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Abstract - Serverless computing has become increasingly 
popular because of its scalability, cost-effectiveness, and 
straightforward deployment. However, cold starts—delays 
that occur when initializing serverless functions create 
notable performance issues, especially for applications that 
are sensitive to latency. This paper offers a detailed analysis of 
how cold starts affect the performance of serverless 
applications across major cloud platforms, including AWS 
Lambda, Azure Functions, and Google Cloud Functions. We 
carefully measure cold start latency under different conditions 
such as function memory size, runtime environment, 
invocation frequency, and concurrent execution. Our results 
reveal important factors that lead to cold start delays and 
their effects on real-time applications. In addition, we 
investigate and assess various mitigation techniques, such as 
function warm-up strategies, provisioned concurrency, 
optimized runtime selection, and workload-aware scheduling. 
Our experimental findings show that these strategies can 
significantly decrease cold start times and enhance response 
efficiency. Moreover, we suggest an adaptive hybrid approach 
that dynamically implements mitigation techniques based on 
workload patterns to strike a balance between cost and 
performance. This study offers valuable insights for developers 
and cloud architects looking to optimize serverless 
applications for high availability and low latency. Our 
research contributes to the ongoing progress in serverless 
computing by presenting practical solutions to address cold 
start challenges in cloud environments. 
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1. Introduction 

Serverless computing has become a game-changer in the 
world of cloud computing, allowing developers to create and 
launch applications without the hassle of managing the 
underlying infrastructure. This approach is known for its 
scalability, cost-effectiveness, and event-driven capabilities, 
and it has seen widespread use in areas like web 
applications, data processing, and artificial intelligence tasks. 
The increasing adoption of serverless platforms such as AWS 
Lambda, Google Cloud Functions, and Azure Functions 
highlights their potential to transform the development of 
cloud-native applications. 

 

Figure 1: Cold Starts on Serverless Application 
Performance 
Source: Self 

However, serverless computing does face a significant 
performance issue known as the cold start phenomenon. 
Cold starts happen when a function is triggered, but there 
isn't a pre-warmed execution environment ready, resulting 
in delays during initialization. These delays can greatly 
affect response times, especially for applications that 
require low latency, such as real-time analytics, financial 
transactions, and IoT services. The impact of cold starts 
can vary depending on factors like the choice of runtime, 
resource allocation, and optimizations specific to the 
provider, tackling1 cold start problems is essential for 
improving the performance of serverless applications. 
Reducing these delays can enhance user experience, lower 
operational costs, and increase overall system reliability. 
Several strategies, including pre-warming techniques, 
function packaging improvements, and smart scheduling 
methods, have been suggested to address this issue. a 
thorough examination of cold start behaviors and their 
mitigation strategies across various serverless platforms is 
still a topic that requires further research. 
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This study seeks to thoroughly explore how cold starts 
affect the performance of serverless applications. It looks 
into the root causes, assesses current mitigation strategies, 
and suggests innovative solutions to minimize cold start 
latency. Through comprehensive experimentation and 
performance benchmarking, this research provides 
important insights for developers, cloud service providers, 
and researchers aiming to improve serverless environments. 
By tackling this significant challenge, the study plays a role in 
the larger objective of boosting the efficiency and reliability 
of serverless computing within contemporary cloud 
architectures. 

2. Literature Review 

The phenomenon of cold starts in serverless computing has 
been extensively studied, with various analyses and 
mitigation strategies proposed. Below is a literature review 
summarizing key contributions in this area: 

Systematic Review and Taxonomy of Cold Start Latency: 
Golec et al. (2024) conducted a comprehensive systematic 
review of cold start latency in serverless computing, 
proposing a detailed taxonomy of existing mitigation 
techniques. They categorized solutions into caching, 
application-level optimizations, and AI/ML-based 
approaches, highlighting the impact of cold starts on quality 
of service and outlining future research directions.  

Function Fusion for Cold Start Mitigation: Kim and Lin 
(2024) introduced a function fusion technique to mitigate 
cold start problems by combining multiple functions into a 
single deployment unit. This approach reduces the frequency 
of cold starts by minimizing the number of function 
invocations, thereby improving overall performance.  

Pre-Warming Strategies in Serverless Platforms: Marupaka 
(2023) analyzed pre-warming techniques, where function 
instances are kept alive to handle incoming requests 
promptly. The study emphasized the importance of 
balancing the number of pre-warmed instances to optimize 
resource utilization and reduce cold start latency. Instance 
Reuse to Alleviate Cold Starts: Marupaka (2023) also 
explored instance reuse mechanisms, where idle function 
instances are retained for subsequent invocations. This 
strategy reduces the need for new instance provisioning, 
thereby mitigating cold start delays.  

Impact of Programming Languages on Cold Start 
Performance: Jackson and Clynch (2018) investigated how 
different programming languages affect cold start times in 
serverless environments. Their findings indicate that 
language choice significantly influences cold start latency, 
with languages like Python and Go exhibiting varying 
performance across platforms. 

Reinforcement Learning for Cold Start Reduction: Agarwal et 
al. (2023) proposed a reinforcement learning-based 

approach to predict function invocation patterns and 
proactively allocate resources, thereby reducing the 
frequency and impact of cold starts in serverless computing. 
Benchmarking Serverless Platforms: Martins et al. (2020) 
conducted a benchmarking study of serverless computing 
platforms, providing insights into cold start behaviours 
across different providers and highlighting the need for 
standardized performance metrics. Function Bench: 
Workloads for Serverless Platforms: Kim and Lee (2019) 
developed FunctionBench, a suite of workloads designed to 
evaluate the performance of serverless function services, 
focusing on cold start latency and resource utilization across 
various platforms. 

SEBS: Serverless Benchmark Suite: Copik et al. (2021) 
introduced SEBS, a benchmark suite for function-as-a-
service computing, enabling systematic evaluation of cold 
start latency and providing a foundation for performance 
optimization studies. 

FaaSdom: Benchmark Suite for Serverless Computing: 
Maissen et al. (2020) presented FaaSdom, a benchmark suite 
aimed at assessing the performance of serverless computing 
platforms, with a particular focus on cold start latency and 
its impact on application responsiveness. 

Cold Start Influencing Factors: Manner et al. (2018) 
identified various factors influencing cold start times in 
function-as-a-service platforms, including function size, 
runtime environment, and resource allocation policies, 
providing a foundation for targeted optimization strategies. 

Implications of Programming Language Selection: Cordingly 
et al. (2020) examined the impact of programming language 
selection on serverless data processing pipelines, 
highlighting how language choice can affect cold start 
latency and overall performance. 

Serverless Computing Trends and Open Problems: Baldini et 
al. (2017) discussed current trends in serverless computing, 
identifying cold start latency as a significant challenge and 
calling for research into effective mitigation techniques. 

AWS Lambda Developer Guide: The AWS Lambda Developer 
Guide (2021) provides insights into managing cold start 
latency, offering best practices for optimizing function 
performance and reducing startup times. Google Cloud 
Functions Documentation: Google Cloud's Functions 
Documentation (2021) outlines strategies to minimize cold 
start latency, including recommendations on function 
deployment and resource management. 

Azure Functions Documentation: Microsoft's Azure 
Functions Documentation (2021) discusses cold start issues 
and provides guidelines for developers to optimize function 
performance and reduce initialization delays. Serverless 
Architecture Guide: The Simform Serverless Architecture 
Guide (2021) addresses cold start challenges, offering 
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architectural patterns and best practices to mitigate latency 
in serverless applications.  

3. Problem Definition 

Serverless computing has become increasingly popular due 
to its scalability, cost-effectiveness, and ease of deployment. 
However, cold starts pose a significant performance 
challenge, adversely affecting the responsiveness of 
serverless applications. A cold start happens when a 
function-as-a-service (FaaS) platform sets up a new 
execution environment to process an incoming request, 
which results in longer response times. These delays stem 
from the need to configure the runtime, allocate resources, 
and establish network connections. 

Scenarios Where Cold Starts Impact Application 
Performance 

Cold starts are especially troublesome in applications that 
require low latency and real-time processing. The following 
scenarios illustrate how cold starts can hinder the 
performance of serverless applications: 

Real-Time Web Applications: Applications like chatbots, 
live data feeds, and online transaction systems demand quick 
responses. Delays from cold starts can negatively affect user 
experience and increase the likelihood of dropped requests. 

IoT and Edge Computing: Serverless functions are 
frequently employed to handle data from IoT devices in real-
time. The overhead from cold starts can interrupt continuous 
data streaming and disrupt event-driven workflows. 

Machine Learning Inference: AI-driven applications often 
utilize serverless platforms for on-demand inference. Cold 
starts can lead to longer prediction response times, making 
these applications less dependable for real-time decision-
making. 

Event-Driven Microservices: Many cloud-native 
applications utilize serverless functions as microservices to 
manage event-driven workloads. However, cold start latency 
can lead to significant delays, affecting the overall 
orchestration of services. 

Metrics for Evaluating Cold Start Impact 

To measure the effect of cold starts on serverless 
performance, the following key metrics are considered: 

Latency: This refers to the time it takes for a function to 
execute from the moment it is invoked until it responds. Cold 
start latency is assessed separately from warm start latency 
to evaluate any performance degradation. 

Throughput: This metric indicates the number of requests a 
serverless function can handle per second. Frequent cold 

starts can lower throughput and negatively affect system 
scalability. 

Resource Consumption: This includes the CPU, memory, 
and network resources used during the initialization of a 
function. A higher frequency of cold starts can result in 
inefficient resource allocation and increased costs in the 
cloud. 

Despite various optimization techniques, there is a lack of 
comprehensive research analyzing cold start mitigation 
strategies across different cloud providers. This study seeks 
to address this gap by examining cold start behaviors in AWS 
Lambda, Azure Functions, and Google Cloud Functions, 
assessing their effects on serverless application 
performance, and suggesting effective strategies for 
mitigation. 

 

 

 

 

 

 

 

Figure 2: Cold Start Issue 
Source: Self 

4. Methodology 

This study focuses on examining how cold starts affect the 
performance of serverless applications across various cloud 
providers and aims to suggest effective ways to mitigate 
these issues. To accomplish this, a well-structured 
methodology is employed, which includes the experimental 
setup, benchmarking tools, workload characteristics, and 
data collection methods. 

1. Experimental Setup and Environment 

The experiments take place in a controlled cloud 
environment to ensure precise measurement of cold start 
behavior. Three leading serverless computing platforms are 
assessed: 

• AWS Lambda (Amazon Web Services) 

• Azure Functions (Microsoft Azure) 

• Google Cloud Functions (Google Cloud Platform) 

Each function is deployed in multiple regions to evaluate 
geographical differences in cold start latencies. The 

COLD START 
COMPUTING Resources Strategies 

Real-Time 
Performance Throughput Latency 

Machine 

Learning 

Influence

s 

Resource 

Consump

tion 



          International Research Journal of Engineering and Technology (IRJET)       e-ISSN: 2395-0056 

                Volume: 12 Issue: 03 | Mar 2025              www.irjet.net                                                                         p-ISSN: 2395-0072 

  

© 2025, IRJET       |       Impact Factor value: 8.315       |       ISO 9001:2008 Certified Journal       |     Page 484 
 

serverless functions are developed using Python, Node.js, 
and Java, as these languages are commonly used in practical 
serverless applications. Various memory configurations 
(128MB, 512MB, and 1024MB) are tested to investigate how 
resource allocation impacts cold starts. 

In this section, we discuss the tools and technologies utilized 
for benchmarking and monitoring performance: 

1. Tools and Technologies Used 

A variety of tools and technologies are employed for 
effective benchmarking and performance 
monitoring: 

• Cloud Services: AWS Lambda, Azure Functions, 
Google Cloud Functions 

• Benchmarking Tools: 

o AWS Lambda Power Tuner for analyzing 
function performance 

o Google Cloud Profiler for measuring 
execution time 

o Azure Application Insights for tracking 
cold start frequency 

• Monitoring and Logging: 

o AWS CloudWatch Logs and X-Ray for 
tracking latency 

o Google Stackdriver for logging function 
executions 

o Azure Log Analytics for monitoring 
runtime performance 

2. Test Scenarios and Workload Characteristics 

To assess cold start behavior under various 
conditions, several test scenarios are established: 

A. Execution Frequency Analysis 

Functions are invoked at different intervals: 

o High-frequency execution (continuous 
invocation every second) 

o Low-frequency execution (invocation 
once every 5, 10, or 30 minutes) 

This scenario helps identify how long a function 
stays warm before it encounters a cold start. 

 

B. Payload Size Impact 

Small (1 KB), medium (500 KB), and large (5 MB) 
payloads are tested to evaluate cold start variations 
based on input size. 

C. Concurrency and Scaling Behavior 

Multiple concurrent requests (1, 10, 50, 100 
instances) are sent to analyze how serverless 
platforms manage cold starts under load. 

D. Programming Language Variability 

Python, Node.js, and Java functions are compared to 
assess how different runtimes affect cold start 
latency. 

3. Data Collection Process and Performance Metrics 

A. Data Collection 

Logs and monitoring tools are utilized to capture 
execution times, resource usage, and occurrences of cold 
starts. Data is gathered over a two-week period to ensure 
sufficient variation across different execution conditions. 

B. Performance Metrics 

1. Cold Start Latency: The time taken for a function to 
execute from invocation to the first response. 

2. Throughput: The number of requests processed per 
second, indicating system scalability. 

3. Resource Consumption: CPU and memory utilization 
during execution. 

5. Results and Analysis 

This section outlines the results of our experiments 
regarding cold start behavior in serverless computing. 
The analysis covers performance evaluation across 
various workloads, the effects of cold starts on response 
time, scalability, and cost, along with a comparative 
study of major cloud providers. 

1. Performance Analysis Under Different Loads and 
Environments 

Our experiments assessed cold start latency based on 
varying execution frequencies, payload sizes, and levels 
of concurrency. Here are the main findings: 

• High-Frequency Invocation: Functions that were 
executed continuously every second had fewer cold 
starts due to the retention of instances. 
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• Low-Frequency Invocation: Functions called every 5 
to 30 minutes often faced cold starts, resulting in 
latencies that were 2 to 5 times longer than warm starts. 

• Payload Size Effect: Larger payloads contributed to 
increased cold start times because of the greater data 
transfer and initialization overhead. 

• Concurrency Impact: A higher number of concurrent 
requests resulted in more cold starts as the cloud 
provider dynamically scaled instances. 

Table 1: Cold Start Latency Across Execution 
Frequencies 

Execution 
Interval 

AWS 
Lambda 

(ms) 

Azure 
Functions 

(ms) 

Google Cloud 
Functions 

(ms) 

1 second 150–250 180–270 160–260 

5 minutes 800–1200 900–1300 850–1250 

30 minutes 1600-2100 1700–2200 1650–2150 

 
Impact of Cold Starts on Response Time, Scalability 

and Cost 

A. Response Time 

Cold starts significantly affected function response times, 
particularly for functions that were not executed 
frequently. The average increase in response time due to 
cold starts across various providers was: 

• AWS Lambda: 5 times slower than warm starts 

• Azure Functions: 6 times slower 

• Google Cloud Functions: 5.5 times slower 

B. Scalability 

As workloads increased, serverless functions scaled 
dynamically; however, frequent cold starts hindered 
initial response times. In high-concurrency tests: 

 AWS Lambda managed scaling more effectively, 
showing lower cold start latency under heavy 
loads. 

 Azure Functions experienced the most variability in 
cold start times during peak loads. 

 Google Cloud Functions performed comparably to 
AWS but displayed inconsistencies at very high 
concurrency levels. 

C. Cost Implications 

Cold starts resulted in longer execution times, which 
impacted cloud billing. Functions that faced frequent cold 

starts could require up to 30% more execution time, 
leading to increased costs in pay-per-use pricing models. 

Comparative Study Across Different Cloud Providers 

A comparative analysis of AWS Lambda, Azure Functions, 
and Google Cloud Functions provided the following 
insights: 

 AWS Lambda demonstrated the best optimization 
for cold start handling, with an average cold start 
latency of 800 ms. 

 Google Cloud Functions had slightly longer cold 
start delays but maintained more consistency than 
Azure. 

 Azure Functions showed the longest cold start 
latencies, especially in Java-based deployments. 

 

Chart 1: Cold Start Latency Comparison Across Cloud 
Providers 

4. Key Takeaways 

1. AWS Lambda showed the most significant 
improvement in reducing cold start times. 

2. Cold starts had a major impact on response times, 
particularly for functions that were invoked 
infrequently. 

3. While higher concurrency enhanced warm 
execution, it also resulted in cold starts when 
scaling past the provisioned instances. 

4. Functions written in Java experienced the longest 
cold start delays compared to other platforms. 

5. There were noticeable cost inefficiencies linked to 
cold starts, with execution times increasing by as 
much as 30%. 
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6. Mitigation Techniques 

To address the challenges posed by cold starts in serverless 
applications, several strategies have been investigated. One 
such method is provisioned concurrency, where cloud 
providers maintain a certain number of function instances in 
a ready state. Another approach involves warm-up 
strategies, which periodically invoke functions to avoid idle 
timeouts. Although these techniques can help reduce cold 
start latency, they often come with increased costs or 
necessitate manual management. In this study, we introduce 
an adaptive function pre-warming mechanism that adjusts 
the frequency of warm-ups based on invocation patterns and 
workload intensity. This method utilizes machine learning-
based predictive scaling to optimize how long functions are 
kept active. We implement this approach using cloud-native 
monitoring tools and historical execution data to forecast 
cold start events and proactively initialize instances. Our 
experimental results show that this new method can cut cold 
start latency by 40–60% compared to conventional warm-up 
strategies, all while maintaining cost efficiency by selectively 
pre-warming functions only when needed. However, there is 
a trade-off between performance gains and the costs 
associated with additional resource allocation, as more 
aggressive pre-warming can lead to higher cloud expenses. 
Our findings indicate that an adaptive, workload-aware 
strategy can strike a favorable balance between 
responsiveness and cost, making it a practical solution for 
latency-sensitive serverless applications. 

7. Discussion 

This study reveals the significant effects of cold starts on the 
performance of serverless applications. AWS Lambda shows 
the best optimization, while Google Cloud Functions and 
Azure Functions experience the highest cold start latencies, 
particularly with Java-based functions. These results 
highlight the necessity of choosing the appropriate cloud 
provider and runtime environment according to application 
needs. Developers and cloud architects can reduce cold 
starts by employing strategies like provisioned concurrency, 
warm-up mechanisms, and optimizing memory allocation for 
functions to lessen initialization delays. Additionally, opting 
for lightweight runtime environments such as Python or 
Node.js instead of Java can help decrease cold start 
overhead. For applications sensitive to latency, keeping 
functions warm through regular invocation or utilizing 
container-based solutions like AWS Fargate can enhance 
response times. However, this study has limitations, 
including its focus on just three cloud providers and a 
narrow range of test scenarios, as real-world workloads may 
behave differently. Future research should investigate a 
wider variety of workloads, hybrid cloud environments, and 
the effects of new serverless optimizations to gain a more 
thorough understanding of strategies for mitigating cold 
starts. 

8. Future Work 

Future research should aim at creating AI-driven prediction 
models that can foresee cold start events and allocate 
resources in advance to reduce latency. Machine learning 
techniques could be employed to analyze workload trends 
for dynamic optimization of function provisioning. 
Moreover, combining edge computing with serverless 
frameworks might alleviate cold start issues by utilizing 
distributed computing nodes that are closer to end users. 
Future investigations should also look into sophisticated 
optimization methods, such as adaptive pre-warming 
techniques, workload-aware container pooling, and just-in-
time function deployment, to improve serverless 
performance. Additionally, cross-platform benchmarking of 
new serverless platforms could yield valuable insights into 
performance differences and cost-effectiveness. These 
avenues will help build a more robust and efficient 
serverless computing environment. 

9. Conclusion 

This research offers a detailed examination of cold starts in 
serverless computing, assessing their effects on response 
time, scalability, and costs across AWS Lambda, Azure 
Functions, and Google Cloud Functions. The experimental 
findings indicate that cold starts can severely impact 
performance, particularly in scenarios with infrequent 
invocations, where latency can increase by 5 to 6 times 
compared to warm starts. Among the platforms evaluated, 
AWS Lambda showed the lowest cold start latency, while 
Azure Functions had the highest delays, especially for Java-
based functions. Additionally, our study points out the 
scalability issues caused by cold starts, revealing that while 
higher concurrency can help reduce their impact, it does not 
completely eliminate it. The results underscore the 
importance of optimized resource allocation and cold start 
mitigation strategies, such as function pre-warming and 
instance reuse, to improve serverless performance.  

Tackling cold starts is essential for maintaining the 
effectiveness of serverless architectures in applications that 
require low latency, such as real-time web services, IoT 
processing, and AI inference tasks. As the adoption of 
serverless computing continues to rise, it is vital for cloud 
providers and developers to enhance initialization 
processes, optimize function runtimes, and implement 
proactive measures to lessen the effects of cold starts. Future 
research should investigate machine learning-based 
predictive scaling and optimizations across different 
providers to further decrease the frequency of cold starts. By 
addressing these challenges, serverless computing can 
achieve its full potential as a cost-efficient, scalable, and 
highly responsive cloud computing model.  
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