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Abstract. Cold start latency remains one of the main challenges in serverless 
computing, particularly for Function-as-a-Service (FaaS) applications operating 
under dynamic workloads. Runtime initialization, dependency loading, and 
resource allocation increase response latency and reduce system performance. 
Although numerous cold start mitigation techniques have been proposed, 
comprehensive experimental comparisons under identical workload conditions 
remain limited. This study analyzes contemporary cold start optimization 
techniques and experimentally evaluates the effectiveness of warm-up, caching, 
and concurrency strategies for improving serverless application performance 
under different workload intensities. A controlled serverless test environment was 
developed using Python, Flask, Redis, and Locust. Cold starts were simulated 
through artificial initialization delays, while Redis was used for result caching and 
a thread pool enabled concurrent request processing. Performance was evaluated 
under moderate (100 users), intensive (300 users), and prolonged high-load 
scenarios using response time, throughput, request-processing errors, and P95/
P99 latency metrics. The results show that optimization effectiveness depends on 
workload intensity. Under moderate workloads, performance differences were 
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minor. Under intensive workloads, warm-up and concurrency reduced response 
latency and improved system stability. Caching reduced the error rate in the short-
term intensive scenario, although it introduced substantial additional latency. 
During prolonged testing, the average response time of the caching configuration 
decreased, indicating a more workload-dependent effect of cache population. 
Combined optimization provided balanced performance but did not consistently 
outperform individual techniques because of coordination overhead. The findings 
provide practical guidance for selecting cold start optimization strategies according 
to workload characteristics and support the design of adaptive, high-performance 
serverless applications and cloud services.
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Аннотация. Суық іске қосу кідірісі serverless-есептеулердің негізгі 
мәселелерінің бірі болып қала береді, әсіресе динамикалық жүктеме 
жағдайында жұмыс істейтін Function-as-a-Service (FaaS) қосымшалары үшін. 
Орындау ортасын инициализациялау, тәуелділіктерді жүктеу және есептеу 
ресурстарын бөлу жауап беру уақытын ұзартып, жүйе өнімділігін төмендетеді. 
Суық іске қосуды азайтудың көптеген әдістері ұсынылғанымен, бірдей 
жүктеме жағдайларында олардың кешенді эксперименттік салыстырылуы 
әлі де шектеулі. Зерттеудің мақсаты - суық іске қосуды оңтайландырудың 
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заманауи әдістерін талдау және әртүрлі жүктеме деңгейлерінде serverless-
қосымшалардың өнімділігін арттыру үшін алдын ала қыздыру (warm-
up), кэштеу және параллельді орындау (concurrency) стратегияларының 
тиімділігін эксперименттік тұрғыдан бағалау. Зерттеу үшін Python, Flask, 
Redis және Locust негізінде бақыланатын serverless сынақ ортасы әзірленді. 
Суық іске қосу жасанды инициализация кідірісі арқылы модельденді, Redis 
нәтижелерді кэштеу үшін пайдаланылды, ал сұраныстарды параллель 
өңдеу ағындар пулы арқылы жүзеге асырылды. Жүйенің өнімділігі орташа 
жүктеме (100 пайдаланушы), қарқынды жүктеме (300 пайдаланушы) 
және ұзақ уақытқа созылған жоғары жүктеме жағдайларында жауап беру 
уақыты, өткізу қабілеті, сұраныстарды өңдеу қателері және P95/P99 кідіріс 
көрсеткіштері бойынша бағаланды. Нәтижелер оңтайландыру тиімділігінің 
жүктеме қарқындылығына тәуелді екенін көрсетті. Орташа жүктеме кезінде 
өнімділік айырмашылықтары шамалы болды. Қарқынды жүктеме кезінде 
алдын ала қыздыру және параллельді орындау жауап беру кідірісін азайтып, 
жүйенің тұрақтылығын арттырды. Кэштеу қысқа мерзімді қарқынды 
сценарийде қателер санын азайтты, алайда қосымша кідіріс туғызды. Ұзақ 
мерзімді тестілеу барысында кэштеу конфигурациясының орташа жауап 
беру уақыты қысқарды, бұл оның тиімділігі жүктеме сипаты мен кэштің толу 
деңгейіне тәуелді екенін көрсетті. Біріктірілген оңтайландыру теңгерімді 
өнімділікті қамтамасыз етті, бірақ үйлестіруге байланысты үстеме шығындар 
салдарынан жекелеген тәсілдерден тұрақты түрде жоғары нәтиже көрсете 
алмады. Алынған нәтижелер суық іске қосуды оңтайландыру стратегияларын 
жүктеме ерекшеліктеріне сәйкес таңдауға және бейімделетін жоғары өнімді 
serverless-қосымшалар мен бұлттық сервистерді жобалауға практикалық 
негіз береді.

Түйін сөздер: serverless-есептеулер; Function-as-a-Service; суық іске қосу; 
алдын ала қыздыру; кэштеу; параллельді орындау; өнімділікті оңтайландыру
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Аннотация. Проблема холодного запуска остается одной из ключевых 
проблем serverless-вычислений, особенно для приложений Function-as-
a-Service (FaaS), функционирующих в условиях динамической нагрузки. 
Инициализация среды выполнения, загрузка зависимостей и выделение 
вычислительных ресурсов увеличивают время отклика и снижают 
производительность системы. Несмотря на наличие большого числа 
предложенных методов оптимизации холодного запуска, комплексные 
экспериментальные сравнения различных подходов при одинаковых 
условиях нагрузки остаются ограниченными. Цель исследования 
заключается в анализе современных методов оптимизации холодного запуска 
и экспериментальной оценке эффективности стратегий предварительного 
прогрева (warm-up), кэширования и параллельной обработки запросов 
(concurrency) для повышения производительности serverless-приложений 
при различных уровнях нагрузки. Для проведения исследования была 
разработана контролируемая экспериментальная среда с использованием 
Python, Flask, Redis и Locust. Холодный запуск моделировался посредством 
искусственной задержки инициализации, Redis применялся для кэширования 
результатов, а параллельная обработка запросов реализовывалась с помощью 
пула потоков. Производительность системы оценивалась при умеренной 
нагрузке (100 пользователей), интенсивной нагрузке (300 пользователей) 
и продолжительной высокой нагрузке по времени отклика, пропускной 
способности, количеству ошибок обработки запросов и показателям 
задержки P95/P99. Результаты показывают, что эффективность оптимизации 
зависит от интенсивности нагрузки. При умеренной нагрузке различия в 
производительности были незначительными. При интенсивной нагрузке 
предварительный прогрев и параллельная обработка снижали задержку 
отклика и повышали стабильность системы. Кэширование уменьшало 
количество ошибок в краткосрочном интенсивном сценарии, однако 
приводило к дополнительной задержке. При продолжительном тестировании 
среднее время отклика конфигурации с кэшированием снижалось, что 
свидетельствует о зависимости ее эффективности от характера нагрузки и 
степени заполнения кэша. Комбинированная оптимизация обеспечивала 
сбалансированную производительность, но не всегда превосходила отдельные 
методы из-за дополнительных расходов на координацию. Полученные 
результаты могут быть использованы для выбора стратегий оптимизации 
холодного запуска с учетом характеристик нагрузки и при проектировании 
адаптивных высокопроизводительных serverless-приложений и облачных 
сервисов.

Ключевые слова: serverless-вычисления; Function-as-a-Service; холодный 
запуск; предварительный прогрев; кэширование; параллельная обработка; 
оптимизация производительности
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Introduction. The cold start problem becomes especially pronounced under 
variable or high workloads, when the system must rapidly scale by launching new 
function instances. Many simultaneous cold starts during traffic spikes lead to 
increased latency, higher error rates, and degradation of user quality of service. 
Analyses of real-world production workloads from major cloud providers indicate 
that the efficiency of serverless platforms largely depends on their ability to 
minimize the overhead associated with scaling and repeated function deployment.

A wide range of methods for mitigating cold start latency has been proposed in 
scientific literature. These include container pre-warming and maintaining pools of 
ready-to-use instances, runtime snapshotting techniques, optimization of function 
size and dependencies, intelligent caching mechanisms, predictive scaling based 
on workload forecasting, and advanced resource scheduling algorithms. The 
FaaSLight approach demonstrates the effectiveness of application-level code 
loading optimization, whereas CodeCrunch highlights the efficiency of function 
compression and cost-aware warm-up placement (Shiekhani et al., 2025; Roy 
et al., 2024). Attention has also been given to hybrid scheduling strategies that 
combine workload prediction with adaptive resource management.

However, a considerable portion of existing studies focus either on the 
theoretical description of architectural solutions or on the evaluation of individual 
optimization techniques in isolated environments. At the same time, there 
remains a limited number of studies providing direct experimental comparisons 
of multiple practical optimization strategies under identical high-load conditions 
using unified performance metrics. This creates a research gap related to the need 
for a comprehensive evaluation of the applicability of widely used optimization 
approaches in real-world serverless deployment scenarios.

The objective of this study is to provide a comprehensive analysis of cold start 
optimization methods in serverless computing and to experimentally evaluate the 
impact of warm-up, caching, and concurrency strategies on system performance 
under different workload intensities. To achieve this objective, the study reviews 
modern approaches for reducing cold start latency, develops an experimental 
testbed simulating a serverless environment, and conducts load testing with 
analysis of response time, throughput, stability, and request error metrics. The 
results obtained are intended for practical application in the design and optimization 
of high-load cloud services.

The novelty of this study lies in the unified experimental evaluation of 
three commonly used cold start mitigation strategies — warm-up, caching, and 
concurrency — under identical experimental conditions and workload generation 
parameters. Unlike studies focusing primarily on individual optimization 
mechanisms, the proposed evaluation considers their behavior across moderate, 
intensive, and prolonged high-load scenarios using a common set of performance 
indicators, including response latency, P95/P99 latency, throughput, and request-
processing error rate. This enables a direct comparison of the practical effects 
and workload-dependent limitations of the considered strategies within the same 
experimental environment.
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Literary review. The cold start latency problem in Function-as-a-Service 
(FaaS) environments remains one of the most actively studied topics in the field of 
serverless computing, as this factor significantly affects request latency, application 
scalability, and overall quality of service. According to contemporary research, cold 
start mitigation approaches can be classified according to their level of application 
into platform-level methods, application-level methods, and intelligent resource 
management strategies. Such a classification enables a systematic evaluation of 
the advantages and limitations of existing solutions.

Platform-Level Optimization Methods. At the infrastructure level, 
considerable attention has been devoted to reducing runtime initialization 
overhead. One of the most widely adopted approaches is function instance pre-
warming, in which a subset of containers is maintained in an active state before 
incoming requests arrive. This mechanism eliminates the need for a full runtime 
initialization cycle and significantly reduces first-response latency. A more advanced 
extension of this concept is represented by runtime snapshot mechanisms, such 
as AWS Lambda SnapStart, which enable restoration of pre-initialized execution 
environments within milliseconds (Liu et al., 2023).

Another important direction involves the use of lightweight virtualization 
technologies. The adoption of microVMs, minimized containers, and specialized 
runtime environments reduces the overhead associated with creating isolated 
execution environments compared to traditional virtual machines. According to 
existing surveys, such solutions can reduce cold start latency from approximately 
700 ms to 300 ms, corresponding to a reduction of more than 57% (Chaudhary et 
al., 2024).

Attention has been given to the CodeCrunch framework, which introduces a 
mechanism for compressing inactive but still “warm” functions in memory. This 
approach enables a larger number of warm instances to be stored within the same 
memory capacity, thereby reducing the probability of cold starts. As illustrated in 
Figure 1, the proposed compression mechanism improves warm-start availability 
while reducing the number of cold start events. The authors report (Roy et al., 
2024) a reduction in average service time from 8.15 to 6.75 seconds, along with 
an approximately 48% decrease in the number of cold starts. In addition, the study 
investigates function placement across heterogeneous x86 and ARM architectures 
while considering the trade-off between execution performance and the cost of 
maintaining active instances.
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Figure 1 – Impact of In-Memory CodeCrunch Compression on Warm Starts

Application-Level Optimization Methods. Unlike platform-level solutions, 
application-level optimization methods are directly accessible to developers and 
do not require modifications to the cloud provider’s infrastructure. One of the 
fundamental approaches is reducing the size of the function and its dependencies. 
Since the loading of libraries and user code constitutes a significant portion of 
cold start latency, minimizing the deployment package can substantially decrease 
startup time.

The FaaSLight study proposes an application-level static analysis approach 
that separates code into mandatory and optional components. During function 
initialization, only the critical code required for execution is loaded, while 
additional modules are imported on demand. According to the authors’ results, the 
loading phase latency was reduced by up to 78.95%, while the overall response 
time decreased by an average of 19.21% (Shiekhani et al., 2025). This approach 
is particularly effective for functions with large dependency sets and complex 
application structures.

Another important optimization strategy is function fusion, in which multiple 
sequentially invoked functions are merged into a single execution module. This 
reduces the number of network transitions, repeated authentication procedures, 
and individual cold start events. Although the resulting function becomes larger 
in size, the total latency of the user workflow can decrease due to the reduction of 
distributed execution overhead (Liu et al., 2023).

Intelligent Resource Management and Scheduling. A separate category 
of approaches includes workload prediction and adaptive resource allocation 
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methods. Their primary objective is not to directly accelerate cold starts, but rather 
to reduce their frequency through proactive scaling mechanisms. The Hybrid 
Model study proposes a two-level scheduling architecture that combines global 
workload distribution across cluster nodes with local reuse of already warmed 
function instances. In Figure 2, the scheduling mechanism integrates predictive 
workload analysis with buffer-aware resource allocation to improve container 
reuse efficiency. To forecast incoming requests, the authors employ time-series 
analysis and machine learning techniques, including ARIMA and Random Forest 
models (Sharma, 2024).

According to the reported results, the application of the hybrid scheduling 
approach reduced SLA violations by up to 34%, thereby improving system 
stability under variable workloads (Sharma, 2024). However, the effectiveness of 
such systems strongly depends on prediction accuracy and the cost of maintaining 
reserved resources. Prediction errors may lead either to excessive resource 
consumption or to increased latency caused by an insufficient number of pre-
initialized instances.

Figure 2 – Illustration of the Buffer-Aware Scheduling Algorithm

Production Workload Studies. Empirical studies of industrial workloads 
have made a significant contribution to understanding the behavior of serverless 
platforms. The Serverless in the Wild study demonstrates that real-world serverless 
systems are characterized by high request variability, short bursts of activity, and 
substantial heterogeneity in function execution times (Shahrad et al., 2020). These 
characteristics complicate the application of universal optimization mechanisms 
and highlight the need for adaptive multi-level resource management strategies.
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Table 1 – Comparative analysis of optimization methods.
Method The basic idea Effectiveness Overhead and 

limitations
Application 

level
FaaSLight Separation of 

the code into 
mandatory and 
optional for 
deferred loading.

Average: 19.21%, up 
to 42.05%

Static code analysis 
is required; it may 
not be effective for 
languages with high 
dynamics.

Application

CodeCrunch 
Compression 

Compression of 
the file system of 
"warm" functions 
in RAM.

On average, there 
are 48% fewer cold 
starts. The average 
service time is 
6.75 seconds with 
compression versus 
8.15 seconds without 
compression.

A decompression 
delay is added, which 
may exceed the gains 
from a warm start.

Platform

Heterogeneity 
of CodeCrunch 

Choose between 
x86 and ARM 
architectures to 
balance keep-
alive performance 
and cost.

The average service 
time is 7.87 seconds 
x86 and 8.4 seconds 
ARM.

It's a difficult planning 
task; not all functions 
benefit equally from a 
single architecture.

Platform

Hybrid Model 
Planning

Predictive load 
balancing based 
on SLA slack 
to maximize 
container reuse.

Reduction of SLA 
violations to 34%.

May increase the 
median delay due to 
queues; complexity 
and inaccuracy of 
forecasting.

Platform 
(Planner)

Lightweight 
execution 
environments

Minimizing 
the size and 
startup time 
of the runtime 
environment.

The use of 
lightweight runtimes 
reduced the cold start 
time to 57.14% (from 
700 ms to 300 ms)

Requires deep 
changes in the 
platform; high 
complexity of 
development and 
support.

Platform

Experimental Methodology. To evaluate the practical effectiveness of widely 
used cold start mitigation techniques, an experimental study was conducted in a 
controlled software environment reproducing the core principles of a serverless 
architecture. The overall structure of the simulated environment is presented in 
Figure 3. The choice of a laboratory-based approach was motivated by the fact 
that commercial FaaS platforms typically abstract internal mechanisms related to 
container management, scaling policies, and resource allocation, making it difficult 
to accurately measure the impact of individual factors on system performance. The 
use of a local testbed ensured reproducibility of workload scenarios, controllability 
of function execution parameters, and comparability of results across different 
system configurations. Similar approaches are widely adopted in serverless 
performance studies where isolated evaluation of function behavior under varying 
workload intensities and runtime conditions are required.
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Figure 3 – Components and Operational Stages of the Simulated Serverless Architecture

The experimental environment was based on a server-side application 
implemented in Python. This technology stack was selected due to its suitability 
for rapid prototyping of distributed systems, extensive support for networking 
and multithreading libraries, and flexibility in simulating the lifecycle of 
serverless functions. The architecture of the testbed emulated the Function-as-
a-Service model, where each incoming HTTP request triggered the execution of 
an independent processing function. To approximate the behavior of real-world 
serverless platforms, the system incorporated a conditional cold start mechanism. 
When no previously active function instance was available, the execution was 
delayed by an additional artificial latency of 2 seconds, simulating runtime 
creation, dependency loading, and runtime initialization. The value of 2 seconds 
was kept constant across all experimental configurations to ensure identical cold 
start conditions and to make the comparison between optimization strategies 
reproducible. This artificial delay represents a controlled experimental parameter 
rather than a universal cold start latency of a specific cloud platform.

Each experimental scenario was executed in five independent runs. The reported 
values represent the arithmetic means of the measurements obtained across the 
five repeated runs.

To analyze the impact of pre-warming, a separate system configuration was 
implemented in which the platform periodically initiated background function 
invocations to keep function instances in an active state. This mechanism reduced 
the probability of functions transitioning into an inactive state between user 
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requests and thereby decreased the number of cold starts. Such strategies are 
widely discussed in literature as one of the most direct approaches for reducing 
startup latency, although they introduce additional resources overhead associated 
with maintaining ready-to-use instances.

To evaluate the effect of result reuse, the experimental environment 
incorporated an external Redis cache. Upon receiving a request, the system first 
checked whether a previously generated response was already stored in the cache 
and, if a matching key was found, returned the cached result without re-executing 
the computational function. Redis was selected due to its widespread adoption of 
high-load web systems and its low in-memory data access latency. In the context 
of serverless applications, caching is considered an effective mechanism for 
reducing computational overhead, minimizing repeated function invocations, and 
stabilizing response times for recurring requests (Chaudhary et al., 2024; Jin et 
al., 2025)

Additionally, the study examined the influence of parallel request processing. 
For this purpose, the application employed a thread pool allowing multiple 
incoming requests to be processed concurrently without sequential blocking at the 
level of a single function. This approach models concurrency strategies commonly 
used in modern cloud environments to improve throughput and reduce queue 
waiting time under intensive workloads. Existing studies indicate that the impact 
of parallelism becomes particularly significant under burst scenarios and short-
term spikes in user activity (Shahrad et al., 2020).

Load testing was performed using the Locust framework, which is designed for 
simulating large-scale user interaction with HTTP services. The selection of this 
tool was motivated by its flexibility in configuring request intensity, the number 
of virtual users, and the duration of testing scenarios. The experiments reproduced 
moderate-load and high-load conditions, as well as a prolonged stress-testing 
scenario with a continuous request stream. This testing methodology enables 
observation not only of the system’s immediate behavior, but also of its long-term 
stability, which is especially important for serverless applications characterized by 
periodic workload spikes. Similar load-generation techniques are widely applied 
in studies of distributed cloud system scalability.

The workload was generated using a fixed number of concurrent virtual users. 
Two short-duration load scenarios were considered, corresponding to 100 and 300 
concurrent users. In addition, a prolonged high-load scenario with 300 concurrent 
users was performed for 10 minutes. The same workload parameters were applied 
to each configuration to maintain comparable experimental conditions.

The comparative analysis was conducted between the baseline system 
configuration and variants with enabled warm-up, caching, concurrency, and 
combined optimization mechanisms. The workload dynamics and testing scenarios 
used during the experiments are illustrated in Figure 4. To evaluate effectiveness, 
the experiments recorded average response time, throughput, request-processing 
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errors, and high-percentile latency metrics, including P95 and P99. Since the 
request workload was controlled by Locust through the configured number of 
concurrent users, throughput was primarily used to characterize the achieved 
request-processing intensity, while response time, error rate, and high-percentile 
latency were used as the main indicators for comparing the configurations.The use 
of these metrics corresponds to common practices in cloud service performance 
evaluation, as it enables analysis not only of average values but also of service 
stability under peak workloads.

The selected methodology made it possible to investigate the influence of 
the most accessible and practically applicable cold start optimization methods 
in a reproducible environment, compare their behavior under different workload 
conditions, and establish an empirical basis for subsequent analysis of the 
experimental results.

Figure 4 – Workload profile over time

Results. The load-testing experiments evaluated the behavior of the simulated 
serverless system under different optimization strategies and workload intensities. 
The comparison included the baseline configuration and configurations employing 
warm-up, caching, concurrency, and combined optimization mechanisms. 

The obtained performance metrics are summarized in Figure 5.
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Figure 5 – Average Response Time Under Different Workload Conditions

Under the moderate workload scenario corresponding to 100 concurrent users, 
all configurations demonstrated stable operation. The baseline configuration 
achieved an average response time of 12.40 ms without request-processing 
errors and maintained a throughput of approximately 65 requests per second. The 
concurrency and warm-up configurations produced average response times of 
15.57 ms and 15.49 ms, respectively. The combined optimization mode reached 
an average response time of 23.32 ms, while the caching configuration recorded 
the highest average response time of 47.77 ms.

After increasing the workload to 300 concurrent users, greater differences 
between configurations were observed. The baseline configuration achieved an 
average response time of 22.85 ms and recorded 14,309 request-processing errors, 
corresponding to an error rate of 25.43%. The warm-up configuration demonstrated 
the lowest average response time of 20.11 ms, followed by the concurrency 
configuration with 21.88 ms. The combined optimization mode reached 25.78 ms, 
whereas the caching configuration recorded the highest average response time of 
54.56 ms. The caching configuration registered 7,901 request-processing errors, 
corresponding to an error rate of 19.21%. However, it also processed fewer requests 
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than the baseline configuration, with 41,127 completed requests compared with 
56,266 for the baseline. Therefore, the lower absolute number of errors should be 
interpreted together with the lower number of processed requests.

The lower number of processed requests in the caching configuration can 
be associated with its substantially higher response latency under the 300-user 
workload. Since Locust generated the workload using concurrent virtual users, 
longer request processing reduces the number of request iterations that can be 
completed during the same observation period. Therefore, the difference in the 
number of processed requests should not be interpreted as a reduction in the 
offered workload, but as a difference in the number of completed request iterations 
under the same concurrency level.

The latency dynamics observed during prolonged high-load execution are 
presented in Figure 6.

Figure 6 – Latency Change Over Time

The distribution of request-processing errors across the evaluated configurations 
is illustrated in Figure 7.
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Figure 7 – Error Ratio Comparison Across Different Optimization Configurations

The prolonged stress-testing scenario demonstrated further differences between 
optimization strategies. The baseline configuration produced an average response 
time of 27.85 ms. The warm-up and concurrency configurations achieved lower 
average response times of 21.58 ms and 22.53 ms, respectively. The caching 
configuration demonstrated an average response time of 24.15 ms, while the 
combined optimization mode reached 26.27 ms.

The throughput comparison for all evaluated configurations is presented in 
Figure 8.

Figure 8 – Throughput Comparison Across Configurations
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Table 2 – Load Testing Results 
Scenario Number of 

Requests
Average Response 

Time (ms)
p95 (ms) p99 (ms) Requests/s

base_100 21379 12.40 22 76 65.16
thread_100 21504 15.57 29 76 65.04
warm_up_100 19886 15.49 28 79 64.97
combo_100 20567 23.32 33 94 64.74
caching_100 15360 47.77 39 1200 63.49
base_300 56266 22.85 72 130 187.56
thread_300 56274 21.88 74 170 187.56
warm_up_300 56331 20.11 61 100 187.76
combo_300 56174 25.78 80 130 187.25
caching_300 41127 54.56 150 830 180.72
10min_base_300 116284 27.85 80 210 193.81
10min_thread_300 109556 22.53 73 120 194.31
10min_warm_up_300 116809 21.58 69 110 194.67
10min_combo_300 116398 26.27 81 130 193.99
10min_caching_300 116552 24.15 78 120 194.24

The combined optimization mode produced stable performance across 
all workload scenarios but did not achieve the lowest response time in every 
experiment. Figure 9 summarizes the P95 and P99 latency values measured under 
all testing scenarios.

Figure 9 – P95 and P99 Latency by Load Scenario and Configuration
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Discussions. The experimental results demonstrate that the effectiveness 
of cold start optimization strategies strongly depends on workload intensity 
and system operating conditions. Under moderate workloads, most evaluated 
configurations provided relatively stable performance, indicating that the baseline 
implementation offered sufficient computational resources without requiring 
additional optimization mechanisms. Consequently, the potential benefits of cold 
start mitigation remained limited when system resources were not saturated.

A different trend emerged under intensive workloads. The warm-up strategy 
consistently produced the lowest response times and improved system stability 
by reducing the number of cold start events during rapid scaling. These findings 
support previous studies emphasizing that maintaining pre-initialized function 
instances is one of the most effective approaches for minimizing startup overhead in 
Function-as-a-Service environments (Liu et al., 2023). Similarly, the concurrency 
strategy improved response time by reducing queue waiting time and enabling 
more efficient parallel request processing. Although its performance gains were 
slightly lower than those achieved with warm-up, concurrency demonstrated 
stable behavior under sustained workloads, which is consistent with observations 
reported by Shahrad et al. (2020).

The caching strategy exhibited a more complex performance profile. Under the 
short-term 300-user workload, caching reduced the absolute number of request-
processing errors from 14,309 to 7,901 compared with the baseline configuration. 
However, the number of processed requests was also lower, and therefore the error 
rate provides a more appropriate basis for comparison. The caching configuration 
achieved an error rate of 19.21%, compared with 25.43% for the baseline. At the 
same time, its average response time increased to 54.56 ms. During prolonged 
testing, the average response time of the caching configuration decreased to 24.15 
ms, indicating improved latency after the cache had been populated. However, 
its error rate did not demonstrate a comparable improvement. These results 
indicate that the benefits of caching depend on workload characteristics and cache 
utilization, while the additional cache-access overhead can negatively affect short-
term response latency.

Another important observation concerns the combined optimization strategy. 
Although integrating multiple optimization mechanisms produced balanced 
performance across all scenarios, it did not consistently outperform the best 
individual approaches. The combined configuration did not consistently provide 
lower latency than the individual optimization strategies. In particular, the warm-
up configuration demonstrated lower average response times under the intensive 
and prolonged workloads. This suggests that applying several optimization 
mechanisms simultaneously does not necessarily result in cumulative performance 
improvements. This finding indicates that combining optimization techniques does 
not automatically result in cumulative improvements and highlights the importance 
of selecting optimization mechanisms according to application characteristics 
rather than maximizing their number.
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Overall, the obtained results indicate that the effectiveness of cold start 
mitigation strategies depends on workload characteristics and system operating 
conditions. In the experiments conducted, warm-up demonstrated the lowest 
response latency under intensive and prolonged workloads, while concurrency 
also provided lower latency than the baseline configuration. Caching showed 
benefits after cache population but introduced substantial latency overhead 
during the short-term intensive scenario. In the conducted experiments, warm-up 
provided the lowest response latency under intensive and prolonged workloads. 
Concurrency also reduced response latency relative to the baseline configuration, 
while caching demonstrated greater benefits after cache population but introduced 
substantial latency overhead in the short-term intensive scenario.

Conclusion. The conducted study was aimed at providing a comprehensive 
analysis of cold start optimization methods in serverless computing and an 
experimental evaluation of the practical effectiveness of warm-up, caching, and 
concurrency strategies under different workload conditions. The relevance of this 
problem is determined by the fact that cold start remains one of the key limitations 
of the Function-as-a-Service model, directly affecting request latency, service 
stability, and compliance with SLA requirements (Liu et al., 2023; Shahrad et al., 
2020).

The analysis of the scientific literature demonstrated that existing cold start 
mitigation approaches can be categorized into platform-level, application-
level, and orchestration-based approaches. Platform-level solutions, including 
lightweight runtime environments, snapshot mechanisms, and intelligent memory 
management, provide the most significant performance improvements, but require 
deep control over the provider’s infrastructure. Application-level approaches, 
such as dependency reduction and function structure optimization, are easier to 
implement from the developer’s perspective, although their effectiveness depends 
on the characteristics of a particular application. Predictive scaling and adaptive 
scheduling methods reduce the frequency of cold starts, but their efficiency is 
highly sensitive to workload prediction accuracy (Shiekhani et al., 2025; Roy et 
al., 2024).

The experimental results confirmed that the impact of optimization mechanisms 
strongly depends on the operational mode of the system. Under moderate workloads, 
the baseline configuration demonstrated acceptable performance, while the 
benefits of additional optimization mechanisms remained limited. However, with 
an increasing number of concurrent requests, the most significant positive effect 
was achieved by warm-up and concurrency strategies, which reduced average 
response time and improved request-processing stability. These findings confirm 
the importance of minimizing startup overhead and reducing waiting queues under 
intensive scaling conditions.

The caching strategy demonstrated a more complex effectiveness profile. In 
the short-term intensive scenario, caching resulted in the highest average response 
time of 54.56 ms, although the corresponding error rate was lower than that of 
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the baseline configuration. During prolonged testing, the average response time 
of the caching configuration decreased to 24.15 ms, which indicates that cache 
population can improve the response performance over time. However, the results 
do not demonstrate a consistent reduction in error rate during prolonged operation. 
Therefore, caching should be considered as a workload-dependent optimization 
mechanism whose effectiveness depends on the proportion of repeated requests 
and the overhead of accessing the external cache.

It should also be noted that the combined use of multiple optimization 
methods does not always lead to proportional performance improvements. In 
several scenarios, the additional coordination overhead between mechanisms 
partially compensated for the expected gains. Consequently, the effectiveness 
of comprehensive optimization depends not on the number of implemented 
techniques, but on how well they are aligned with the application architecture and 
workload profile.

The practical significance of this research lies in the fact that the obtained 
results may assist developers and cloud system architects in selecting appropriate 
optimization strategies for serverless applications. For services characterized 
by unpredictable workload spikes, warm-up and adaptive scaling mechanisms 
appear to be the most suitable approaches. For systems with a high degree of 
request repetition, caching provides substantial benefits. In scenarios involving 
intensive parallel processing, concurrency-oriented approaches become justified. 
The selection of an optimization strategy should therefore consider the workload 
characteristics, response-time requirements, and architectural properties of the 
target application.

Future research directions include extending the experimental environment 
to real cloud platforms, comparing different FaaS providers, applying machine 
learning techniques for dynamic optimization strategy selection, and analyzing 
the economic efficiency of cold start mitigation while considering the cost of 
reserved resources. Such developments would enable the transition from isolated 
engineering solutions toward intelligent self-adaptive performance management 
systems for serverless computing.
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