
 

 
 
 
 
 
 
 
 
  
 

 
 
 
 

 
Module 5 

Performance, Processor Technologies, and 
Storage 

 
 
Learning Objectives 
 
By the end of this module, learners will be able to: 
Explain performance metrics and understand the laws governing system speedup. 

Analyze methods for program partitioning and scheduling in parallel and distributed 

systems. 

Describe different interconnection network topologies and their characteristics. 

Compare and contrast CISC and RISC architectures. 

Explain the principles of superscalar and VLIW processors. 

Understand the design and functionality of vector and symbolic processors. 

Describe hierarchical and virtual memory technologies including TLB, paging, and 

segmentation. 

Understand cache addressing modes and associative cache operations. 

Explain SIMD processing and its applications. 

Describe storage systems, I/O interfacing mechanisms, and RAID levels with their 

performance and reliability aspects. 
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5.1 Performance Metrics and Speedup Laws 
Performance evaluation is critical in parallel and distributed computing to determine 

the effectiveness, scalability, and efficiency of systems and algorithms. This section 

explores the foundational metrics and theoretical laws that describe and predict 

performance behavior in parallel environments. 

 

5.1.1 Definition and Importance of Performance Metrics 

Performance metrics are quantitative measures used to assess how efficiently a 

computing system or algorithm performs a given task. In the context of parallel 

computing, they help evaluate improvements gained through parallel execution and 

highlight system bottlenecks. 

Importance: 
Identify areas for optimization in code or architecture. 



 

Measure return on investment in hardware upgrades or algorithmic changes. 

Compare different parallel systems objectively. 

Guide architectural and algorithmic design decisions for scalability. 

Common Attributes Measured: 
Execution time 

Resource utilization 

Parallel overhead 

Speedup and efficiency 

 
5.1.2 Throughput, Latency, and Efficiency 
Throughput: 

Number of tasks or instructions processed per unit time. 

Higher throughput implies better parallel performance. 

Often measured in FLOPS (floating-point operations per second) or tasks/sec. 

Latency: 
Time taken to complete a single task or instruction. 

Low latency is critical in real-time systems. 

Can be reduced through parallelism, but not always linearly. 

Efficiency (E): 
Measures the utilization of processors: 

 
A perfect efficiency (E = 1) is rare due to overheads. 

Helps detect underutilization and excessive parallel overhead. 

 
5.1.3 Amdahl’s Law and Gustafson’s Law 
These laws model the limits and benefits of parallelism in a system. 
Amdahl’s Law: 

Focuses on fixed workload. 

Shows diminishing returns with increasing processors due to serial fraction 

(non-parallelizable portion). 

Formula: 



 

 
Gustafson’s Law: 

Focuses on scaled workloads where problem size increases with processor 

count. 

Assumes parallel fraction remains constant, but total work grows. 

Formula: 

 
Key Insight: Scalability improves with workload scaling, making parallelism more 

beneficial in real-world large-scale systems. 

 
5.1.4 Speedup and Scalability in Parallel Systems 
Speedup (S): 

Measures improvement in execution time using multiple processors. 

Formula: 

 
Scalability: 

Refers to a system’s ability to maintain efficiency as processor count increases. 

Strong scalability: Time reduces proportionally with added processors for fixed 

problem size. 

Weak scalability: System maintains performance as problem size and processor 

count grow together. 

Factors Affecting Scalability: 
Communication overhead 

Load imbalance 



 

Memory bandwidth and contention 

Synchronization delays 

 
5.2 Program Partitioning and Scheduling 
Efficient parallel execution requires dividing programs into smaller tasks and 

scheduling them across processing units. Poor partitioning or scheduling leads to 

load imbalance, underutilization of resources, and poor scalability. 

 

5.2.1 Principles of Program Decomposition 

Program decomposition (or partitioning) is the process of breaking a large 

computational task into independent subtasks that can be executed in parallel. 

Two Main Approaches: 

Domain Decomposition: 

Divides data into segments. 

Each task performs the same operation on different data parts. 

Common in scientific simulations and image processing. 

Functional Decomposition: 

Divides program by functionality or stages. 

Each task performs a different computation on the same or different 

data. 

Used in pipeline processing (e.g., multimedia encoding). 

Criteria for Good Decomposition: 
Minimize inter-task communication 

Maximize computation-to-communication ratio 

Create tasks of roughly equal size 

 
5.2.2 Task Granularity and Parallel Execution 
Granularity refers to the size of individual tasks in terms of computation time. 
Types of Granularity: 

Fine-Grained Parallelism: 

Tasks are small with frequent communication. 

High overhead, but better load balancing. 



 

Common in massively parallel systems (e.g., GPUs). 

Coarse-Grained Parallelism: 

Tasks are larger with less frequent communication. 

Lower overhead, easier to implement, but may cause load imbalance. 

Trade-Off: 
Fine granularity → better scalability but higher communication cost. 

Coarse granularity → efficient in simpler systems but less flexible. 

 
5.2.3 Static and Dynamic Scheduling 
Scheduling refers to the assignment of tasks to processors during execution. 
Static Scheduling: 

Task assignment is pre-determined at compile time. 

Predictable and low overhead. 

Assumes workload and execution times are known in advance. 

Dynamic Scheduling: 
Tasks are assigned at runtime based on availability. 

More adaptive and robust for irregular workloads. 

Requires task queues, load monitoring, and migration strategies. 

Examples: 
Static: Round-robin, block distribution 

Dynamic: Work stealing, greedy scheduling 

 
5.2.4 Load Balancing and Synchronization 
Load Balancing: 

Ensures equal workload distribution among processors. 

Prevents situations where some processors are idle while others are overloaded. 

Static Load Balancing: Performed during initial scheduling. 

Dynamic Load Balancing: Performed during execution based on system state. 

Techniques: 
Task replication 

Work sharing/stealing 

Adaptive task migration 



 

Synchronization: 
Coordinates tasks that access shared data or resources. 

Ensures data consistency and correctness. 

Common Synchronization Primitives: 
Mutex (Mutual Exclusion) 

Semaphores 

Barriers 

Locks and atomic operations 

Synchronization adds overhead and can introduce bottlenecks. Minimizing 

unnecessary synchronization is key to efficient parallel performance. 

5.3 Interconnection Networks 

Interconnection networks serve as the communication fabric linking multiple 

processors, memory modules, and I/O devices in parallel and distributed systems. 

They play a crucial role in determining system performance, latency, throughput, 

and scalability. Efficient interconnection networks enable simultaneous data 

transfers among processors, reducing bottlenecks and improving parallel 

computation efficiency. 

 
5.3.1 Classification of Interconnection Networks 
Interconnection networks can be classified based on structure, connection pattern, 
and data routing mechanisms. The main categories include: 

Static vs. Dynamic Networks 

Static networks have fixed paths between nodes (e.g., mesh, hypercube). 

They are simple and predictable but not flexible. 

Dynamic networks use switches or routers to establish paths dynamically 

(e.g., crossbar, multistage). These support multiple communication 

patterns. 

Direct vs. Indirect Networks 

Direct networks: Each processor connects directly to others via local links; 

routing is deterministic (e.g., ring, torus). 

Indirect networks: Communication occurs through intermediate switches; 

suitable for large-scale systems. 

Regular vs. Irregular Networks 



 

Regular networks: Each node follows a uniform interconnection pattern. 

Irregular networks: Have non-uniform connectivity, used in adaptive or 

heterogeneous systems. 

Key characteristics influencing design: 
Node degree (number of connections per node) 

Network diameter (maximum distance between nodes) 

Fault tolerance 

Routing complexity 

These classifications help designers balance cost, latency, and throughput for 
specific computational needs. 
 
5.3.2 Bus-Based, Crossbar, and Multistage Networks 
Different architectural approaches exist to connect processors and memory: 

Bus-Based Networks 

A single communication bus shared by all components. 

Advantages: simplicity, low cost, and ease of implementation. 

Limitations: limited scalability; only one transaction can occur at a time, 

leading to contention and degraded performance in large systems. 

Common in small multiprocessor or embedded systems. 

Crossbar Networks 

Comprise a matrix of switches that directly link any processor to any 

memory module. 

Advantages: full parallelism; multiple connections occur simultaneously 

without conflict. 

Disadvantages: high hardware cost, as the number of switches grows with 

𝑛2. 

Used in high-performance servers and mainframes where speed 

outweighs cost. 

Multistage Interconnection Networks (MINs) 

Use multiple layers of small crossbar switches (e.g., Omega, Banyan, Clos 

networks). 

Advantages: reduced hardware compared to full crossbars; allow partial 

parallelism. 



 

Limitations: blocking can occur when multiple paths compete for the 

same switch. 

MINs offer a balance between performance and cost, suitable for 

medium to large-scale multiprocessors. 

 
5.3.3 Network Topologies: Mesh, Hypercube, Ring, and Torus 
The topology defines how nodes and links are physically arranged. Each has distinct 
trade-offs: 

Mesh Topology 

Nodes arranged in 2D or 3D grid; each connected to its immediate 

neighbors. 

Easy to expand and visualize. 

Disadvantage: long communication paths between distant nodes. 

Common in network-on-chip (NoC) and large-scale parallel systems. 

Hypercube Topology 

Comprises 2𝑛nodes, each connected to 𝑛other nodes. 

Provides multiple parallel paths, ensuring robustness and low diameter. 

Highly scalable and ideal for scientific computing clusters. 

Example: an 8-node cube (3-dimensional hypercube) connects each node 

to three others. 

Ring Topology 

Each node connected to two others, forming a closed loop. 

Simple to implement; communication occurs in a circular manner. 

Limitation: single link failure breaks the network; limited bandwidth. 

Torus Topology 

Extension of mesh topology where edge nodes are connected to the 

opposite edges. 

Provides wraparound links that reduce maximum path length and 

improve communication latency. 

Preferred in high-performance computing (HPC) systems for its scalability 

and balanced load distribution. 

 



 

5.3.4 Performance and Scalability Factors 
Performance evaluation of interconnection networks involves several metrics: 

Latency: Time taken for a message to travel from source to destination. 

Throughput: Number of messages transmitted per unit time. 

Bisection Bandwidth: Minimum bandwidth between two halves of the network 

— measures potential bottleneck. 

Diameter: Longest shortest path between any two nodes; smaller diameters 

mean faster communication. 

Fault Tolerance: Ability to continue operation after link or node failure. 

Congestion and Load Balancing: Efficient routing and traffic management 

prevent bottlenecks. 

Scalability Factors: 
Growth in the number of nodes should not degrade performance. 

Hardware cost and complexity must increase linearly or sub-linearly. 

Routing algorithms must adapt efficiently to larger networks. 

These factors jointly determine how well a system performs under varying workloads 
and expansion. 
 
5.4 CISC and RISC Architectures 
CISC (Complex Instruction Set Computer) and RISC (Reduced Instruction Set 
Computer) represent two major design philosophies in processor architecture. 

CISC emphasizes powerful, multi-step instructions, aiming to reduce software 

complexity. 

RISC focuses on simplicity, fast instruction execution, and hardware efficiency. 

Modern systems increasingly combine features from both, achieving higher 

performance and flexibility. 

 
5.4.1 Characteristics of CISC Architecture 
CISC architectures are built around complex, versatile instructions capable of 
executing multi-step operations. 
Key Features: 

Large Instruction Set: Hundreds of variable-length instructions for diverse tasks. 

Microprogrammed Control Unit: Uses firmware to interpret complex 

instructions. 

Memory-to-Memory Operations: Direct manipulation of data in memory 

without needing multiple load/store steps. 



 

High Code Density: Shorter programs due to powerful instructions. 

Complex Addressing Modes: Support for immediate, direct, indirect, and 

indexed addressing. 

Advantages: 
Reduces software development effort. 

Efficient use of limited memory space. 

Disadvantages: 
Complex instruction decoding and variable execution time. 

Difficult to pipeline effectively. 

Higher power consumption due to intricate hardware. 

CISC is used in architectures like Intel x86 and VAX, where backward compatibility 
and code compactness are essential. 
 
5.4.2 Characteristics of RISC Architecture 
RISC architectures prioritize simplicity, speed, and efficient pipelining through a 
reduced instruction set. 
Key Features: 

Small Instruction Set: Typically fewer than 100 instructions, all of fixed length. 

Single-Cycle Execution: Each instruction completes within one clock cycle. 

Load/Store Architecture: Operations are performed on registers; memory access 

occurs only via load and store instructions. 

Simple Addressing Modes: Simplifies hardware control. 

Efficient Pipelining: Fixed instruction size enables parallel instruction execution. 

Advantages: 
Easier instruction decoding and faster execution. 

Simplified compiler optimization. 

Lower power consumption and higher clock speeds. 

Disadvantages: 
Larger program size due to more instructions. 

Heavy reliance on compiler efficiency. 

RISC processors like ARM, MIPS, and RISC-V dominate mobile and embedded 
systems for their energy efficiency and predictable performance. 
 
5.4.3 Comparative Analysis of CISC and RISC 

Feature CISC RISC 



 

Feature CISC RISC 

Instruction Set Large, complex Small, simple 

Execution Speed Slower per instruction Faster per instruction 

Instruction Length Variable Fixed 

Hardware Complexity High Low 

Pipelining Efficiency Limited High 

Code Density High Lower 

Compiler Dependence Less More 

Power Efficiency Lower Higher 

Analysis: 
CISC suits general-purpose computing where memory is limited. 

RISC suits high-speed, parallel, and low-power devices. 

CISC prioritizes hardware control, while RISC depends on compiler intelligence. 

Both approaches converge in modern processors through micro-op translation 

and pipeline optimization. 

 
5.4.4 Modern Trends and Hybrid Designs 
The boundary between CISC and RISC has blurred due to evolving design needs. 
Key Hybrid Trends: 

Micro-Operation Translation: 

CISC processors (like x86) internally break complex instructions into RISC-like 

micro-ops for parallel execution. 

Superscalar Execution: 

Both CISC and RISC architectures use multiple pipelines to issue several 

instructions per cycle. 

Speculative and Out-of-Order Execution: 

Enhances performance by predicting branches and reordering instructions for 

efficiency. 

Energy-Efficient and Scalable Design: 

Integration of power-aware RISC features into high-performance systems. 

Hybrid Architectures: 

ARM’s big.LITTLE design and Intel’s hybrid cores blend RISC efficiency with 

CISC versatility. 

These innovations signify a convergence trend where architectural purity is less 
important than achieving optimal performance per watt, scalability, and 
compatibility in modern computing environments. 
5.6 Vector and Symbolic Processors 



 

Vector and symbolic processors are specialized computational architectures 
designed for high-performance numerical and artificial intelligence applications. 

Vector processors handle data arrays or vectors in parallel, achieving high 

throughput in scientific computations. 

Symbolic processors, in contrast, manipulate non-numeric, symbolic data such as 

logic expressions, graphs, and AI reasoning tasks. 

Both architectures aim to exploit parallelism—vector processors at the data 

level, and symbolic processors at the knowledge or representation level—to 

accelerate computation beyond conventional scalar processors. 

 
5.6.1 Concept of Vector Processing 
Vector processing involves executing arithmetic operations on entire arrays of data 
elements (vectors) simultaneously, rather than one element at a time. This approach 
is crucial for applications such as matrix multiplication, image processing, and 
scientific simulations. 
Key Concepts: 

Vector Instructions: Operate on long lists of operands with a single instruction, 

reducing instruction fetch and decode overhead. 

Vector Pipelines: Allow simultaneous execution of multiple arithmetic operations 

on vector elements. 

Vector Length Registers (VLR): Define the size of active vectors being processed. 

Memory Access: Achieved through vector load/store operations to minimize 

latency and improve bandwidth utilization. 

Advantages: 
Enhanced throughput for repetitive computations. 

Efficient use of pipeline stages due to sequential element execution. 

Reduced loop overhead and instruction count compared to scalar code. 

Systems such as the Cray-1 and Fujitsu VP series pioneered this approach, 
establishing the foundation for modern SIMD (Single Instruction, Multiple Data) 
designs. 
 
5.6.2 Vector Registers and Pipelined Execution 
Vector processors utilize vector registers to store operands and intermediate results, 
enabling high-speed access and reducing memory bottlenecks. 
Core Features: 

Vector Registers: Store multiple elements (e.g., 64 or 128) for parallel 

operations. 

Pipeline Execution Units: Include arithmetic units, multipliers, and adders 

designed for vector operations. 



 

Chaining: Allows the output of one vector operation to feed directly into another 

without waiting for completion, improving throughput. 

Vector Masking: Enables conditional operations on specific vector elements. 

Memory Striding: Supports non-contiguous memory access patterns, essential in 

multidimensional data arrays. 

This architecture ensures continuous data flow through the pipeline, maximizing 
utilization and reducing stalls. As a result, vector processors achieve near-linear 
performance scaling with vector length. 
 
5.6.3 Symbolic Processing and AI-Oriented Architectures 
Symbolic processing focuses on the manipulation of non-numeric data, including 
logical expressions, semantic networks, and natural language structures. Unlike 
numeric computing, which relies on arithmetic precision, symbolic processing 
depends on reasoning, pattern matching, and rule-based inference. 
Characteristics: 

Operates on symbols rather than numbers. 

Uses list processing and graph traversal to represent knowledge structures. 

Implements unification and pattern-matching for reasoning. 

Supports non-deterministic search and AI inference mechanisms. 

AI-Oriented Architectures: 
LISP Machines: Specialized systems for symbolic computation and list-based 

programming. 

Connectionist Processors: Neural-inspired systems designed for adaptive 

learning. 

Cognitive Architectures: Hybrid systems combining rule-based and statistical 

reasoning. 

These architectures form the foundation of modern AI accelerators, neural 
processing units (NPUs), and knowledge-based systems. 
 
5.6.4 Applications of Vector and Symbolic Processors 
Vector Processor Applications: 

Weather modeling and simulation. 

Digital signal and image processing. 

Scientific computations (matrix algebra, differential equations). 

Financial modeling and analytics. 

Symbolic Processor Applications: 



 

Artificial intelligence reasoning and expert systems. 

Natural language processing (NLP) and speech understanding. 

Robotics control and planning. 

Cognitive simulation and theorem proving. 

Integration Trend: 

Modern processors blend vector and symbolic processing using hybrid designs. GPUs 

and AI accelerators (e.g., Tensor Cores, TPUs) combine numeric vector computation 

with symbolic pattern recognition, enabling both data-intensive and 

knowledge-driven computation. 

 

5.7 Hierarchical and Virtual Memory Technology 

Efficient memory management is central to high-performance computer architecture. 

Hierarchical memory systems organize storage into multiple levels (registers, cache, 

main memory, secondary storage) based on speed and cost. Virtual memory extends 

physical memory through address translation, enabling larger logical address spaces 

and efficient program execution. 

 

5.7.1 Hierarchical Memory Organization 

Memory hierarchy exploits the principle of locality of reference—the tendency of 
programs to access a small portion of memory repeatedly. 
Levels of Hierarchy: 

Registers: Fastest, smallest, located within the CPU. 

Cache Memory: Temporary high-speed buffer between CPU and main memory. 

Main Memory (RAM): Primary workspace for active programs. 

Secondary Storage: Disks or SSDs storing inactive data. 

Tertiary Storage: Archival media like tapes or cloud storage. 

Key Principles: 
Temporal locality: Recently accessed data is likely to be used again. 

Spatial locality: Data near recently accessed addresses is likely to be needed 

soon. 

The hierarchy balances cost, speed, and capacity, ensuring seamless access without 
burdening the processor. 



 

 
5.7.2 Concepts of Virtual Memory 
Virtual memory provides an abstraction of a large, continuous address space 
independent of physical memory limits. 
Key Concepts: 

Address Translation: Converts virtual addresses to physical addresses via page 

tables. 

Paging: Divides memory into fixed-size blocks (pages). 

Swapping: Moves inactive pages to secondary storage. 

Protection and Isolation: Ensures process independence and security. 

Advantages: 
Supports multitasking and memory sharing. 

Enables programs larger than physical memory. 

Simplifies memory allocation and process relocation. 

Virtual memory forms the foundation of modern operating systems, enhancing 
flexibility and reliability. 
 
5.7.3 Address Mapping and Memory Management 
Address mapping is the mechanism for translating virtual addresses into physical 
addresses. 
Steps Involved: 

The MMU (Memory Management Unit) receives a virtual address. 

The page number is matched with a page table entry to locate the physical 

frame. 

The offset within the page is added to generate the final physical address. 

Memory Management Tasks: 
Allocation and deallocation of pages. 

Maintaining free lists and tracking page usage. 

Handling page faults and replacement policies. 

Efficient address mapping ensures low access latency and high system 
responsiveness. 
 
5.7.4 Performance Considerations in Hierarchical Memory 
Performance depends on the average memory access time (AMAT): 

 
Factors Influencing Performance: 

Cache hit ratio: Higher hit ratios reduce access delay. 



 

Replacement policies: Algorithms such as LRU (Least Recently Used) optimize 

cache utilization. 

Prefetching: Predicts future accesses to reduce latency. 

Memory bandwidth: Affects data transfer speed across hierarchy levels. 

Optimization aims to minimize miss penalties and maximize CPU utilization through 
intelligent caching and prefetch strategies. 
 
5.8 TLB, Paging, and Segmentation 
This section discusses mechanisms supporting efficient and protected virtual 
memory operations—Translation Lookaside Buffer (TLB) for caching translations, 
paging for memory division, and segmentation for logical program organization. 
 
5.8.1 Translation Lookaside Buffer (TLB) Concept and Function 
The TLB is a small, high-speed cache that stores recent virtual-to-physical address 
translations. 
Functions: 

Reduces address translation latency by avoiding page table lookups. 

Stores entries containing virtual page number, physical frame number, and 

access permissions. 

Works in conjunction with the MMU. 

TLB Miss Handling: 
On a miss, the page table is accessed, and the new entry is loaded into the TLB. 

Replacement policies like LRU determine which entry to evict. 

Performance Impact: 
A high TLB hit rate is crucial for sustaining memory throughput and minimizing page 
access time. 
 
5.8.2 Paging: Page Tables, Page Faults, and Replacement 
Paging divides memory into fixed-size pages and maps them between virtual and 
physical spaces. 
Components: 

Page Tables: Store mappings from virtual pages to physical frames. 

Page Faults: Occur when a required page is not in memory, triggering data 

retrieval from disk. 

Page Replacement: Algorithms (LRU, FIFO, Clock) select which page to remove 

when memory is full. 

Advantages: 
Simplifies memory allocation. 



 

Eliminates external fragmentation. 

Provides process isolation and protection. 

Efficient paging relies on optimal page size and replacement strategy to balance 
memory efficiency and latency. 
 
5.8.3 Segmentation: Logical Division and Protection 
Segmentation divides a program into variable-sized segments such as code, data, 
and stack. 
Key Features: 

Each segment has a base address and length. 

Logical separation enhances modular programming. 

Provides fine-grained memory protection by assigning access rights to segments. 

Advantages: 
Facilitates dynamic memory growth and sharing. 

Matches programmer’s view of data structures. 

Enables relocation and protection at the segment level. 

Segmentation enhances memory safety while supporting flexible program 
structures. 
 
5.8.4 Combined Paging and Segmentation Systems 
Modern architectures integrate paging and segmentation to exploit both 
advantages. 
Mechanism: 

Each segment is divided into fixed-size pages. 

The segment table maps logical segments, while the page table manages internal 

paging. 

The MMU performs both segment and page translations during address 

generation. 

Benefits: 
Provides logical organization with efficient physical memory management. 

Enables sharing of individual pages across processes. 

Combines protection granularity of segmentation with simplicity of paging. 

This hybrid approach underpins memory systems in architectures such as Intel x86 
and modern virtualized platforms. 
 
5.9 Cache Addressing Modes and Associative Caches 



 

Caching is vital for bridging the speed gap between the CPU and main memory. It 
relies on address mapping, associativity, and coherence to ensure consistent and 
rapid data access. 
 
5.9.1 Cache Addressing and Mapping Techniques 
Cache addressing defines how memory blocks are mapped to cache lines. 
Techniques: 

Direct Mapping: Each memory block maps to exactly one cache line. 

Fully Associative Mapping: A memory block can occupy any cache line. 

Set-Associative Mapping: Memory blocks map to a set of lines, combining direct 

and associative principles. 

Address Structure: 
Tag: Identifies memory block. 

Index: Specifies cache set. 

Block Offset: Locates data within a block. 

Mapping strategy directly influences cache hit ratio, complexity, and access speed. 
 
5.9.2 Fully, Direct, and Set-Associative Caches 
Direct-Mapped Cache: 

Simple and fast but prone to conflict misses. 

Fully Associative Cache: 
Flexible; any block can be stored anywhere. 

Requires parallel comparison of all tags, increasing hardware complexity. 

Set-Associative Cache: 
Compromise between direct and fully associative methods. 

Cache divided into sets; each block maps to a specific set. 

Common configurations: 2-way, 4-way, or 8-way associative caches. 

Associativity improves hit rates with moderate hardware cost. 
 
5.9.3 Cache Coherence and Consistency 
In multiprocessor systems, cache coherence ensures all processors see a consistent 
view of shared data. 
Issues: 

Write Invalidation: Multiple caches may hold copies of the same block. 

Write Propagation: Updates must be reflected across all caches. 

Protocols: 



 

MESI (Modified, Exclusive, Shared, Invalid) – Ensures coherence through state 

transitions. 

MOESI and MESIF – Advanced variations for performance tuning. 

Consistency Models: Define how memory operations appear to all processors—e.g., 
sequential consistency or release consistency. 
Maintaining coherence is critical for correctness in shared-memory multiprocessors. 
 
5.9.4 Replacement and Write Policies 
When cache lines are full, replacement and write policies determine how data is 
managed. 
Replacement Policies: 

LRU (Least Recently Used): Replaces the least recently accessed block. 

FIFO: Removes the oldest entry. 

Random: Selects a line at random for replacement. 

Write Policies: 
Write-Through: Updates both cache and memory simultaneously. 

Write-Back: Updates only the cache; memory updated upon replacement. 

Write-Allocate / No-Write-Allocate: Determine whether data is loaded into 

cache on a write miss. 

These strategies balance data integrity, bandwidth, and latency, ensuring optimal 
cache performance. 
5.10 SIMD Processing 
Single Instruction, Multiple Data (SIMD) processing represents a powerful parallel 

computation model where a single control unit issues one instruction that operates 

concurrently on multiple data elements. This approach significantly enhances 

computational throughput for applications involving repetitive data operations, such 

as graphics rendering, signal processing, and machine learning. SIMD architectures 

exploit data-level parallelism (DLP) to accelerate performance by executing the 

same operation across multiple data points simultaneously, reducing control 

overhead and instruction fetch bottlenecks. It forms a foundational component of 

modern CPUs, GPUs, and AI accelerators, bridging high performance with efficient 

energy utilization. 

 
5.10.1 Single Instruction, Multiple Data Concept 



 

The SIMD concept is based on executing one instruction across multiple data 
elements in parallel. It contrasts with Single Instruction, Single Data (SISD) and 
Multiple Instruction, Multiple Data (MIMD) models. 
Key Characteristics: 

Single Control Unit: Issues the same instruction to multiple processing elements. 

Multiple Data Streams: Each element operates on its own data value. 

Synchronous Execution: All operations occur in parallel under one control flow. 

Vector Registers: Hold multiple operands for parallel computation. 

Advantages: 
Reduces instruction decoding overhead. 

Enhances throughput for repetitive computations. 

Ideal for array and matrix operations. 

Examples: 
SIMD principles are found in Intel SSE/AVX, ARM NEON, and NVIDIA CUDA warps, 
allowing efficient handling of multimedia, image, and neural network workloads. 
 
5.10.2 SIMD Architectures and Data Parallelism 
SIMD architectures are designed to exploit data parallelism, where large datasets 
undergo identical computations. 
Types of SIMD Architectures: 

Array Processors: Use multiple arithmetic units operating under a single 

instruction stream (e.g., ILLIAC IV). 

Vector Processors: Employ vector registers to execute operations on data arrays 

sequentially through pipelines. 

Modern SIMD Extensions: Integrated into CPUs and GPUs, enabling wide data 

processing (e.g., 128-bit or 256-bit SIMD lanes). 

Data Parallelism Characteristics: 
Operations are applied uniformly across datasets. 

Works best for structured data arrays with predictable access patterns. 

Enables efficient utilization of arithmetic units and reduces control 

dependencies. 

SIMD’s efficiency is constrained when data dependencies or branching conditions 
exist, but when applicable, it achieves significant performance improvements with 
minimal energy cost. 
 
5.10.3 Vectorization and Data-Level Parallelism 



 

Vectorization refers to transforming scalar operations into SIMD-compatible vector 
operations, allowing multiple data elements to be processed per instruction cycle. 
Core Concepts: 

Compiler Vectorization: Modern compilers automatically identify loops and 

transform them into vector operations. 

Manual Vectorization: Programmers use intrinsic functions or SIMD libraries for 

optimized performance. 

Data Alignment: Proper memory alignment ensures efficient vector load/store 

operations. 

Data-Level Parallelism (DLP): Involves performing identical operations on 

independent data points—fundamental to SIMD performance. 

Techniques to Enhance Vectorization: 
Loop unrolling to minimize control overhead. 

Removing data dependencies and branching conditions. 

Using vector-friendly memory layouts. 

Vectorization is a cornerstone of high-performance computing (HPC), machine 
learning, and scientific simulations, where it maximizes arithmetic unit utilization 
and minimizes instruction redundancy. 
 
5.10.4 Applications of SIMD in Multimedia and AI 
SIMD architectures are extensively used in applications requiring parallel data 
manipulation and high computational density. 
Major Application Domains: 

Multimedia Processing: 

Image filtering, video encoding/decoding, and 3D rendering leverage 

SIMD to process multiple pixels or frames simultaneously. 

Audio processing utilizes SIMD for spectral transformations (FFT) and 

compression algorithms. 

Scientific Computation: 

Vector-based calculations in physics simulations, fluid dynamics, and 

molecular modeling. 

Artificial Intelligence and Machine Learning: 

SIMD accelerates matrix and tensor operations in neural networks, 

including activation functions and convolution layers. 

Modern AI hardware (e.g., Tensor Cores, NPUs) employs extended SIMD 

lanes for massive parallelism. 



 

By combining low control complexity with high arithmetic throughput, SIMD serves 

as a critical enabler of real-time computing in diverse high-performance domains. 

 

5.11 Storage Systems and I/O Interfacing 

Storage systems and I/O interfaces form the backbone of computer data 

management, ensuring efficient data exchange between processors and peripheral 

devices. A well-designed storage hierarchy maximizes performance, reliability, and 

data throughput. I/O interfacing manages device communication using standardized 

protocols, buffering, and control mechanisms to synchronize CPU and peripheral 

operations. Together, these subsystems define how effectively a computer can store, 

retrieve, and process data across various levels of the architecture. 

 

5.11.1 Types of Storage Systems: Primary, Secondary, and Tertiary 

Computer storage is categorized into three main levels, each optimized for specific 

performance and capacity requirements. 

1. Primary Storage (Main Memory): 

Comprises RAM (volatile) and cache. 

Provides high-speed data access for currently executing programs. 

Characterized by low latency and high cost per bit. 

2. Secondary Storage: 
Includes hard disk drives (HDDs) and solid-state drives (SSDs). 

Non-volatile, providing long-term data retention. 

Balances cost, capacity, and performance. 

3. Tertiary Storage: 
Consists of removable or archival storage (optical disks, tapes, or cloud-based 

systems). 

Used for backup, disaster recovery, and infrequently accessed data. 

High capacity with lower access speed. 

Design Goal: 
To create a balanced hierarchy where frequently accessed data resides in faster 
storage, while bulk data is offloaded to slower, larger-capacity media. 
 



 

5.11.2 I/O Interface Components and Protocols 
The I/O interface acts as the communication bridge between the CPU and peripheral 
devices, coordinating data transfer and control signaling. 
Main Components: 

I/O Controller: Manages communication and device control. 

Device Drivers: Software modules that translate system calls into hardware 

commands. 

Interrupt Handlers: Manage asynchronous events and signal CPU attention. 

Bus Interface: Provides physical data pathways (e.g., PCIe, USB, SATA). 

Communication Protocols: 
Parallel and Serial Interfaces: Define data transmission methods. 

Standard Protocols: Include SCSI, NVMe, SATA, USB, and Thunderbolt, each 

optimized for specific device types. 

These components and standards ensure compatibility, high data integrity, and 
synchronized I/O operations across diverse hardware environments. 
 
5.11.3 Data Transfer Modes and Buffering Techniques 
Efficient data transfer between the CPU and I/O devices relies on well-defined 
modes and buffering strategies. 
Transfer Modes: 

Programmed I/O (PIO): CPU directly manages data transfers; simple but 

inefficient for large data volumes. 

Interrupt-Driven I/O: Devices signal the CPU upon readiness, reducing idle time. 

Direct Memory Access (DMA): Allows peripheral devices to transfer data directly 

to/from memory without CPU intervention, improving throughput. 

Buffering Techniques: 
Single Buffering: Temporarily stores data during transfer. 

Double Buffering: Allows one buffer to be filled while another is processed, 

improving concurrency. 

Circular Buffering: Enables continuous data flow for streaming applications. 

These methods enhance I/O efficiency, minimize latency, and prevent data loss 
during high-speed communication. 
 
5.11.4 Storage Performance Metrics 
Performance evaluation of storage systems is critical for optimizing data-intensive 
applications. 
Key Metrics: 

Access Time: Sum of seek time, rotational latency, and data transfer time. 



 

Throughput (Bandwidth): Amount of data transferred per second, typically 

measured in MB/s or GB/s. 

IOPS (Input/Output Operations per Second): Measures the number of 

read/write operations per second. 

Latency: Delay between request and response; critical in real-time systems. 

Reliability and Endurance: Measured in MTBF (Mean Time Between Failures) or 

write cycles for SSDs. 

Energy Efficiency: Power consumed per I/O operation or per byte transferred. 

Performance Optimization Approaches: 
Caching frequently accessed data. 

Using RAID (Redundant Array of Independent Disks) for redundancy and speed. 

Employing NVMe SSDs for reduced latency and higher concurrency. 

These metrics collectively define the responsiveness, capacity, and durability of 
modern storage architectures in computing environments. 
5.12 RAID Levels and Performance Reliability 
RAID (Redundant Array of Independent Disks) technology enhances both storage 

performance and data reliability by combining multiple physical disks into a single 

logical storage unit. Through techniques such as striping, mirroring, and parity, RAID 

systems achieve improved speed, redundancy, and fault tolerance. RAID 

configurations vary in complexity and purpose—some focus on maximizing data 

throughput, while others emphasize reliability and data recovery. RAID is 

indispensable in data centers, cloud servers, and enterprise storage systems, 

ensuring uninterrupted operation and data integrity even under hardware failures. 

 

5.12.1 Concept of RAID (Redundant Array of Independent Disks) 

The concept of RAID was introduced to overcome limitations of single-disk systems 

by combining multiple inexpensive disks to achieve the performance and reliability 

of high-cost storage devices. 

Core Principles: 
Data Striping: Splitting data across multiple disks to enable parallel access and 

improve throughput. 

Data Mirroring: Duplicating identical data on multiple disks for redundancy and 

fault recovery. 



 

Parity: Storing error-checking information that allows data reconstruction in case 

of a disk failure. 

Objectives of RAID: 
Performance Enhancement: By distributing I/O operations across multiple 

drives. 

Data Redundancy: Protects against data loss due to hardware failure. 

Fault Tolerance: Ensures system reliability through error correction and recovery 

mechanisms. 

RAID operates transparently to the operating system—implemented through 
hardware RAID controllers or software-based RAID configurations within the OS. 
The specific RAID level determines the balance between cost, performance, and 
redundancy. 
 
5.12.2 RAID Levels (0 to 6) and Their Characteristics 
RAID configurations are standardized into several levels, each representing a distinct 
combination of performance and fault tolerance. 
RAID 0 (Striping) 

Description: Data is striped across multiple disks without redundancy. 

Advantages: Maximum performance in read/write operations due to parallelism. 

Disadvantages: No fault tolerance; a single disk failure causes complete data 

loss. 

Use Case: High-speed temporary storage, video editing, and non-critical 

workloads. 

RAID 1 (Mirroring) 
Description: Data is duplicated identically across two or more disks. 

Advantages: High reliability and easy data recovery upon disk failure. 

Disadvantages: Storage efficiency reduced to 50%; cost doubles due to 

duplication. 

Use Case: Systems requiring high data availability such as servers and databases. 

RAID 2 (Bit-Level Striping with ECC) 
Description: Data striped at the bit level with dedicated error-correcting code 

(ECC) disks. 

Advantages: High data accuracy. 

Disadvantages: Complex and rarely used due to high overhead and better 

alternatives like RAID 5. 



 

RAID 3 (Byte-Level Striping with Dedicated Parity) 
Description: Data striped at byte level with one disk dedicated to parity 

information. 

Advantages: Good for sequential data access. 

Disadvantages: Parity disk bottleneck limits parallelism in random access. 

Use Case: Suitable for applications with large, continuous data transfers. 

RAID 4 (Block-Level Striping with Dedicated Parity) 
Description: Similar to RAID 3 but stripes at the block level. 

Advantages: Allows independent block access and supports larger file systems. 

Disadvantages: Parity disk remains a bottleneck during writes. 

RAID 5 (Block-Level Striping with Distributed Parity) 
Description: Distributes parity information across all disks, balancing load and 

redundancy. 

Advantages: High performance, good storage efficiency, and fault tolerance for 

one disk failure. 

Disadvantages: Write operations are slower due to parity computation. 

Use Case: File servers and database systems requiring a balance of speed and 

reliability. 

RAID 6 (Block-Level Striping with Double Distributed Parity) 
Description: Extends RAID 5 by maintaining two independent parity blocks. 

Advantages: Can tolerate failure of two disks simultaneously. 

Disadvantages: Slightly slower write performance and increased storage 

overhead. 

Use Case: Enterprise and mission-critical storage where reliability is paramount. 

Summary Comparison: 

RAID 
Level 

Fault 
Tolerance 

Storage 
Efficiency 

Performance Typical Use 

RAID 0 None 100% Very High 
Temporary Data, 
Gaming 

RAID 1 1 Disk 50% High (Read) Servers, Critical Data 

RAID 3 1 Disk ~N−1/N Moderate Video Streaming 

RAID 4 1 Disk ~N−1/N Moderate Large File Access 

RAID 5 1 Disk ~N−1/N High Databases, File Servers 

RAID 6 2 Disks ~N−2/N Moderate Enterprise Systems 



 

 
5.12.3 Performance Evaluation and Data Recovery 
The performance of RAID systems depends on striping strategy, disk count, and 
parity computation method. Evaluation involves metrics such as throughput, latency, 
and fault recovery time. 
Performance Metrics: 

Read Performance: Improves due to parallel access to multiple disks. 

Write Performance: Varies by RAID level; parity updates in RAID 5/6 add 

computational overhead. 

IOPS (Input/Output Operations per Second): Measures responsiveness for 

random I/O patterns. 

Data Recovery Mechanisms: 
Mirroring (RAID 1): Direct replacement from mirror disk. 

Parity Reconstruction (RAID 5/6): Lost data recalculated using parity information 

and surviving disks. 

Hot Spares: Pre-designated drives that automatically replace failed ones. 

Rebuild Process: Restores redundancy after disk replacement; performance may 

degrade during rebuilding. 

Optimization Techniques: 
Using hardware RAID controllers with onboard cache for faster parity operations. 

Employing SSDs to reduce rebuild time and increase IOPS. 

Scheduling rebuild operations during low I/O activity periods. 

Performance evaluation ensures RAID meets reliability requirements without 
sacrificing throughput in high-demand environments. 
 
5.12.4 Reliability and Fault Tolerance in RAID Systems 
Reliability and fault tolerance are key motivations for deploying RAID configurations. 
The system’s ability to sustain disk failures without data loss or downtime 
determines its operational robustness. 
Reliability Factors: 

Mean Time to Failure (MTTF): Average operational lifespan before a component 

fails. 

Mean Time to Data Loss (MTTDL): Time expected before irrecoverable data loss 

occurs in a RAID array. 

Redundancy Level: Directly correlates with fault tolerance; higher redundancy 

offers greater protection. 

Fault Tolerance Mechanisms: 



 

Mirroring (RAID 1): Ensures continuous data access during single disk failure. 

Parity (RAID 5/6): Enables data reconstruction through logical XOR operations. 

Dual Parity (RAID 6): Adds resilience against simultaneous double disk failures. 

Hot Spare Disks: Enable automatic recovery without manual intervention. 

Advanced Reliability Enhancements: 
RAID 10 (1+0): Combines mirroring and striping for both high speed and 

redundancy. 

Error Detection Codes (EDC): Ensure data integrity during transfers. 

Predictive Failure Analysis (PFA): Monitors disk health for proactive 

replacement. 

Ultimately, RAID enhances data availability, durability, and consistency, ensuring 
high service uptime even under adverse hardware conditions. The optimal 
configuration depends on the system’s tolerance for risk, performance needs, and 
budget constraints. 
5.13 Summary 
This module explored the foundational and advanced concepts of computer 

architecture and organization, emphasizing how hardware structures support 

efficient computation, data communication, and system scalability. 

Beginning with interconnection networks (Section 5.3), the module examined how 

processors, memory units, and peripherals communicate in parallel and distributed 

systems. Various topologies—bus-based, crossbar, multistage, mesh, ring, torus, 

and hypercube—were analyzed in terms of latency, bandwidth, and scalability. 

These networks form the structural backbone of multiprocessor systems, enabling 

high-speed data exchange and minimizing bottlenecks. 

The module then delved into instruction set architectures, focusing on CISC and 

RISC designs. CISC emphasizes complex, versatile instructions for compact code, 

while RISC prioritizes simplicity, efficiency, and pipelined execution. Comparative 

analysis highlighted their respective strengths—CISC’s dense encoding versus RISC’s 

execution speed and power efficiency. Modern processors often adopt hybrid 

architectures, blending the best attributes of both paradigms through micro-op 

translation, speculative execution, and out-of-order processing. 

Sections 5.5 through 5.10 examined advanced processing models: superscalar, VLIW, 

SIMD, and vector processors. Superscalar architectures achieve instruction-level 



 

parallelism (ILP) by issuing multiple instructions per clock cycle, whereas VLIW relies 

on compiler-based scheduling to exploit parallelism. Vector and SIMD processors 

extend parallelism at the data level (DLP), enabling simultaneous execution on 

multiple data elements. These technologies underpin modern GPUs and AI 

accelerators, delivering massive throughput in multimedia, scientific, and machine 

learning workloads. 

Memory organization was explored in Sections 5.7 to 5.9, highlighting the 

hierarchical memory model, virtual memory systems, and cache organization. 

Concepts such as address translation, paging, segmentation, and TLB mechanisms 

were explained for effective memory management. Cache strategies—including 

mapping techniques, associative caches, and replacement policies—optimize access 

time and maintain data coherence in multiprocessor environments. The balance 

between memory hierarchy levels ensures fast, reliable data access while minimizing 

cost. 

Storage and I/O systems (Section 5.11) were presented as the interface between 

computation and persistent data management. The classification of primary, 

secondary, and tertiary storage, along with I/O protocols like DMA and 

interrupt-driven transfer, illustrated how modern systems achieve efficient 

communication and high throughput. 

RAID architectures (Section 5.12) were introduced as fault-tolerant, 

high-performance storage solutions. Each RAID level (0–6) offers a unique trade-off 

between speed, redundancy, and reliability. Techniques like striping, mirroring, and 

parity ensure data integrity and system continuity in case of disk failure, critical for 

enterprise and cloud computing systems. 

Collectively, the module establishes a comprehensive understanding of how 

computer systems achieve performance, scalability, and fault tolerance. From 

instruction design to storage reliability, each architectural layer contributes to 

system efficiency. Modern trends integrate these principles into heterogeneous, 

parallel, and AI-optimized platforms, paving the way for high-speed, 

energy-efficient, and intelligent computing architectures. 

 

5.14 Keywords 



 

Interconnection Network: A structured communication fabric connecting 

processors, memory, and I/O devices for data exchange. 

RISC (Reduced Instruction Set Computer): Architecture emphasizing simple, 

fast-executing instructions optimized for pipelining. 

CISC (Complex Instruction Set Computer): Architecture with complex 

instructions designed to reduce code length. 

Vector Processing: Execution of arithmetic operations on entire arrays of data 

elements simultaneously. 

Virtual Memory: Technique that provides an illusion of a large continuous 

memory space beyond physical limits. 

RAID (Redundant Array of Independent Disks): Storage system combining 

multiple disks to improve reliability and performance. 

Cache Coherence: Mechanism ensuring consistency of shared data in 

multiprocessor caches. 

 
5.15 Self-Assessment Questions 

Differentiate between static and dynamic interconnection networks with 

examples. 

Compare and contrast CISC and RISC architectures in terms of instruction 

complexity and execution efficiency. 

Explain how virtual memory supports multitasking and process isolation. 

Describe the difference between SIMD and MIMD processing models with 

suitable examples. 

Discuss how RAID 5 ensures both performance and fault tolerance using 

distributed parity. 

What are the key factors influencing cache performance in a hierarchical 

memory system? 

 
5.16 Case Study 
Case Study: High-Performance Cloud Data Center Architecture 
A major technology enterprise is designing a cloud data center to support large-scale 

AI workloads, multimedia streaming, and real-time analytics. The infrastructure must 

deliver high throughput, low latency, and strong fault tolerance. 

To achieve these goals, the architects integrate: 



 

RISC-based CPUs with superscalar and SIMD extensions for efficient 

computation. 

A multistage interconnection network for parallel data communication between 

processing clusters. 

Hierarchical memory with multi-level caches and virtual memory for fast data 

access. 

RAID 6 storage arrays for data redundancy and failure recovery. 

Direct Memory Access (DMA) and high-speed I/O buses (PCIe, NVMe) for 

optimized device communication. 

The resulting system provides continuous availability, efficient load balancing, and 
scalable storage, demonstrating the synthesis of architectural principles studied 
throughout this module. 
Questions: 

How do SIMD and multistage interconnection networks contribute to parallelism 

and scalability in this data center? 

What advantages does RAID 6 offer in maintaining data integrity and uptime for 

cloud operations? 
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