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Abstract. This article explores a set of architectural amgbathmic methods for optimizing the
performance of distributed message queues in lbgt-istreaming systems focused on content
moderation and information retrieval tasks. Paléicattention is given to scalability, resilienesmd

the organization of fault-tolerant message delivenger conditions of variable and intensive data
flow. An overview of architectural solutions of pdar platforms is provided, with emphasis on
their applicability to real-time stream processiiige effectiveness of load balancing algorithms is
analyzed, including static partitioning and predietscaling methods based on machine learning.

METOABI OIITUMU3ALIMUU ITPOU3BOAUTEJIBHOCTH
PACHPEJEJEHHBIX OUEPEJEN B BBICOKOHATPYKEHHBIX
INOTOKOBBIX CUCTEMAX MOJAEPAIIMUN U THOOPMALIMOHHOI'O
IHOUCKA
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KuaroueBble cjioBa: pacrpelieiieHHbIE O4epeid COOOIICHUH, MOTOKOBas MOJCPAIHs, apXUTEKTypa
OpokepoB, 0OaJaHCHUPOBKA HArpy3KH, MAacIITaOUpOBaHHE, IPCIUKTHBHAS  MapIIPYTHU3AIHS,
otkasoycroiunsocth, Kafka.

AHHoTauusi. B maHHO# cTaThe HccCeqyeTcsl KOMIUIEKC AapXHTEKTYPHBIX W alTOPHUTMHUYECKHX
METOZOB ONTHMM3ALIWN TPOW3BOAMTEIFHOCTH  PACIPEACICHHBIX odepeneil cooOmeHnid B
BBICOKOHArPY>KCHHBIX IIOTOKOBBIX CHCTEMax, OpPHCHTHPOBAaHHBIX Ha 3aJa4d MOJCpalid U
nHpopManoHHOTO Tioncka. Ocoboe BHUMaHHWE yHAEHSeTCS OCOOSHHOCTSAM MacCIITaOUpOBaHUS,
YCTOWIMBOCTH U OPTaHU3AI[UN OTKa30yCTOWIMBOM TOCTABKU COOOIIECHUH B YCIOBHUSIX IMMEPEMEHHON U
WHTCHCUBHOW Harpy3ku. [IpuBoauTCs 0030p apXUTEKTYpHBIX PEHICHUI MOMYJISPHBIX IIATGOPM, C
AKI[CHTOM Ha WX NPUMCHHMOCTh K 3aJjauaM CTPHUMHHIOBOW OOpPaOOTKM MAaHHBIX B PEAbHOM
BpeMeHU. AHanu3upyercs 3((EKTUBHOCTh aIrOPUTMOB OaTaHCUPOBKM HATPY3KH, TaKHX Kak
CTaTUYECKOC MAPTHLIUOHUPOBAHHE M METOJbl MNPEAMKTHBHOTO MACIITA0OMPOBAHUS HA OCHOBE
MAIIMHHOTO 00YYCHUSI.

Introduction

Contemporary real-time event processing systems Hsmcome a major
component for a wide range of applications. Witk tjrowth of user activity,
especially in multimedia and social platforms, bdtbe volume of incoming
messages and the complexity of their processingase substantially. Under such
conditions, architectures capable of handling omili of events per second with
minimal latency and scalable resource usage inpttesence of variable load
become particularly important.
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The key part of such systems is distributed mesgqagees, ensuring reliable
and asynchronous data transfer between microservidee performance of such
systems directly influences overall system respdimse, analysis completeness,
and moderation decision accuracy. But high evertugfhput causes bottlenecks,
such as an unbalanced load distribution pattetor@ers and increased response
times. Such problems are especially significanthimse involving a high need for
adherence to service-level agreements (SLA) anld tialerance under high event
throughput processing capacity.

In response to these problems, recent years haveasdive development of
architectural and algorithmic approaches aimedrgiroving the performance of
distributed queues. Methods such as horizontairggahtelligent message routing
or and dynamic resource allocation have been widedigraced. Industry interest in
these mechanisms continues to expand, which iseevétl by the general
deployment of Kafka-based brokers and cloud mesgaggrvices. The purpose of
article is to provide an in-depth assessment ofhous for improving the
performance of distributed message queues in ireal-tontent moderation and
information retrieval systems.

Main part. Architectural principles of distributed message queues

Modern event processing systems rely on the awmthite of distributed
message queues, which enable asynchronous interdatween components and
ensure resilience to failures. Queues act as aebufétween producers and
consumers, allowing the system to absorb load spakel maintain uninterrupted
operation under high pressure [1].

They provide enhanced fault-tolerance and loadroalg capabilities,
effectively buffering messages and distributing koads, which enables
components to scale horizontally and operate inudgaly from one another [2].
This decomposition of the system into independentises (microservices) and the
use of asynchronous communication eliminates bwtlkes typical for synchronous
request—response designs and increases the aeiedility of the architecture.

A key priority is to ensure even distribution of mklmads across cluster
nodes. The performance of a distributed streamgsging system directly depends
on how well the load is balanced among its machiB8psA static sharding strategy
based on fixed rules often fails to cope with dyraily changing data flows,
leading to uneven broker utilization and reducecbubhput. To address these
issues, adaptive load-balancing protocols have pesposed.

One of the advanced solutions for dynamic load rizatey in streaming
systems is theSWARM protocol, designed for adaptive routing and partition
redistribution under fluctuating request intensilig. architecture is built upon a
separation of routing and execution. The globaltingu subsystem analyzes
incoming data and query streams, mapping them #trilolited indexes. The
management modules on execution nodes performiadapbrkload redistribution
in real time (fig. 1).

The advantages of this approach are particularigieaw in scenarios with
uneven distribution of data and requests, whidigpgcal for moderation systems in
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social media platforms. Similar approaches, sucB &R, Tornado, Ameoba, and
others, redefine partition allocation within theistier “on the fly” to equalize load
and sustain high performance.
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Fig. 1. The architecture of SWARM [4]

Implementations of distributed message queues wadgly in architectural
design. Apache Kafka follows a model based on monolithic brokers with
coordination through ZooKeeper (or the internal KR&otocol), where each topic
is divided into partitions — individual log fileslgzed across different nodes. In
contrast, Apache Pulsar adopts a separation-of-concerns architecture irctwh
brokers handle message streams, while BookKeepeesnare responsible for
persistent data storage (fig. 2).

Producer Consumer

Apache BookKeeper

Apache Pulsar

Fig. 2. Apache Pulsar architecture with broker—B&edper separation

This decoupling enables compute and storage reseutc be scaled
separately, which is quite significant, especiallfnen under variable load
conditions. This implies that, in a Pulsar clusteew brokers can be easily
introduced under load conditions without necesgagbalancing all the already
stored messages. Pulsar shows comparable perfagraadacan handle over half of
what Kafka does, with many advanced functions saghamespace multi-tenancy
and ease of geo-replication, among others.

Such architectural designs, combining processingalleiism with data
duplication, form the foundation of modern highfpemance messaging systems.
They enable smooth scaling of cluster throughpdtemwsure resilience in the event
of individual node failures.
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L oad balancing methods and adaptive scaling

Optimization of distributed message queues in stiegg systems is
impossible without a clear load-balancing stratddyder high event intensity, the
overload of even a single node can lead to a casgaegradation of performance
across the entire system. Therefore, ensuring @&m elstribution of messages
among processing units becomes a critical firsp $tmvard improving overall
efficiency [5].

The most widely used mechanismtapic partitioning — a static scheme in
which a logical message stream is divided into peaelent partitions, with each
partition processed by a single consumer at a witlen a consumer group. At the
same time, a consumer may handle one or multiptigipas. This model enables
horizontal scalability: as load increases, new ooress can be added. They will
automatically receive a portion of the partitionsr fprocessing. The broker
transparently routes messages into the approppetions based on predefined
rules, for example, using a hash of the message Kag eliminates competition
between consumers for the same message, reduchisetti®od of overloading a
particular node, and increases overall system tirput.

In addition to static partitioning,dynamic algorithms for message
redistribution are employed. Recent research demonstrates thefusachine
learning for such tasks. For example, in an AloiBmted stream separation system,
a DDPG-based deep reinforcement learning algorithes been proposed to
optimize queue configuration and partition selectidhis approach provides a
noticeable increase in throughput compared to Emplethods due to adaptive
load balancing (fig. 3).
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Fig. 3. The performance of message transmissidndifterent quantities and
characteristics after optimized with DDPG [6]

Fault tolerance in distributed message queuesnsramnly achieved through
message replication and the maintenance of clstéx consistency. Messages are
typically replicated across multiple brokers. lbals the system to continue serving
clients even in the presence of node failures amptdserve ordering guarantees and
data integrity at the partition level.
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To further enhance stability, modern distributedewg! architectures
incorporate additional mechanisms for reliable ragedelivery. Systems designed
for high-throughput stream processing employ sfiete such as automatic retry,
message redirection on failure, and isolation afbpmatic items into dedicated
processing channels. When temporary failures oecaressage is not discarded but
moved into a specialized segment or auxiliary qudoem which it can be
reprocessed once the system components recover.

A notable example of an advanced fault-toleranceleh@ this context is
Apache Kafka, which provides a well-defined delivesemantics model. By
default, Kafka follows an at-least-once deliverypagach, where message
duplication is possible under failure conditiongydaordering guarantees are
maintained only within individual partitions. An portant advancement in this area
is the introduction oéxactly-once processing semantics in Apache Kafka, which
are strictly guaranteed in Kafka-to-Kafka procegsmpelines under transactional
execution (fig. 4).
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Fig. 4. Achieving exactly-once semantics in Kafkh [

This mechanism is achieved through idempotent medu and the
transactional API, which guarantee that messagesatr duplicated even in cases
of retries or network failures. The integration idémpotency with transactional
processing helps maintain data integrity in thespnee of node failures, replication
events, or consumer-group rebalancing. Naturdilgse reliability guarantees come
at the cost of additional computational overhead.

Effective load balancing and adaptive scaling faha foundational layer of
resilience in distributed queues under variableastr intensity. The combination of
static partitioning, dynamic resource redistribntiaand intelligent optimization
techniques enables stable performance even durarg svorkload fluctuations.

L atency minimization and resilience under high-intensity processing

In high-load streaming systems, not only throughput also message
delivery time is critical. The delay between a proel and a consumer directly
affects the timeliness of processing and the systaiility to react to important
data. Various techniques are used to minimize ¢gteimcluding binary compact
message formats to reduce traffic volume, tuningadling or push mechanisms for
rapid message retrieval, and optimization of nekwammnections (for example, the
use of RDMA or long-lived TCP connections via gRPC)
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In addition, advanced routing methods are appledustered systems: high-
priority messages may be processed first, and teueps themselves can be
implemented in memory or on high-performance SSBrage. Latency and
throughput characteristics depend not only on nétdevel optimizations and data
transmission formats but also on the fundamentdli@ctural choices underlying a
particular queuing system. Different platforms varyhow effectively they handle
increasing traffic volumes, priority processing,dastorage mechanisms, which
results in noticeable differences in their behavioder typical workloads (tab. 1).

Tab. 1. Messaging framework performance analysissaall workloads [8]

W1: E-commerce W?2: 10T Ingestion
. P95 - P95 -
Service | Throughput Availability | Throughput Availability
(K msg/sec Latency (%) (K msg/sec Latency (%)
(ms) (ms)
Apache + + + + + +
dafln | 1247 £23| 18.242.1 99.9740.011,856 + 41| 12.8+1.4 99.94:0.02
RabbitMQ| 478 +12 | 32.4+3.2] 99.91+0.03623 18 | 28.7+2.9] 99.89+0.01
Appu"’l‘ggf 892 +18 | 22.142.3 99.95+0.021,234 + 28| 18.9+1.8 99.92+0.03
Aggzs"” 312+ 16 | 120.5+12/199.91+0.03 445 + 25 | 105.2+10,/39.89+0.04
Google
367 +18 | 78.247.1 99.87+0.05523+28 | 69.8+6.3 99.84+0.06
Pub/Sub

Decoupling system components through message quésedas a positive
effect on latency. With the help of separating ragssingestion from message
processing, the system can maintain stable oparagen during spikes in
incoming traffic. In chat-moderation architectures, queue buffers incoming
messages while parallel processing units read aatyze them as they become
ready. This approach supports steady throughpsiinothing out short-term load
anomalies. A similar pattern is used in informatietrieval systems: new
documents or logs are indexed asynchronously tfrangupdate queue.

Typical queuing infrastructure also has mechanigdesgned into it to deal
with failures in processing messages. Such messhgesannot be processed by a
consumer may be automatically sent to a dead-lgtiene, which can be reviewed at
some convenient time. For cases of transient messaedeliveries may be applied,
and messages can be made flexible and reliablediegs of instability (fig. 5).

Predictive mechanisms are often employed to furtieeluce latency. For
example, Pulsar automatically rebalances partitionighin the cluster when
imbalance is detected through BookKeeper and Zop&r¢hereby minimizing the
risk of localized overloads.

It is also important to consider the applicatiomtext of moderation and real-
time search. In moderation systems, such as Ineaust monitoring or chat analysis,
any delay directly translates into a longer expedume of inappropriate content to
users. For this reason, such tasks typically relytict SLA and aim for minimal
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sliding latency. Real-time search systems, in ttgquire continuous index updates
as new documents arrive [10]. Delays in data ingedtave a direct impact on the
freshness and relevance of search results.
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Fig. 5. SQS-Based message retry and Dead-Letteltihgrarchitecture [9]

In both cases, the architectural and algorithmahnéjues discussed (load
balancing, adaptive scaling, buffering, and pripation) contribute to improved
stability and responsiveness of moderation pipslened index-update mechanisms,
ensuring higher effectiveness and timely systeroti@as.

Conclusion

Distributed message queues provide significant melpnaking streaming
systems resilient and scalable under high loaditiond. The architectural aspects
of distributed queues such as topic partitioningtadreplication, and decoupling
help in dealing with variable loads and ensurirlgabde messaging. The concept of
decoupling processing and storage in platformsAigache Pulsar, as well as those
designed in terms of massive connections and basddafka, showcases robust
throughput and excellent fault tolerance. The statid dynamic load balancers
designed around topic partitioning provide initidefense against overload
conditions, which form the basis of scalability.

In modern scenarios that require low latency andsisbent performance,
such as real-time content moderation, adaptiveraetigent optimization methods
become especially important. The use of predictmedels, deep learning
techniques, and flexible routing mechanisms enab@samic redistribution of
traffic, reduction of peak latencies, and maint@eanf system operation within
defined SLA. A combination of hardware redundansgftware elasticity, and
algorithmic adaptability provides the most effeetivalance between performance,
fault tolerance, and operational cost in real-waddditions.
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