are
presented in table 1. Latency is specified in abstract
time units used in SimPy. The values for this parameter
are selected to be close to the real ones in milliseconds.
The read ratio is the previously mentioned parameter
for read/write skew configuration.

Table 1 — Test scenario parameters

Scenario Read ratio Network
latency
Baseline 0.7 5
High Load 0.5 5
Read-Intensive 0.9 5
Write-Intensive 0.3 5
Low Latency 0.7 2
High Latency 0.7 15
Hotspot 0.7 5
Uniform Access 0.7 5

The baseline scenario represents moderate
operating conditions. The high-load case increases
scale and total activity. The read-intensive and write-
intensive scenarios isolate the influence of workload
mix. The low-latency and high-latency cases preserve
the main workload structure while changing the
communication regime. Finally, the hotspot and
uniform-access scenarios contrast strongly skewed and
relatively even distributions of requests across the key
space. Such a suite is compact enough for a conference
article and at the same time sufficiently diverse to
reveal how the same consistency policy behaves under
qualitatively different conditions.

Results and Discussion

Figure 1 shows the latency results for both read
and write requests. Across most scenarios, the standard
deviation remains small relative to the mean, which
indicates that the simulation outcomes are stable under
randomised event schedules and stochastic network
delay. Read latency changes much less across models
than write latency, because the main coordination
penalties are concentrated on write processing.

The results confirm a clear ordering and also
expose the first important benefit of adaptive
consistency. Eventual consistency has the lowest write
latency in every scenario because it does not wait for
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synchronous replication. Strong consistency always
has the highest write latency, and the gap becomes
especially large when network delay grows. In the
high-latency scenario, write latency reaches 46.78 for
strong consistency, compared with 24.98 for the
adaptive model and 22.53 for eventual consistency.
Thus, adaptive consistency reduces the write cost of
strong coordination in every scenario, although its
exact position depends on workload structure and
network regime. Relative to strong consistency, its
write-latency improvement is modest in hotspot-like
settings and much larger in high-latency or uniform-
access conditions.

+
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Strong Consistency - Read
Strong Consistency - Write
Eventual Consistency - Read
Eventual Consistency - Write
Adaptive Consistency - Read
- Write
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Figure 1 — Read & write latency across scenarios

Table 2 describes achieved consistency
violation rates in range from 0 to 1. The strong model
serves as the internal reference point and, as expected,
exhibits zero recorded violations across all scenarios.
Therefore, it is omitted from the table.

Table 2 — Consistency violation rates across scenarios

Scenario Adaptive | Eventual
Baseline 0.0035 0.3133
High Load 0.0213 0.4373
Read-Intensive 0.0002 0.0425
Write-Intensive 0.0617 0.4182
Low Latency 0.0013 0.2707
High Latency 0.1979 0.2492
Hotspot 0.0019 0.4857
Uniform Access 0.0188 0.1943

From the viewpoint of adaptive consistency,
these results are especially informative. Eventual
consistency shows the largest staleness values, with
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violation rates of 0.3133 in the baseline case, 0.4373
under high load, and 0.4857 in the hotspot scenario.
The adaptive model usually remains much closer to the
strong regime than to the eventual one, which
demonstrates its main correctness-related benefit;
however, the high-latency scenario reveals a boundary
case in which its violation rate rises to 0.1979.

Table 3 presents the synchronised-replica
metric, which explains a substantial part of this
behaviour. Strong consistency stays close to the
configured replica count — minor deviations from the
maximum values are due to the fact that the simulation
also includes network partition events. Eventual
consistency remains fixed at one synchronised replica
per write. The adaptive model changes its behaviour
across scenarios: in the hotspot case it synchronises
about 3.8 replicas on average, which coincides with a
very low violation rate of 0.0019; in the high-latency
case it drops to approximately single-replica
behaviour, which sharply increases staleness.

Table 3 — Synced replicas across scenarios

Scenario Strong | Adaptive | Eventual
Baseline 2.92 2.59 1.00
High Load 4.88 4.03 1.00
Read-Intensive 3.90 3.61 1.00
Write-Intensive 3.90 2.98 1.00
Low Latency 2.92 2.76 1.00
High Latency 2.92 1.00 1.00
Hotspot 3.90 3.80 1.00
Uniform Access 3.90 2.77 1.00

The throughput results are presented in table 4.
Since all models are executed under the same
simulated duration, the number of completed
operations directly reflects the cumulative impact of
their latency and coordination overhead. Across all
scenarios, eventual consistency achieves the largest
number of completed operations. The adaptive model
is consistently second, while strong consistency
remains last because synchronous coordination
increases per-operation service time.

This means that adaptive consistency preserves
a measurable part of the throughput advantage of
relaxed replication without collapsing to the eventual
regime in every case. The gap is especially visible in
write-intensive and high-load conditions, where the
cost of coordination accumulates rapidly. At the same
time, throughput should not be interpreted separately
from the violation rate: a system that completes more
operations within the same period also creates more
opportunities for reads to encounter partially
propagated state.

The obtained results justify several important
conclusions regarding the benefits and limits of
adaptive consistency. First, the selected metric system
is sufficiently expressive to differentiate the models
not only by performance, but by the mechanism
underlying that performance.
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Table 4 — Throughput (completed operations)

Scenario Strong | Adaptive | Eventual
Baseline 498.6 543.0 763.7
High Load 823.4 939.1 1481.7
Read-Intensive | 1037.0 1093.1 1367.6
Write-Intensive 535.1 641.4 1006.2
Low Latency 1081.1 1141.2 1553.6
High Latency 198.9 268.6 310.1
Hotspot 594.4 626.0 916.1
Uniform Access | 594.4 684.7 916.6

Read and write latency reveal the external cost
of coordination, the violation rate captures correctness
degradation, throughput reflects effective service
capacity, and the synchronised-replica indicator
exposes the internal operating mode of the policy.
Taken together, these metrics provide a fuller picture
than any single indicator alone.

Second, the scenario design succeeds in
isolating the major factors that influence consistency
behaviour. Read-intensive workloads reduce the
inconsistency window because fewer writes compete
with propagation; this is why eventual consistency
performs much better in the read-dominant scenario
than in the write-intensive one. Hotspots are especially
problematic for eventual consistency because repeated
writes to the same keys outpace asynchronous
propagation. In contrast, the adaptive strategy benefits
from hotspot detection because the same access
concentration gives it a clear signal to switch toward
stronger synchronisation. Uniform access reduces this
signal and therefore pushes the adaptive model toward
a more relaxed operating regime.

Third, the high-latency scenario exposes a

practically important boundary case. Strong
consistency becomes very expensive under wide-area
delay, while eventual consistency retains
comparatively low write latency but accepts

substantial staleness. The adaptive model responds by
collapsing toward near-eventual behaviour, which
preserves part of the throughput advantage but sharply
weakens correctness. This observation is useful for
future work on adaptive control: it indicates that a
simple threshold rule is not sufficient if an application
requires strict upper bounds on stale-read probability
under adverse network conditions.

The proposed methodology provides a
reproducible basis for comparative testing, but several
limitations should be acknowledged. The simulator
uses simplified failure assumptions and does not model
a full protocol stack with timeouts, retries, and
complex partition recovery. The staleness detector is
based on comparison with an authoritative primary
version, which is suitable for the implemented
architecture but less directly applicable to multi-leader
systems. In addition, the scale of the experiments is
intentionally moderate, which helps preserve
interpretability but limits direct extrapolation of
numeric values to larger deployments.
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At the same time, these limitations also indicate
promising directions for further research. The metric
set can be expanded with tail-latency indicators,
staleness-magnitude distributions, and multi-key
anomaly measures. The scenario suite can be enriched
with trace-driven workloads, more explicit partition
patterns, and heterogeneous replica capabilities.
Finally, the adaptive policy itself can be improved by
replacing the simple threshold rule with richer control
mechanisms, including predictive or learning-based
strategies. The present methodology is suitable as a
foundation for such future experiments because it
already establishes a common language for comparing
correctness and performance outcomes.

Conclusions

The article developed and substantiated a
simulation-based methodology for evaluating the
benefits and limitations of adaptive consistency in
distributed database systems, with emphasis on testing
procedure, evaluation metrics, and interpretation of
results. The proposed approach addresses an important
practical and scientific task: obtaining reproducible
evidence about the behaviour of adaptive consistency
relative to strong and eventual baselines under
changing workload and network conditions.

The conducted analysis of recent studies
showed that, despite substantial theoretical work on
consistency models and a growing body of adaptive-
consistency research, the question of a compact and
reproducible cross-model evaluation methodology
remains insufficiently resolved. In response, the article
proposed a discrete-event simulation environment, a
set of four complementary metrics, and a structured
suite of eight scenarios covering load intensity,
workload composition, access skew, and network
regime, specifically to reveal the operating conditions
in which adaptive consistency is beneficial.

The obtained results confirm that the main
practical value of adaptive consistency lies in its ability
to preserve part of the correctness of strong
coordination while avoiding its full performance cost.
This benefit is clearest in hotspot, read-dominant, and
moderate-latency scenarios, where the adaptive regime
remains much closer to strong consistency in violation
rate while still improving write latency and completed
operations. At the same time, the experiments show
that this advantage is not universal: under high
network latency, the simple adaptive rule moves
toward near-eventual behaviour and loses much of its
correctness benefit. The experimental results also
demonstrate that the selected metric system is
informative enough to explain not only what outcome
was obtained, but also why it was obtained.

Prospects for further research include extension
of the simulator toward richer failure dynamics,
expansion of the metrics suite, and comparative testing
of more advanced adaptive policies. Such work can
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support both the theoretical study of distributed consistency  strategies for concrete database
consistency and the practical design of adaptive applications.
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OIIHKA MEPEBAT AJIAIITUBHOI Y3IrOJKEHOCTI HA OCHOBI METPUUYHHX ITOKA3HUKIB
Y PO3INOAIVIEHUX CUCTEMAX KEPYBAHHS BAZAMUA JAHUX

VY craTTi 3anpOIOHOBAHO METOJIOJIOTII0 MOJIEIIOBAHHS JJIsl TECTYBaHHS ¥ MOPIBHSIHHS MOJENEH y3ro/KEeHOCTI
nmannx y posnogpinennx CKBJl 3 perutikamieto. OCHOBHY yBary 30CEpeKEHO Ha €KCIIEPUMEHTAJIbHIN OIHII
repeBar aJanTHBHOI y3TO/DKEHOCTI HOPIBHSHO 31 CHIIBHOIO Ta KIHIIEBOIO 33 PI3HMX HABAHTAXKEHb 1 MEPEKEBHX
yMOB. [1J1s1 ociiPKeHHST BUKOPUCTAHO MOJYJIBHUH AUCKPETHO-TIOiHHE cuMyaTop Ha ocHOBi Python ta SimPy.
O1iHIOBaHHS OXOILIIOE 3aTPUMKH YUTAHHS 1 3aIlHCy, YaCTOTY MOPYLIEHb y3TOKEeHOCTI, IPOITYCKHY 3/1aTHICTH 1
KIJIBKICTh CHHXPOHI30BaHHX PEILTIK. Pe3ynbTaTu MoKa3yloTh, 10 aJalTHBHA Y3TO/KEHICTD € Haile(heKTHBHIIIO0
3a TIOMipHHX 3aTPUMOK, JOMiHyBaHHS YUTaHb i hotspot-crieHapiis.

Kniouosi cnoea: poznoodineni 6asu oanux, npozpamna iHiceHepis, Y3200)ceHiCMb OAHUX, MOOEII06AHHS,
NOKA3HUKU NPOOYKMUGHOCII, A0ANMUEHA Y3200MCEHICMb
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