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Abstract 

The article presents an analysis of architectural patterns that ensure guaranteed subsecond response time (P99 < 1000 

ms) in high-load distributed software systems. The key methodological basis of the study is a comparative analysis of the 

performance of critical components of asynchronous architecture: message brokers (Apache Kafka, RabbitMQ, Pulsar), 

interservice communication protocols (REST, gRPC), and concurrency models (Reactive Streams, Virtual Threads), based 

on the interpretation of empirical data and benchmarks from 2024–2025. The study demonstrates the advantages of binary 

protocols over text-based ones, establishes the applicability boundaries of different message brokers depending on the load 

profile, and substantiates the feasibility of using Java 21 virtual threads for handling I/O operations. The results obtained 

have high practical relevance for systems architects, lead software engineers, and chief technology officers involved in the 

design of scalable web applications. 
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Introduction 

In the context of the modern digital economy, the 

performance of web applications is no longer perceived 

as an exclusively technical metric and has transformed 

into a key business parameter determining the market 

position and resilience of digital platforms. Global 

markets for e-commerce, fintech services, and cloud 

solutions operate within the paradigm of the economy of 

milliseconds, in which request processing latency is in a 

direct, quantitatively measurable relationship with 

revenue levels and user retention indicators. Historical 

and current empirical data demonstrate the fundamental 

importance of system reaction time: a classical Amazon 

study showed that an additional delay of only 100 ms 

leads to an approximately 1% decrease in sales volume 

[1]. For companies on the scale of the largest retailers, 

this is comparable to annual losses measured in billions 

of dollars. Similar patterns are observed by other market 

participants: Walmart recorded a 2% increase in 

conversion when page load time was reduced by one 

second [3]. In the domain of high-frequency trading 

(HFT), the cost of a unit of latency is even higher: a 

trading platform lag of 5 ms can result in multimillion 

losses of forgone profit for a broker [2]. 
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The relevance of the problem under consideration is 

additionally confirmed by analytical reports from 2024–

2025. According to data from Deloitte and Gartner, user 

expectations regarding service performance continue to 

tighten, while tolerance for latency is decreasing. In 

2024, the average conversion rate in global e-commerce 

was 1.65%, with a pronounced gap between desktop 

(3.2%) and mobile (2.8%) platforms, a significant part of 

which is due to unstable network connections and 

additional latency arising during content processing on 

mobile devices [4]. Studies show that about 40% of users 

leave a website if its loading takes more than three 

seconds, and 70% of consumers explicitly indicate page 

performance as a factor influencing their willingness to 

make a purchase [6]. Under these conditions, achieving 

sub-second response time, in particular maintaining the 

99th percentile of latency (P99) within 1000 ms, 

becomes an architectural imperative for high-load 

systems. 

The purpose of this study is to provide a 

comprehensive analysis and development of 

architectural strategies for the transition from 

synchronous blocking models to asynchronous event-

driven architectures (Event-Driven Architecture, EDA). 

The scientific novelty is based on the approach 

proposed in this work: an integrated architectural 

methodology for achieving guaranteed sub-second 

response time (P99 < 1000 ms) in high-load web 

applications through comparative analysis of modern 

message brokers, RPC protocols, concurrency models, 

and data consistency patterns, taking into account current 

benchmarks. 

The author’s hypothesis is reduced to the 

assumption that a systematic transition from 

synchronous blocking models to an asynchronous event-

driven architecture using Kafka as the backbone data bus, 

gRPC with binary serialization, Java 21 virtual threads, 

and Transactional Outbox/Saga patterns makes it 

possible to ensure stable sub-second P99 response time 

in distributed high-load systems without critical 

degradation of data consistency and without a significant 

increase in operational costs. 

Materials and Methods 

To achieve the objective set in the study, a 

methodological framework of comparative analysis of 

architectural patterns and technological solutions is 

employed, based on empirical data extracted from 

technical reports of leading technology companies (Uber, 

DoorDash, Netflix), academic publications (IEEE, 

ACM), as well as independent performance benchmarks. 

The following metrics are considered as the basic criteria 

for evaluating the efficiency of architectural approaches: 

– throughput: Quantitatively characterized by 

the number of messages or requests per second 

(RPS/TPS). Sufficiently high throughput is a necessary 

condition for stable system operation under peak loads 

without noticeable degradation of service quality; 

– latency: The focus is placed on the analysis of 

tail latencies (P95, P99), since average indicators 

(mean/median) often conceal critical performance issues 

affecting a significant proportion of users in high-load 

systems. Within the framework of this study, sub-second 

response is interpreted as satisfying the condition P99 < 

1000 ms; 

–resource utilization efficiency: The impact of 

architectural decisions on CPU and main memory 

consumption is considered, which is directly related to 

total cost of ownership (TCO) and energy efficiency. 

– Data consistency: The ability of the 

architecture to ensure data integrity in a distributed 

environment without critical degradation of availability 

and performance indicators is evaluated, interpreted 

within the framework of the CAP theorem. 

The analytical part is supplemented by an examination of 

real industrial migration and optimization cases, which 

makes it possible to correlate theoretical conclusions 

with the practical experience of operating web-scale 

systems and thereby increase the degree of their 

verifiability. 

Results and Discussion 

The central element of an asynchronous architecture is 

the message broker, which provides decoupling of data 

producers and consumers and thereby minimizes their 

mutual technological and temporal dependencies. The 

specific choice of broker effectively shapes the latency 

and throughput profile of the entire distributed system, 

since it defines the nature of message exchange, the 

strategy of data storage and routing, as well as the 

scalability boundaries. Within the framework of the 

present study, a detailed comparative analysis was 

carried out for three dominant solutions in this area: 
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Apache Kafka, RabbitMQ, and Apache Pulsar. 

Apache Kafka is based on a distributed log model in 

which messages are sequentially written to disk in 

append-only mode. Such an organization makes it 

possible to exploit the operating system page cache with 

maximum efficiency and to achieve very high throughput 

due to predominantly sequential input/output operations. 

These architectural decisions are confirmed by 

benchmark results, according to which Kafka 

demonstrates the highest throughput compared to 

alternative solutions [8, 14]. 

RabbitMQ implements the classical message broker 

model of the smart broker, dumb consumer type with 

active use of in-memory indexing. This provides ultra-

low delivery latencies (on the order of less than 1 ms) 

under moderate loads, since key operations of message 

routing and delivery are performed predominantly in 

memory, without the need for constant access to disk 

storage [16]. At the same time, such an architecture 

exhibits noticeable limitations when transitioning to 

large-scale deployment scenarios. 

Apache Pulsar uses a multi-layer architecture with a clear 

separation between the compute layer and the storage 

layer, implemented on the basis of BookKeeper. Such a 

decomposition increases the flexibility and 

manageability of scaling in cloud environments, 

allowing the compute and storage components to evolve 

independently [5, 14]. 

The results of the comparative analysis of the peak 

throughput of the above systems are presented in Figure 

1. The obtained data demonstrate a pronounced 

advantage of Apache Kafka under extreme load regimes, 

which emphasizes its suitability for high-load data 

stream processing scenarios.  

 

Fig.1. Peak throughput of message brokers (MB/s) (compiled by the author based on [16]). 

Analysis of the presented graph shows that Apache 

Kafka delivers throughput more than six times higher 

than Apache Pulsar and nearly three times higher than 

RabbitMQ. This substantial performance margin 

positions Kafka as a leading choice for building high-

throughput data backbones designed to handle 

continuous, large-scale streaming workloads. 

At the same time, in scenarios where the key criterion is 

minimal latency under relatively moderate load, the use 

of RabbitMQ may prove to be a more rational choice: its 

architecture and queue processing model make it 

possible to optimize precisely message delivery latency 

rather than the maximum volume of traffic passed 

through the system. 

The consolidated performance characteristics table 

presented below is formed on the basis of aggregated 

benchmark results for the period 2022–2024 and reflects 

the averaged behavior profile of the systems under 

consideration in typical load scenarios.  
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Table 1. Comparative characteristics of message brokers (compiled by the author based on [10, 16, 17]). 

Characteristic Apache Kafka RabbitMQ (Mirrored) Apache Pulsar 

Peak throughput Very high (~600+ 

MB/s) 

Moderate (~38 MB/s) High (~300+ MB/s) 

P99 latency (load 

200 MB/s) 

Low (~5 ms) High (degradation) Medium (~25 ms) 

P99 latency (low 

load) 

Medium (~2 ms) Ultra-low (~1 ms) Medium (~5 ms) 

Storage model Log-based (sequential 

write) 

Queue/index-based (in-

memory) 

Tiered storage (separation of 

compute/storage) 

Primary sub-

second scenario 

High-throughput stream 

processing 

Low-latency RPC, 

complex routing 

Geo-distributed systems 

 

In asynchronous architectures, not all interaction types 

can be fully migrated to communication via message 

brokers; some communication inevitably remains in the 

form of synchronous calls (RPC), for which the choice 

of protocol becomes critically important. The widely 

used REST standard (JSON over HTTP/1.1) is gradually 

turning into a bottleneck, since the textual JSON format 

introduces significant overhead for serialization and 

transmission, and the absence of multiplexing limits the 

efficiency of network connection utilization. 

Migration to gRPC, which relies on Protocol Buffers and 

the HTTP/2 transport layer, makes it possible to achieve 

a substantial gain in resource efficiency and latency. 

Binary serialization in the Protobuf format reduces 

payload size by approximately 30–50% compared to 

JSON, which directly affects transfer time and network 

load. Table 2 below presents a comparison of the key 

technical characteristics of the protocols under 

consideration that have a direct impact on performance 

indicators.  

Table 2. Comparison of REST and gRPC protocols (compiled by the author based on [16, 17]). 

Characteristic REST (HTTP/1.1 + 

JSON) 

gRPC (HTTP/2 

+ Protobuf) 

Impact on Sub-Second Response 

Data format Text-based (JSON) Binary 

(Protobuf) 

Reduces serialization/deserialization time 

(CPU-bound) 

Message size Large (key 

redundancy) 

Compact Reduces network load (Network I/O) 

Multiplexing Not supported (Head-

of-Line Blocking) 

Supported Enables multiple requests to be executed 

within a single TCP connection 

Typing Weak (validation 

required) 

Strong (schema 

.proto) 

Eliminates runtime errors and accelerates 

development 
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To illustrate the advantages of gRPC under conditions of 

limited network bandwidth (in particular, when working 

with mobile clients), Figure 2 shows the comparative 

distribution of the number of processed requests per 

second (RPS). This experimental scenario clearly 

demonstrates how much more efficiently gRPC utilizes 

the available communication channel compared to 

alternative protocols while maintaining the required level 

of quality of service.  

 

 

Fig. 2. Comparison of REST vs gRPC performance (Requests Per Second) (compiled by the author based on [15, 17]). 

As follows from the data presented in the graph, with 

identical hardware resources gRPC provides processing 

of approximately 2.5 times more requests per second. 

This effect is also confirmed by a practical case from 

Uber, which migrated the RAMEN push notification 

platform from SSE to gRPC over QUIC, thereby 

eliminating transport-level blocking and increasing the 

reliability of message delivery. 

At the code execution level, the struggle for single-digit 

milliseconds is centered around how efficiently 

processor threads are utilized. The classical blocking 

input/output model proves to be fundamentally 

inefficient under high-load system conditions. For a long 

time, the standard response to this challenge was the 

reactive approach (Spring WebFlux); however, the 

introduction of virtual threads in Java 21 (Project Loom) 

has radically reshaped the established balance [12, 13]. 

Virtual threads are lightweight entities whose scheduling 

and management are performed not by the operating 

system but by the JVM itself. This makes it possible to 

use an imperative programming style while achieving 

efficiency comparable to asynchronous models. The 

chart demonstrates that the classical model based on 

platform threads (Platform Threads), as the load 

increases, exceeds the sub-second response-time regime, 

reaching approximately 1200 ms, which indicates the 

occurrence of thread starvation. Virtual threads, by 

contrast, provide a response time of about 160 ms, that 

is, at a level practically indistinguishable from the 

reactive stack (about 150 ms), while significantly 

reducing the structural and cognitive complexity of the 

application code. 

In asynchronous systems, one of the key problems is the 

so-called Dual Write Problem, that is, the need to 

guarantee atomic execution of two operations: persisting 

data in a relational or other database and sending the 

corresponding event to a message broker. A 
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straightforward solution via distributed transactions 

(2PC) is unacceptable, since it leads to a dramatic drop 

in performance. Instead, the Transactional Outbox 

pattern is applied. The client receives a response 

immediately after the transaction is committed (step 4) 

and thus is not blocked while waiting for 

acknowledgment from Kafka. Message delivery (steps 

5–6) is performed asynchronously by reading the write-

ahead transaction log (WAL), which simultaneously 

minimizes the latency observed by the user and ensures 

at-least-once delivery semantics [7, 9]. 

In large-scale distributed systems comprising hundreds 

of microservices, local intuitive optimization of 

individual components, as a rule, does not lead to a 

noticeable improvement in overall response time. The 

primary tool for meaningful optimization in this context 

is critical path analysis (Critical Path Analysis). The 

CRISP methodology proposed by Uber demonstrates the 

effectiveness of an approach based on constructing 

directed acyclic graphs (DAGs) of RPC calls using 

distributed tracing data (Jaeger). Automated analysis of 

such graphs makes it possible to identify the longest 

sequential dependency chain that determines the final 

request processing latency [11]. Optimization of services 

that are not part of this critical path does not have a 

significant effect on the response time perceived by the 

user. 

In addition to architectural patterns, achieving low 

latency requires targeted optimization of the data storage 

subsystem. The use of caching solutions for serving hot 

data sets makes it possible to reduce read time to values 

on the order of microseconds. A representative example 

from Uber with the use of an integrated cache on top of 

Docstore (MySQL) demonstrates the ability to handle 

millions of requests per second while achieving a P99 

latency below 10 ms. 

The implementation of sub-second response time is 

inevitably associated with a conscious trade-off between 

strong consistency (Strong Consistency) and 

availability/performance (Eventual Consistency), 

formalized within the framework of the CAP and 

PACELC theorems. In scenarios where, minimal latency 

is critical (for example, a news feed or recommendation 

systems), the Eventual Consistency model is more 

preferable. The use of the Saga pattern (in particular, the 

choreography-based variant) makes it possible to achieve 

consistency by executing a series of local transactions 

without resorting to slow global locking protocols (2PC), 

while maintaining a response time acceptable to the user. 

Conclusion 

The analysis conducted clearly demonstrates that 

achieving sub-second response time in high-load web 

applications is possible only through a systemic 

transition from synchronous blocking architectures to 

asynchronous event-driven design models. 

The comparison results confirm that Apache Kafka is the 

most rational choice as the backbone data bus for large-

scale systems: under peak load its throughput can exceed 

that of RabbitMQ by approximately 15 times. At the 

level of inter-service communication, abandoning REST 

in favor of gRPC with binary serialization based on 

Protobuf reduces network and serialization overhead, 

which results in latency reductions of 50–70% and an 

increase in throughput by approximately 2.5 times. 

In the context of runtimes, Java 21 virtual threads 

demonstrate the potential to become the de facto standard 

for I/O-intensive scenarios, providing P99 latencies on 

the order of ~160 ms, comparable to reactive 

frameworks, while imposing significantly lower 

cognitive and architectural complexity on developers. 

The problem of ensuring data integrity in such 

asynchronous systems is effectively solved through the 

application of the Transactional Outbox pattern in 

combination with CDC tools, which makes it possible to 

strongly decouple database write operations from event 

publication without sacrificing reliability and delivery 

guarantees. 

In the conditions of an economy of milliseconds, 

investments in asynchronous architecture go far beyond 

local technical optimization and become a strategic 

factor of competitiveness, exerting a direct impact on the 

company’s financial performance and the level of user 

satisfaction. 
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