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Abstract - Cache coherence is a fundamental requirement in shared memory 

multiprocessor systems where multiple processors access and modify shared data 

concurrently. With the increasing adoption of multicore architecture, efficient 

coherence mechanisms have become essential to ensure data consistency and high 

system performance. This paper presents a survey and comparative analysis of 

widely used cache coherence protocols in multiprocessor systems. The study 

reviews the fundamental concepts of cache coherence and categorizes coherence 

mechanisms based on their architectural approaches. Classical protocols including 

MSI, MESI, MOESI, and MESIF are examined with respect to their state models, 

operational mechanisms, and performance characteristics. A comparative analysis 

is presented to highlight the differences among these protocols in terms of 

scalability, communication overhead, and implementation complexity. In addition, 

the paper discusses key design challenges such as coherence traffic, latency, and 

energy consumption, and reviews emerging research directions including adaptive 

coherence techniques, machine-learning-assisted optimization, and coherence 

support for heterogeneous computing systems. The insights provided in this survey 

help researchers and system designers understand the strengths and limitations of 

existing coherence mechanisms and support the development of scalable and 

efficient coherence solutions for future multiprocessor architectures. 

Keywords: Multiprocessor Systems; Multicore Architecture; Coherence Protocols; 

Shared Memory Systems; Cache Consistency. 
 

1 INTRODUCTION 

The rapid growth of multicore and multiprocessor architectures has significantly improved the 

computational capabilities of modern computing systems. These architectures integrate multiple 

processing cores on a single chip, enabling parallel execution of applications and improving 

system throughput. Most modern multicore systems adopt a shared memory programming model 

in which multiple processors communicate through a common memory space. Although this 

model simplifies programming, it introduces a critical challenge known as the cache coherence 

problem, where multiple processors may simultaneously access and modify shared data stored in 

their private caches. Ensuring that all processors observe a consistent view of shared data is 
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essential for maintaining program correctness and reliable system operation [1-3]. 

To reduce the latency gap between the processor and main memory, modern computer 

architectures employ cache memories that store frequently accessed data close to the processor. 

While caches significantly improve system performance, they also introduce data inconsistency 

issues when multiple processors maintain copies of the same memory block in their local caches. 

When one processor modifies a data block, the other cached copies may become stale, resulting 

in incorrect program behaviour. Cache coherence protocols are therefore required to maintain 

consistency among the multiple cached copies of shared data and ensure that all processors 

observe the most recent value of a memory location [4-6]. 

Cache coherence protocols define a set of rules that coordinate communication among cache 

controllers and main memory to maintain consistency. These protocols manage the states of 

cache blocks and control how data is shared, updated, or invalidated across processors. Early 

coherence mechanisms primarily relied on snooping-based protocols, in which all caches 

monitor a shared communication bus and observe memory transactions to maintain coherence. 

Snooping protocols are efficient in small scale multiprocessor systems because they allow caches 

to react quickly to memory operations. However, the broadcast nature of snooping 

communication leads to scalability limitations as the number of processors increases, resulting in 

increased coherence traffic and bus contention [7-9]. 

To address these scalability challenges, directory-based coherence protocols were introduced. In 

directory- based systems, a centralized or distributed directory maintains information about 

which processors currently hold copies of each memory block. Instead of broadcasting coherence 

messages to all processors, communication occurs only between the processors involved in a 

memory transaction. This approach significantly reduces unnecessary coherence traffic and 

improves scalability for large scale multiprocessor systems [10-11]. Over the years, several 

widely adopted coherence protocols have been developed, including MSI, MESI, MOESI, and 

MESIF, which introduce additional states to improve performance and reduce memory access 

overhead. These protocols optimize cache to cache communication and minimize unnecessary 

write-backs to main memory, thereby enhancing system efficiency [6], [32]. 

Despite these advancements, cache coherence continues to present several challenges in modern 

computing systems. As processor core counts increase and heterogeneous architectures such as 

CPU-GPU systems become more common, maintaining coherence efficiently becomes 

increasingly complex. High coherence traffic can lead to increased network congestion, latency, 

and energy consumption in many-core systems. Consequently, recent research has focused on 

developing scalable and energy efficient coherence techniques, including adaptive coherence 

protocols, hybrid snooping-directory approaches, and machine learning based coherence 

optimization methods [12-15]. 

Given the increasing complexity of modern multicore systems and the wide variety of coherence 

mechanisms proposed in the literature, a comprehensive understanding of existing cache 
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coherence protocols is essential. This paper presents a systematic survey and comparative 

analysis of cache coherence protocols used in multiprocessor systems. The study reviews 

classical coherence protocols, analyses their architectural mechanisms, and evaluates their 

advantages and limitations in terms of scalability, coherence traffic, and implementation 

complexity. Furthermore, emerging research directions and recent developments in coherence 

optimization are also discussed to provide insights into future trends in multiprocessor system 

design. 

The remainder of this paper is organized as follows. Section 2 presents the background of cache 

memory and discusses the cache coherence problem in multiprocessor systems. Section 3 

introduces the taxonomy of cache coherence protocols. Section 4 reviews classical coherence 

protocols including MSI, MESI, MOESI, and MESIF. Section 5 provides a comparative analysis 

of these protocols. Section 6 discusses the major design challenges in cache coherence 

mechanisms. Section 7 highlights emerging trends in coherence optimization, while Section 8 

outlines research gaps and future directions. Finally, Section 9 concludes the paper. 

2 BACKGROUND OF CACHE COHERENCE IN MULTIPROCESSOR SYSTEMS 

Multiprocessor and multicore systems rely on hierarchical memory organizations to reduce 

memory access latency and improve overall system performance. In such systems, each 

processor core typically contains a private cache that stores frequently accessed data closer to the 

processor. This hierarchical design exploits spatial and temporal locality of reference, allowing 

processors to access data much faster than if they relied solely on main memory. However, the 

presence of multiple private caches introduces challenges related to maintaining a consistent 

view of shared data among processors. As a result, cache coherence mechanisms are required to 

ensure correct data sharing in shared-memory multiprocessor architectures [16-17]. 

2.1 Memory Hierarchy and Cache Memory 

Modern computer architectures employ a multilevel memory hierarchy consisting of registers, 

cache memory, main memory, and secondary storage. Cache memory acts as an intermediate 

layer between the processor and main memory and is typically implemented using high speed 

static random access memory (SRAM). The primary objective of cache memory is to reduce the 

latency of memory accesses by storing frequently used instructions and data close to the 

processor [17]. The hierarchical organization of memory in a multiprocessor system is illustrated 

in Fig. 1. 
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Fig.1. Memory Hierarchy 

In contemporary multicore processors, caches are commonly organized into multiple levels such 

as L1, L2, and sometimes L3 caches. The L1 cache is usually private to each core and provides 

the fastest access, while the lower- level caches may be shared among multiple cores to facilitate 

efficient data sharing. When a processor requests data, the system first checks the cache 

hierarchy before accessing the main memory. If the requested data is found in the cache, the 

event is referred to as a cache hit, whereas the absence of the data in the cache results in a cache 

miss, requiring the data to be fetched from lower levels of the memory hierarchy [1]. Although 

caches significantly enhance performance, they also create potential consistency issues when 

multiple processors maintain copies of the same memory block. 

2.2 Cache Coherence Problem in Multiprocessor Systems 

The cache coherence problem occurs when multiple processors store copies of the same memory 

block in their local caches and one processor modifies its copy. Without a proper coherence 

mechanism, other processors may continue to read outdated data from their caches, leading to 

incorrect program behaviour. Therefore, maintaining a consistent view of shared data across all 

caches is essential for the correctness of parallel programs in shared- memory systems [4]. 

For example, consider two processors that hold a cached copy of a shared variable in their 

respective caches. If processor P1 modifies the variable stored in its cache, the corresponding 

value in the cache of processor P2 may become outdated if no coherence mechanism is applied. 

As a result, processor P2 may continue to read an obsolete value from its cache while processor 

P1 operates on the updated value, leading to inconsistent system behaviour. Cache coherence 

protocols address this issue by coordinating communication among cache controllers and 

defining rules for updating, invalidating, or sharing cache blocks among processors. These 

protocols track the state of cache lines and ensure that all processors observe the most recent 

value of shared data during program execution [2], as illustrated in Fig.2. 
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Fig. 2. Example illustrating the cache coherence problem in a multiprocessor system. 

2.3 Cache Write Policies 

Cache write policies determine how modifications made to cached data are propagated to the 

main memory, thereby influencing both memory consistency and system performance in 

multiprocessor architectures. Among the commonly used policies, write-through and write-back 

represent two fundamental approaches for handling cache updates. In the write-through policy, 

every write operation performed on a cache block is immediately propagated to the main 

memory. This ensures that the main memory always contains the most recent value of the data, 

simplifying consistency management across processors. However, the frequent updates to main 

memory can significantly increase memory traffic, which may degrade overall system 

performance, particularly in systems with multiple processors [18]. 

In contrast, the write-back policy updates only the cache when a processor modifies a data block, 

while the corresponding main memory location is updated later when the cache block is 

replaced. The modified block is marked using a dirty bit to indicate that the cache holds a more 

recent copy of the data than the main memory. Thisapproach reduces memory traffic and 

improves overall system efficiency, but it also introduces additional complexity because other 

processors must not access stale data. Therefore, effective cache coherence mechanisms are 

required to maintain data consistency in systems employing write-back caches, as illustrated in 

Fig. 3. 

Fig. 3. Illustration of write-through and write-back cache write policies in a multiprocessor 

system 
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3 TAXONOMY OF CACHE COHERENCE PROTOCOLS 

Cache coherence protocols are designed to maintain consistency among multiple cached copies 

of shared data in multiprocessor systems. Over the years, several coherence mechanisms have 

been proposed to manage communication among caches and ensure that processors observe a 

consistent view of memory. These mechanisms can generally be categorized into snooping-based 

protocols, directory-based protocols, and hybrid coherence approaches based on how coherence 

information is tracked and propagated among processors [2], [4]. The classification of these 

coherence mechanisms is illustrated on Fig. 4. Each approach has different characteristics in 

terms of scalability, communication overhead, and implementation complexity. 

 

Cache Coherence Protocols 

 

 

Snooping-Based Protocols Directory-Based 

Protocols 

Hybrid Protocols 

 

 

MSI, MESI, MOESI Distributed Directory, Centralized Directory 

 

 

 

Fig. 4. Taxonomy of Cache Coherence Protocols in Multiprocessor Systems 

3.1 Snooping Based Coherence Protocols 

Snooping based coherence protocols rely on a shared interconnection medium, typically a bus, 

where all cache controllers monitor or “snoop” on memory transactions occurring on the bus. 

When a processor performs a read or write operation, the request is broadcast to all caches 

connected to the bus. Each cache controller observes the transaction and updates its cache state 

accordingly to maintain coherence. For example, if a processor writes to a 
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cache block that is shared by other processors, the snooping mechanism ensures that the 

corresponding copies in other caches are either invalidated or updated [7], [19-21]. 

Snooping protocols are relatively simple to implement and provide low latency coherence 

management because all processors can observe memory transactions simultaneously. As a 

result, they are commonly used in small scale multiprocessor systems where the number of 

processors is limited. However, the broadcast-based communication model generates significant 

coherence traffic and bus contention as the number of processors increases. This limitation 

restricts the scalability of snooping protocols in large multicore and manycore systems [37]. 

3.2 Directory Based Coherence Protocols 

To overcome the scalability limitations of snooping protocols, directory-based coherence 

protocols were introduced. In directory-based systems, a directory structure is used to maintain 

information about which processors currently hold copies of each memory block. Instead of 

broadcasting coherence messages to all processors, communication occurs only between the 

processors involved in a particular memory transaction. The directory maintains a record of 

sharers and coordinates coherence actions such as invalidation or update messages when a 

processor modifies a shared cache block [10-11], [19], [22-24]. 

Directory-based protocols significantly reduce unnecessary communication by replacing 

broadcast transactions with targeted point-to-point messages. This design improves scalability 

and makes directory-based coherence suitable for large scale multiprocessor systems and 

distributed shared memory architectures. However, the directory structure requires additional 

storage and management logic, which increases hardware complexity and introduces additional 

latency in certain cases [10], [25]. 

3.3 Hybrid Coherence Protocols 

Hybrid coherence protocols combine features of both snooping and directory-based approaches 

to balance scalability and performance. These protocols typically use snooping mechanisms 

within small processor clusters while employing directory-based coordination across clusters. By 

combining both techniques, hybrid protocols aim to reduce coherence traffic while maintaining 

fast communication within local processor groups[26-30]. Hybrid coherence approaches are 

increasingly relevant in modern manycore processors and heterogeneous architectures where 

processors are organized into multiple clusters connected through high-speed interconnect 

networks. In such systems, hybrid protocols provide a flexible solution that adapts to different 

communication patterns and reduces the overhead associated with purely broadcast-based or 

purely directory-based mechanisms [13-14]. 

The taxonomy of cache coherence protocols highlights the trade-offs between simplicity, 

scalability, and communication overhead. Snooping protocols offer simplicity and low latency 

for small systems, while directory- based protocols provide better scalability for large 

multiprocessor architectures. Hybrid approaches attempt to combine the advantages of both 

mechanisms to meet the demands of modern multicore and heterogeneous computing systems. 
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4 CLASSICAL CACHE COHERENCE PROTOCOLS 

Over the years, several cache coherence protocols have been proposed to maintain consistency 

among cached data in multiprocessor systems. These protocols regulate the states of cache 

blocks and define how processors communicate with each other during memory read and write 

operations. Classical coherence protocols typically operate using a finite state machine model, 

where each cache line can transition between different states depending on processor requests 

and coherence messages. Among the most widely studied and implemented protocols are MSI, 

MESI, MOESI, and MESIF, each introducing additional states to improve system performance 

and reduce coherence traffic [4], [31-33]. These protocols form the foundation of many modern 

multiprocessor architectures. 

4.1 MSI Protocol 

The MSI protocol is one of the earliest and simplest cache coherence protocols used in shared-

memory multiprocessor systems. It defines three possible states for each cache block: Modified 

(M), Shared (S), and Invalid 

(I). In the Modified state, the cache block has been updated by the processor and differs from the 

corresponding value in main memory. In this state, the cache holds the only valid copy of the 

data and must write the updated value back to memory before another processor can access it. In 

the Shared state, multiple caches may hold copies of the same data block, and the value is 

consistent with the main memory. The Invalid state indicates that the cache block does not 

contain valid data and must fetch the block from memory or another cache when accessed [34-

35]. 

Although the MSI protocol is simple to implement, it has certain limitations. For example, a 

processor must invalidate other shared copies before modifying a cache block, which can lead to 

additional coherence traffic and performance overhead. As a result, more advanced protocols 

were later introduced to reduce unnecessary memory transactions and improve system efficiency 

[4]. 

4.2 MESI Protocol 

The MESI protocol extends the MSI protocol by introducing an additional state called Exclusive 

(E). The four states of the MESI protocol are Modified, Exclusive, Shared, and Invalid. The 

Exclusive state indicates that a cache block is present only in a single cache and is consistent 

with the main memory. This allows the processor to modify the block without generating 

invalidation messages, thereby reducing unnecessary coherence traffic [4], [36]. 

The MESI protocol improves system performance by minimizing memory access operations and 

enabling efficient cache-to-cache communication. It is widely implemented in many commercial 

processors because it provides a good balance between hardware complexity and performance 

optimization. However, MESI still requires memory intervention in certain cases where multiple 

processors request shared data simultaneously [31]. 
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4.3 MOESI Protocol 

The MOESI protocol further enhances the MESI protocol by introducing an additional Owner 

(O) state. The five states in this protocol are Modified, Owner, Exclusive, Shared, and Invalid. 

The Owner state allows a cache that holds the modified version of a block to supply data directly 

to other requesting caches without writing the block back to main memory. This capability 

significantly reduces memory bandwidth consumption and improves overall system performance 

[37-38]. By enabling direct cache-to-cache data transfer, the MOESI protocol reduces the 

number of write-back operations and decreases coherence traffic in multiprocessor systems. As a 

result, MOESI is commonly used in high performance multicore processors and advanced 

shared-memory architectures [4]. 

4.4 MESIF Protocol 

The MESIF protocol is another extension of the MESI protocol and introduces a Forward (F) 

state to optimize data sharing among processors. The protocol consists of five states: Modified, 

Exclusive, Shared, Invalid, and Forward. In this scheme, when multiple caches hold a shared 

copy of a block, only one cache is designated as the forwarder. This cache is responsible for 

supplying the requested data to other processors, thereby reducing redundant responses and 

improving communication efficiency [31], [39]. The MESIF protocol is particularly useful in 

systems with point-to-point interconnect networks, where minimizing communication overhead 

is essential for maintaining high performance. By designating a single forwarding cache, the 

protocol ensures efficient data delivery while reducing unnecessary memory accesses and 

coherence traffic [31]. 

These classical coherence protocols illustrate the evolution of cache coherence mechanisms in 

multiprocessor systems. Each successive protocol introduces additional states and optimizations 

to improve performance, reduce communication overhead, and enhance scalability. 

Understanding these protocols provides valuable insight into the design of modern coherence 

mechanisms used in multicore and manycore architectures. 

5 COMPARATIVE ANALYSIS OF CACHE COHERENCE PROTOCOLS 

Cache coherence protocols play a crucial role in maintaining data consistency in multiprocessor 

systems. Over time, several coherence protocols have been developed with the objective of 

improving system performance, reducing coherence traffic, and enhancing scalability. Classical 

protocols such as MSI, MESI, MOESI, and MESIF differ primarily in the number of cache states 

they employ, and the mechanisms used to manage data sharing and modification among 

processors. These differences significantly influence communication overhead, memory 

bandwidth utilization, and implementation complexity in multiprocessor architectures [1], [4]. 

The MSI protocol represents the simplest coherence mechanism, but it generates relatively 

higher coherence traffic due to frequent invalidation and write-back operations. The MESI 

protocol improves upon MSI by introducing an Exclusive state that allows a processor to modify 

a cache block without generating additional coherence messages when the block is not shared. 
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This optimization reduces unnecessary bus transactions and improves overall performance [1], 

[35]. 

The MOESI protocol further enhances coherence efficiency by introducing an Owner state that 

allows modified cache blocks to be supplied directly to requesting caches without first writing 

the data back to main memory. This capability reduces memory bandwidth consumption and 

enables efficient cache-to-cache communication. Similarly, the MESIF protocol introduces a 

Forward state that designates a specific cache to respond to read requests, thereby avoiding 

multiple simultaneous responses from different caches and reducing communication overhead 

[31], [37]. 

Table 1 summarizes the key characteristics of commonly used cache coherence protocols in 

terms of the number of states, scalability, communication overhead, and implementation 

complexity. 

Table 1: Comparative Analysis of Classical Cache Coherence Protocols 

Protocol States Key Feature Communicatio

n Overhead 

Scalability Implementatio

n Complexity 

MSI M, S, I Basic invalidation 

protocol 

High Low Low 

MESI M, E, S, I Exclusive state

 reduces 

memory access 

Moderate Medium Moderate 

MOESI M, O, E, S, I Owner state enables 

cache- to-cache transfer 

Low High High 

MESIF M, E, S, I, F Forward state

 optimizes data 

response 

Low High High 

 

For visualization purposes, the qualitative metrics such as communication overhead, scalability, 

and implementation complexity are represented using a relative scale ranging from 1 (low) to 5 

(high), and the comparative characteristics of classical cache coherence protocols are illustrated 

in Fig. 5. 
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Fig. 5. Comparative characteristics of classical cache coherence protocols 

From the comparison, it can be observed that the evolution of coherence protocols primarily 

focuses on reducing unnecessary memory transactions and improving data sharing efficiency 

among processors. Protocols with additional states, such as MOESI and MESIF, provide 

improved performance and scalability by enabling direct cache-to-cache data transfer and 

minimizing coherence traffic. However, these protocols also introduce increased hardware 

complexity due to the additional state transitions and control logic required in the cache 

controller [38]. 

In large scale multicore systems, scalability becomes a critical factor when selecting an 

appropriate coherence protocol. Snooping-based implementations of MSI and MESI protocols 

are suitable for small multiprocessor systems due to their simplicity and low latency. In contrast, 

protocols such as MOESI and MESIF are better suited for modern multicore processors where 

efficient data sharing and reduced communication overhead are essential for maintaining high 

system performance [2], [4]. 

The comparative analysis highlights the trade-offs between simplicity, performance, and 

scalability in cache coherence protocol design. While simpler protocols offer ease of 

implementation, advanced protocols provide better performance and scalability by incorporating 

additional optimization states. Understanding these trade-offs is essential for designing next 

generation coherence mechanisms in manycore and heterogeneous computing environments. 

6 DESIGN CHALLENGES IN CACHE COHERENCE PROTOCOLS 

Although cache coherence protocols play a vital role in maintaining data consistency in shared-

memory multiprocessor systems, their design becomes increasingly challenging as the number of 

processing cores grows. Modern multicore and manycore systems introduce significant 

complexity in managing coherence traffic, memory latency, and energy consumption. As a 

result, designing scalable and efficient coherence mechanisms remains an important research 

challenge in computer architecture [2], [5], [40]. 
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6.1 Scalability Challenges 

One of the primary challenges in cache coherence protocol design is scalability. Early coherence 

mechanisms such as snooping-based protocols rely on broadcast communication over a shared 

bus, where all cache controllers monitor memory transactions to maintain consistency. While this 

approach works efficiently for small multiprocessor systems, it becomes inefficient as the 

number of processors increases. The broadcast nature of snooping communication leads to 

increased bus contention and coherence traffic, limiting the scalability of these protocols in large 

multicore systems [7], [21]. Directory-based coherence protocols were introduced to address this 

issue by replacing broadcast communication with targeted point-to-point messaging. Although 

directory-based protocols improve scalability, they introduce additional storage overhead for 

maintaining directory entries and increase the complexity of coherence management in large 

systems [10], [41-42]. 

6.2 Communication Overhead 

Cache coherence protocols generate many control messages to maintain consistency among 

caches. These messages include invalidation requests, acknowledgments, data transfers, and state 

transition signals. As the number of processors increases, the volume of coherence traffic also 

increases significantly, which can saturate the interconnection network and degrade system 

performance. Excessive coherence traffic can also lead to increased memory latency and reduced 

throughput in high performance multiprocessor systems [5], [43]. Optimizing communication 

overhead is therefore an important objective in coherence protocol design. Techniques such as 

cache-to-cache data transfer, selective invalidation, and coherence filtering have been proposed 

to reduce unnecessary communication among processors [38]. 

6.3 Latency and Synchronization Issues 

Another important challenge in coherence protocols is the latency associated with coherence 

operations. When a processor requests access to a cache block that is currently owned or 

modified by another processor, the requesting 

processor must wait until the coherence protocol resolves the ownership and provides the correct 

data. This process may involve multiple coherence messages and state transitions, which can 

increase memory access latency and stall processor pipelines [44]. Synchronization operations in 

parallel programs can further exacerbate these delays because multiple processors may attempt to 

access shared data simultaneously. Efficient coherence mechanisms must therefore minimize 

latency while maintaining correct data consistency across caches. 

6.4 Power and Energy Consumption 

Energy efficiency has become an important concern in modern multicore systems. Coherence 

protocols contribute significantly to power consumption due to the large number of coherence 

messages and memory accesses generated during program execution. Increased coherence traffic 

leads to higher energy usage in the interconnection network, cache controllers, and memory 
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subsystems. As a result, researchers have explored several energy-efficient coherence techniques 

such as adaptive coherence protocols, traffic filtering mechanisms, and energy aware cache 

management strategies [13], [35]. Reducing coherence-related power consumption is particularly 

important in many-core processors and large-scale computing systems, where energy efficiency 

directly impacts system reliability and operational cost. 

These challenges highlight the need for scalable and efficient coherence mechanisms capable of 

supporting modern multicore architectures. Addressing these issues remains an active area of 

research in computer architecture and parallel computing. 

7 EMERGING TRENDS IN CACHE COHERENCE 

The rapid evolution of multicore and many-core processors has led to the development of 

advanced coherence mechanisms that aim to improve scalability, reduce communication 

overhead, and enhance energy efficiency. Traditional coherence protocols such as MSI, MESI, 

and MOESI were designed primarily for small to medium-scale multiprocessor systems. 

However, modern computing platforms, including many-core processors and heterogeneous 

architectures, require more adaptive and scalable coherence techniques. As a result, recent 

research has focused on developing innovative approaches such as adaptive coherence protocols, 

machine learning based coherence optimization, and coherence mechanisms for heterogeneous 

computing systems [13-15]. 

7.1 Adaptive Cache Coherence Protocols 

Adaptive coherence protocols dynamically adjust their behaviour based on the runtime 

characteristics of applications and memory access patterns. Instead of using a fixed coherence 

mechanism, these protocols can switch between different coherence strategies to improve system 

performance and reduce communication overhead. For example, adaptive protocols may employ 

directory-based coherence for large-scale communication while using snooping mechanisms 

within smaller processor clusters. This flexibility enables the protocol to balance scalability and 

performance depending on the workload characteristics [13], [45-50]. 

Adaptive coherence approaches also attempt to optimize coherence traffic by detecting sharing 

patterns such as migratory sharing and producer consumer communication. By identifying these 

patterns, the protocol can apply specialized optimization techniques that reduce unnecessary 

coherence messages and improve data access efficiency. 

7.2 Machine Learning Based Coherence Optimization 

Machine learning techniques have recently been explored as a promising approach for 

optimizing cache coherence mechanisms. In these approaches, predictive models analyze 

memory access patterns and coherence behaviour to anticipate future coherence events. By 

predicting whether a cache block will be shared, modified, or invalidated, the system can 

proactively adjust coherence actions and reduce unnecessary communication among processors. 

Machine learning based coherence techniques can also be used to filter redundant coherence 
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messages and dynamically optimize cache configurations. These methods have shown 

potential for improving energy 

efficiency and reducing coherence traffic in many-core architectures. Although still an emerging 

research area, machine learning assisted coherence mechanisms are expected to play a significant 

role in the design of future multicore processors [12], [51]. 

7.3 Coherence in Heterogeneous Architectures 

Modern computing systems increasingly integrate heterogeneous processing units such as CPUs, 

GPUs, and specialized accelerators within a single system. These heterogeneous architectures 

introduce additional challenges in maintaining coherence because different processing units may 

have distinct memory hierarchies and access patterns. Ensuring efficient data sharing among 

these components requires advanced coherence mechanisms that can operate across diverse 

hardware components [14], [52-53]. Recent research has proposed heterogeneous coherence 

frameworks that support unified memory access across CPUs and GPUs [15], [54]. These 

mechanisms aim to maintain data consistency while minimizing communication overhead and 

synchronization delays. Efficient coherence support for heterogeneous architectures is becoming 

increasingly important as heterogeneous computing platforms continue to gain prominence in 

high performance computing and data intensive applications[55]. 

These emerging trends indicate that future cache coherence mechanisms will likely incorporate 

adaptive strategies, predictive models, and cross architecture coherence management to address 

the growing complexity of modern computing systems. 

8 RESEARCH GAPS AND FUTURE DIRECTIONS 

Although significant progress has been made in the design of cache coherence protocols, several 

challenges and limitations remain in modern multiprocessor systems. Classical coherence 

protocols such as MSI, MESI, and MOESI have been widely adopted in shared memory 

architectures; however, these protocols were originally designed for systems with a relatively 

small number of processors. As the scale and complexity of modern computing systems continue 

to grow, several research gaps have emerged that require further investigation. 

One major limitation of traditional coherence protocols is their limited scalability in many-core 

architectures. As the number of processing cores increases, the amount of coherence traffic 

generated by read and write operations also grows significantly. This increase in communication 

overhead can lead to network congestion and reduced system performance. Although directory-

based coherence protocols help mitigate this issue by reducing broadcast communication, they 

introduce additional storage overhead and management complexity for maintaining directory 

information [10]. 

Another important research gap lies in the efficient management of coherence traffic in large-

scale multicore systems. Even with advanced protocols such as MOESI and MESIF, coherence 

communication may still generate unnecessary invalidation messages and data transfers among 
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processors. Reducing redundant coherence traffic through intelligent filtering techniques and 

adaptive communication mechanisms remains an open research problem in modern computer 

architectures [38]. 

Energy efficiency is also a growing concern in modern processors. As coherence protocols 

generate many control messages and memory accesses, they contribute significantly to the 

overall power consumption of the system. Designing energy efficient coherence mechanisms that 

minimize communication overhead while maintaining data consistency is therefore an important 

research direction [35], [56]. 

In addition, the emergence of heterogeneous computing architectures introduces new challenges 

for coherence protocol design. Modern systems often integrate CPUs, GPUs, and specialized 

accelerators within the same platform. These components may use different memory hierarchies 

and communication mechanisms, making it difficult to maintain efficient coherence across the 

entire system. Developing scalable coherence frameworks that support heterogeneous 

architectures is therefore an important area for future research [14]. 

Future research in cache coherence protocols is expected to focus on several promising 

directions. These include the development of traffic-optimized coherence protocols, adaptive 

coherence mechanisms that dynamically adjust protocol behaviour based on workload 

characteristics, and machine learning assisted coherence techniques 

that predict memory access patterns and reduce unnecessary communication. Such approaches 

have the potential to significantly improve the scalability, performance, and energy efficiency of 

next generation multiprocessor systems. 

9 CONCLUSION 

This paper presented a survey and comparative analysis of cache coherence protocols used in 

shared memory multiprocessor systems. Classical protocols such as MSI, MESI, MOESI, and 

MESIF were examined to highlight their design principles, advantages, and limitations in terms 

of scalability, communication overhead, and implementation complexity. The analysis indicates 

that while advanced protocols improve cache-to-cache communication and reduce memory 

traffic, maintaining efficient coherence remains challenging as processor core counts increase. 

Furthermore, emerging approaches such as adaptive coherence mechanisms, heterogeneous 

coherence frameworks, and machine learning assisted optimization show promising directions 

for improving the scalability and efficiency of future multicore systems. 
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