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Abstract: With the rapid development of the Internet and big data, distributed systems play
an increasingly important role in various fields. This paper first introduces the basic theory
of distributed systems, including definitions, characteristics and computational models, and
then explores the design architecture of distributed systems, focusing on analysing different
architectural patterns and protocols. This paper also discusses in depth the scalability of
distributed systems, analyses the characteristics of horizontal and vertical scaling and the
bottlenecks faced, and proposes a design strategy for scalability. The results show that a
reasonable architecture and optimisation strategy is the key to achieving an efficient
distributed system.

1. Introduction

A distributed system is a system structure in which multiple computing nodes work together to
accomplish a certain task. With the rapid development of information technology, distributed
systems have been widely used in the fields of big data processing, cloud computing, and Internet of
Things. Its advantages in achieving high availability, scalability and fault tolerance make distributed
systems an important part of modern computing architecture[1]. However, the complexity of
distributed systems increases as the scale of the system expands, especially the challenges in
performance optimisation, data consistency and scalability are gradually highlighted[2]. Therefore,
it is of great theoretical significance and practical value to study the basic theory, architecture
design, and scalability of distributed systems. In this paper, we will analyse the basic theory,
architecture design, scalability and performance optimization of distributed systems in order to
provide guidance for researchers and developers in related fields[3].

2. Basic Theory of Distributed Systems
2.1 Distributed System Definition and Characteristics

A distributed system consists of multiple computing nodes that work together over a network to
complete tasks. These nodes can be spread out and each has its own resources, communicating
through the network. There's no central control; nodes coordinate via message passing[4]. Key
features are transparency, scalability, fault tolerance, and high availability. Transparency hides
system details from users, scalability allows adding nodes without performance loss, fault tolerance
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maintains operation with redundant nodes, and high availability ensures continuous service even
with component failures[5].

2.2 Distributed Computing Model

Distributed computing model is a theoretical framework that describes how the nodes in a
distributed system perform collaborative computation. Common distributed computing models
include the shared memory model, the message passing model, and the stream-based computing
model. The shared memory model assumes that all nodes of the system can access the same shared
memory and exchange data by reading and writing the shared memory; while the message passing
model implements communication between nodes by sending and receiving messages, and the
nodes do not share the memory directly with each other; and the stream-based computing model
focuses on the delivery and processing of data flow, and the nodes carry out collaborative
computation through streaming data transfer. The choice of distributed computing model directly
affects the efficiency, scalability and fault tolerance of the system, and different application
scenarios require different computing models to optimise performance[6]. For example, in scenarios
requiring high throughput and low latency, a message-passing model may be more suitable, while a
shared memory model or a streaming computing model may be more advantageous when dealing
with large-scale datasets.

3. Design and Architecture of Distributed Systems
3.1 Architecture Patterns

Distributed system architecture patterns dictate how work is organized and coordinated across
multiple nodes. Key patterns include client-server, peer-to-peer (P2P), and microservice
architectures. In client-server, clients request services and servers process these requests, typically
handling data storage and processing, with clients focusing on data display and interaction. P2P
networks allow nodes to function as both clients and servers without a master-slave hierarchy,
promoting equal node status. Microservice architecture decomposes large systems into small,
independent services that communicate via APIs, enhancing flexibility and maintainability through
modular design. The choice of architecture impacts system scalability, flexibility, and fault
tolerance.

3.2 Distributed Protocols

Distributed protocols are rules that define how nodes in a distributed system collaborate and
communicate. Common distributed protocols include consistency protocols, consensus protocols,
arbitration protocols and synchronisation protocols. Consistency protocols such as Paxos and Raft
protocols are used to ensure that multiple nodes in a distributed system agree, especially in
distributed transactions or distributed databases, where it is critical to ensure data consistency.
Consensus protocols are used to solve the problem of how nodes in a distributed system agree on a
decision, and are often used in fault recovery and election processes in distributed systems.
Arbitration protocols, on the other hand, are used to decide priority or contention issues between
multiple nodes, while synchronisation protocols are used to ensure the order of operations between
multiple nodes to ensure correctness and consistency of the system. The design of distributed
protocols needs to take into account the fault tolerance, scalability and performance of the system,
and a reasonable protocol design can greatly improve the reliability and efficiency of the system.
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3.3 Data consistency and distributed transactions

Data consistency in distributed systems ensures that data copies across multiple nodes are
identical at all times, despite challenges like network latency and node failures. To address this,
systems use various consistency models and distributed transaction protocols like 2PC and 3PC to
maintain transactional consistency and atomicity across nodes. However, these implementations can
be performance-intensive, necessitating a balance between consistency and performance. In
large-scale systems, an eventual consistency model is often adopted to enhance performance,
allowing temporary inconsistencies but ensuring eventual data consistency.

4. Scalability of Distributed Systems
4.1 Overview of Scalability

Scalability is a core characteristic of distributed systems, which refers to the ability of a system
to maintain or improve its performance by adding resources (e.g., compute nodes, storage devices,
etc.) in the face of increased load. Scalability of distributed systems is usually implemented in two
ways: horizontal scaling and vertical scaling. Horizontal scaling is achieved by adding more
compute nodes to expand the system, usually through clustering or distributed computing
frameworks; vertical scaling is achieved by increasing the resources of individual nodes, such as
CPU, memory, storage, etc. to expand the system. The implementation of scalability not only
depends on the increase of hardware resources, but is also affected by the system architecture
design, protocol selection, load balancing and other factors. With the increasing scale of distributed
systems, how to design efficient scaling strategies has become an important topic in distributed
system research. A reasonable scaling mechanism can ensure system performance while avoiding
system collapse caused by resource bottlenecks or scalability limitations.

4.2 Horizontal and Vertical Scaling

Horizontal scaling and vertical scaling are two basic ways to scale a distributed system.
Horizontal scaling (also known as horizontal scaling) refers to expanding the processing power of a
system by adding more computing nodes or servers. This type of scaling can achieve performance
improvements through distributed computing and storage, and the processing power of the system
can increase almost linearly as the number of nodes increases. Horizontal scaling is common in
distributed databases, cloud computing platforms, and other fields. Vertical scaling (also known as
vertical scaling) is to expand the capacity of the system by increasing the resources of a single node,
which is usually manifested in upgrading the server's CPU, memory, disk and other hardware
resources. Vertical scaling is suitable for scenarios where the performance of a single node needs to
be improved, but its scalability is limited by the maximum configuration of the hardware. In
contrast, horizontal scaling is more flexible and scalable, and can better cope with the increasing
system load.

4.3 Scalability Bottlenecks and Challenges

During the scaling process of distributed systems, several bottlenecks and challenges are usually
encountered. The first one is the data consistency and coordination problem; as the number of nodes
increases, ensuring data consistency across nodes becomes more complex. How to maintain
consistency and avoid data conflicts through effective protocols and algorithms is an urgent
problem in distributed systems. Second, network bandwidth and latency are also one of the major
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challenges to scalability. As the number of nodes increases, the communication load between nodes
also increases, and network latency and bandwidth constraints may lead to system performance
degradation. In addition, issues such as load balancing, fault recovery, and dynamic joining and
exiting of nodes in distributed systems may also affect the scalability of the system. In order to
overcome these bottlenecks, these challenges need to be fully considered during system design and
appropriate optimisation strategies need to be adopted.

4.4 Scalability Design Strategies

Designing a scalable distributed system requires full consideration of several aspects of the
system, such as load balancing, fault tolerance, and data consistency. In terms of load balancing, the
system needs to dynamically adjust the task allocation according to the computing and storage
capacity of each node to ensure the optimal use of resources. In terms of fault tolerance, redundant
backup mechanisms are designed to ensure that even if some nodes fail, the system can continue to
run without affecting the user experience. In terms of data consistency, appropriate consistency
models (e.g., eventual consistency) and distributed transaction protocols are used to ensure data
correctness and integrity. In addition, more flexible scaling strategies can be achieved through
horizontal scaling, which allows nodes to dynamically join or exit to cope with fluctuations in
system load.

5. Conclusion

This paper provides an in-depth analysis of the basic theory, design architecture, scalability and
performance optimisation strategies of distributed systems. It is shown that distributed systems have
significant advantages in handling large-scale data and highly concurrent tasks, but also face
challenges such as data consistency, load balancing, and system scalability. Through reasonable
architectural design, protocol selection, and scaling strategies, distributed systems can effectively
cope with these problems and provide efficient and reliable services.
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