Module 8: Introduction to Parallel Processing

Module Objective: This module offers an exceptionally comprehensive and deeply detailed
exposition on the foundational concepts of parallel processing, an absolutely indispensable
paradigm that has become central to achieving high-performance computation in
contemporary computer systems. It meticulously covers the concept of pipelining, delving
into its intricate operational mechanics and the sophisticated techniques employed to
mitigate its inherent hazards, thus illuminating it as a critical form of instruction-level
parallelism. Furthermore, the module systematically explores the diverse landscape of
various parallel architectures, leveraging Flynn's Taxonomy as a robust classification
framework to delineate their distinct characteristics and use cases. Finally, it provides an
extensive discussion on the paramount importance of interconnection networks,
scrutinizing their various classifications and the crucial parameters that govern their
performance, as these networks serve as the vital communication arteries connecting the
myriad processing elements in a parallel system. The overarching aim is to furnish a
thorough and accessible understanding of how these complex systems are engineered to
collectively enhance computational power far beyond the limits of single-processor designs.

8.1 Concept of Parallel Processing

The relentless drive for ever-greater computational power has irrevocably shifted the focus
of computer architecture from merely accelerating individual processors to harnessing the
power of multiple processing units working in concert. This fundamental shift defines the era
of parallel processing, a necessity born from the inherent limitations encountered in pushing
the performance boundaries of sequential computing.

Motivation for Parallel Processing: Limitations of Single-Processor Performance

For decades, the increase in computational speed primarily hinged on two factors: making
transistors smaller and increasing the clock frequency of the Central Processing Unit (CPU).
However, both approaches, while incredibly fruitful, eventually hit fundamental physical and
economic ceilings, compelling the industry to embrace parallelism as the primary vector for
performance growth.

e Clock Speed Limits (The "Frequency Wall"):

o Propagation Delays: As clock frequencies soared into the gigahertz range,
the time allocated for an electrical signal to traverse even the shortest
distances on a silicon chip became critically tight. Signals, constrained by the
speed of light and the resistive-capacitive (RC) delays within the copper
interconnects and silicon, could not reliably propagate across complex circuits
within a single, shrinking clock cycle. This fundamental physical limit meant
that simply increasing the clock rate further would lead to timing violations
and unstable operation.

o Power Consumption and Heat Dissipation: This became the most
significant and immediate barrier. The dynamic power consumed by a



processor is roughly proportional to the product of its capacitance, the square
of the voltage, and the clock frequency (PproptoCV2f). As frequency (f)
increased, power consumption escalated quadratically, leading to an
exponential rise in heat generation. Managing this immense heat (measured
as Thermal Design Power, or TDP) became incredibly challenging. Beyond a
certain point (roughly 3-4 GHz for mainstream CPUs), the cost, complexity,
and sheer physical impossibility of cooling a single, super-fast processor chip
made further clock speed increases impractical. Excessive heat can cause
reliability issues, degrade transistor performance, and even lead to
permanent damage to the silicon.

Leakage Power: As transistors shrunk, leakage current (static power
consumption even when transistors are not switching) also became a
significant factor, adding to the thermal burden.

e Instruction-Level Parallelism (ILP) Saturation:

O

o

While techniques like pipelining and superscalar execution (discussed in
detail later) extract parallelism from a single sequential stream of instructions,
there's an inherent, finite amount of parallelism present in most
general-purpose software. Not all instructions are independent; many depend
on the results of previous instructions.

Aggressively exploiting ILP (e.g., through very deep pipelines, wider
superscalar execution, or extensive out-of-order execution) requires
increasingly complex and power-hungry control logic. The returns on
investment for this complexity diminish rapidly. It becomes harder and harder
to extract more than a few instructions per cycle from a single thread.

e The "Memory Wall" (Revisited):

o

While not a direct limitation of the CPU itself, the widening gap between the
blazing speed of CPU cores and the comparatively much slower access times
of main memory (DRAM) continued to be a major bottleneck. A faster single
CPU would still frequently idle, waiting for data. Parallel processing, by
distributing the data and computation across multiple units, can help mitigate
this by allowing some units to work while others wait, or by leveraging local
caches more effectively across multiple cores.

These converging limitations clearly signaled that the era of "free lunch" performance gains
from clock speed increases was over. The only sustainable path forward for achieving higher
performance was to employ parallelism — designing systems where multiple computations
could occur simultaneously.

Definition: Performing Multiple Computations Simultaneously

At its core, parallel processing is a computing paradigm where a single, large problem or
multiple independent problems are broken down into smaller, manageable sub-problems or
tasks. These individual tasks are then executed concurrently (at the same physical time) on
different processing units or different components within a single processing unit.

e Key ldea: Instead of executing a sequence of instructions one after another
(sequentially), parallel processing allows multiple instruction sequences, or multiple



instances of the same instruction, to operate on different pieces of data
simultaneously. This concurrent execution is what fundamentally accelerates the
overall computation.

e Contrast with Concurrency: It's important to distinguish parallel processing from
concurrency. Concurrency refers to the ability of multiple computations to make
progress over the same period, often by interleaving their execution on a single
processor (e.g., time-sharing in an OS). Parallelism means true simultaneous
execution on physically distinct processing resources. While often intertwined, a
concurrent system doesn't necessarily need parallelism, but a parallel system is
inherently concurrent.

Benefits: Increased Throughput, Reduced Execution Time for Complex Tasks, Ability
to Solve Larger Problems

The adoption of parallel processing offers transformative advantages across various
computing domains:

e Increased Throughput:

o

Concept: Throughput quantifies the amount of work a system can complete
over a specific period. Imagine a factory. A sequential factory might produce
one product at a time. A parallel factory, with multiple production lines,
produces many products simultaneously.

Benefit: By allowing multiple tasks or multiple parts of a single task to
execute concurrently, a parallel system can process a significantly larger
volume of work in the same amount of time compared to a sequential system.
This is crucial for applications that handle many independent requests, such
as web servers (serving thousands of users concurrently), database systems
(processing numerous queries), or cloud computing platforms (running many
virtual machines). The system's capacity to handle demand increases
proportionally with its degree of effective parallelism.

e Reduced Execution Time for Complex Tasks (Speedup):

o

Concept: For a single, massive, and computationally intensive problem (e.g.,
simulating weather patterns, rendering a complex movie scene, analyzing a
huge dataset), parallel processing can dramatically decrease the total time
required for its completion. This is often measured as speedup, the ratio of
sequential execution time to parallel execution time.

Benefit: By intelligently decomposing a large problem into smaller
sub-problems that can be solved simultaneously, the overall elapsed time
from start to finish (often called "wall-clock time" or "response time") can be
significantly curtailed. This is the driving force behind High-Performance
Computing (HPC) and supercomputing, enabling breakthroughs in scientific
research, engineering design, and financial modeling that would be
prohibitively slow or even impossible with sequential computing. For instance,
simulating protein folding might take years on a single CPU, but weeks or
days on a highly parallel supercomputer.

e Ability to Solve Larger Problems:

o

Concept: Many cutting-edge scientific, engineering, and data analysis
challenges are inherently massive, involving immense datasets or requiring



computational models with billions of variables. These problems often exceed
the memory capacity, processing power, or reasonable execution time limits
of any single conventional processor.

o Benefit: Parallel systems, by combining the processing capabilities and
crucially, the aggregated memory resources of many individual units, can
tackle "grand challenge" problems that were previously beyond reach. A
climate model might need petabytes of data and trillions of floating-point
operations. No single machine can hold this data or perform these
calculations in a reasonable timeframe. A parallel supercomputer, however,
can distribute this data across its nodes and perform computations
concurrently, enabling new levels of scientific discovery and predictive power.
This benefit extends beyond raw speed to enabling entirely new scales of
computation.

Challenges: Overhead of Parallelization, Synchronization, Communication, Load
Balancing

While offering immense power, parallel processing is not a "plug-and-play" solution. It
introduces a complex set of challenges in both hardware design and, especially, software
development that must be carefully addressed to realize its benefits.

Overhead of Parallelization:

o Concept: This refers to the additional computational work, time, or resources
required solely for managing the parallel execution itself, which does not
directly contribute to the core computation of the problem.

o Examples:

m Task Decomposition: The initial effort and computational cost
involved in breaking down a sequential problem into smaller,
parallelizable sub-tasks. Not all problems are easily divisible.

m Thread/Process Creation and Management: The operating system
(OS) and runtime environment incur overhead when creating,
scheduling, and managing multiple threads or processes. This
includes context switching costs and managing their respective states.

m Parallel Programming Tools and Learning Curve: Developers must
learn and utilize specialized programming models, languages, and
libraries (e.g., OpenMP for shared memory, MPI for distributed
memory, CUDA for GPUs). This adds to development time and
complexity.

o Impact: If the problem size is too small, or the amount of "parallelizable" work
is limited, the parallelization overhead can easily outweigh the gains from
concurrent execution, leading to no speedup or even a slowdown compared
to a sequential version. This is famously quantified by Amdahl's Law, which
states that the maximum speedup achievable by parallelizing a program is
limited by the fraction of the program that must inherently remain sequential.

Synchronization:

o Concept: Synchronization involves coordinating the execution flow of multiple

parallel tasks to ensure they proceed in a correct, deterministic, and orderly



manner, particularly when they depend on each other's results or access
shared resources.

Challenge: When multiple tasks concurrently read from or write to shared
data (e.g., a shared counter, a common data structure), the unpredictable
relative timing of their operations can lead to race conditions. A race
condition occurs when the outcome of a program depends on the
non-deterministic interleaving of operations from multiple threads, often
resulting in incorrect or inconsistent data.

Solutions (Synchronization Primitives): To prevent race conditions and
ensure data integrity, parallel programming models rely on specialized
mechanisms:

m Locks (Mutexes): Mutual exclusion locks (mutexes) allow only one
thread to access a "critical section" of code or a shared data structure
at any given time. A thread acquires the lock before entering the
critical section and releases it upon exit.

m  Semaphores: More general-purpose synchronization objects that act
as counters. They can be used to control access to a limited number
of resources or to signal events between threads.

m Barriers: A synchronization point that ensures all participating threads
reach a certain point in their execution before any of them are allowed
to proceed further. Useful for phased computations.

m Atomic Operations: Hardware-supported operations (e.g., increment,
test-and-set) that are guaranteed to complete in a single, indivisible
step, even in the presence of multiple concurrent accesses.

Impact: Incorrect synchronization is a notorious source of bugs in parallel
programs — these are often very difficult to reproduce and debug due to their
non-deterministic nature. Conversely, over-synchronization (using too many
locks or overly restrictive synchronization) can introduce significant
performance bottlenecks, as threads end up spending more time waiting for
each other than doing useful work, negating the benefits of parallelism.

e Communication:

o

O

Concept: The process by which different processing units in a parallel system
exchange data, control signals, or messages with each other. This is
necessary when tasks are interdependent and require information from other
tasks.

Challenge: The time and resources required to transfer data between
processors, especially across a network or between different levels of a
complex memory hierarchy, can be a major performance bottleneck. This
communication overhead is often significantly higher than the time required
for local computation.

Solutions:

m  Shared Memory (Implicit Communication): In shared-memory
systems, communication occurs implicitly by reading from and writing
to shared memory locations. The hardware (e.g., cache coherence
protocols) handles the consistency. While conceptually simpler for the
programmer, it still incurs underlying hardware communication costs
for cache coherence.



m Message Passing (Explicit Communication): In distributed-memory
systems, communication is explicit. Processors send and receive
messages to exchange data. This involves network latency, bandwidth
limitations, and software overhead for message
serialization/deserialization and protocol handling.

o Impact: High communication latency and limited bandwidth can dramatically
constrain the achievable speedup. Algorithms and parallel program designs
must meticulously minimize unnecessary communication and optimize data
transfer patterns to alleviate this bottleneck. "Communication-avoiding
algorithms" are a major area of research.

e Load Balancing:

o Concept: The process of distributing the computational workload as evenly
as possible among all available processing units in a parallel system. The
goal is to maximize the utilization of all resources.

o Challenge: If the work is not distributed uniformly, some processors might
finish their tasks much earlier than others and then sit idle, waiting for the
slowest processor to complete its work. The overall execution time will then
be dictated by the time taken by the most heavily loaded (or slowest)
processor, leading to inefficient utilization of the parallel system's resources
and reducing the actual speedup achieved. This is a primary cause of
non-ideal speedup.

o Solutions:

m Static Load Balancing: The workload is divided and assigned to
processors once, at the beginning of execution, based on
predetermined assumptions about task sizes and execution times.
This is simpler to implement but rigid.

m Dynamic Load Balancing: The workload is monitored and
redistributed among processors during execution, based on real-time
load conditions. If one processor finishes its tasks early, it might "steal"
work from an overloaded neighbor. This is more complex to implement
but adapts better to irregular workloads or unpredictable execution
times.

o Impact: Poor load balancing directly translates to wasted computational
cycles and limits the effectiveness of parallel processing, as the system's
performance becomes bound by its slowest component.

8.2 Pipelining (Advanced View)

Pipelining is an incredibly powerful and ubiquitous technique that injects a significant
degree of parallelism into the execution of a single instruction stream. It's an internal
architectural optimization that allows a processor to achieve higher throughput by
overlapping the execution of multiple instructions, much like items moving through an
assembly line. While previously introduced as a core concept in CPU design, this section
expands on its intricacies, particularly focusing on the challenges (hazards) it introduces and
the sophisticated hardware mechanisms used to overcome them.

Review of Pipelining: Instruction Pipelining (as a form of parallelism)



e Core Idea (Assembly Line Analogy): Imagine an assembly line for manufacturing a
product, say, a widget. Instead of one person performing all the steps (A, B, C, D, E)
for one widget before starting the next, a pipeline breaks down the process into
sequential stages, each performed by a dedicated worker. So, Worker 1 does step A
on widget 1, then passes it to Worker 2. While Worker 2 does step B on widget 1,
Worker 1 simultaneously starts step A on widget 2, and so on. After an initial "setup"
time (when the first widget moves through all stages), ideally, one completed widget
rolls off the line every time unit.

e Application to Instruction Execution: In a computer processor, the "widget" is an
instruction, and the "workers" are the pipeline stages. A typical instruction
execution is broken down into several sequential stages:

1. IF (Instruction Fetch): Retrieve the next instruction from memory (often from
the instruction cache).

2. ID (Instruction Decode) / Register Fetch (RF): Interpret the instruction (e.g.,
determine its operation and operands) and read the necessary operand
values from the CPU's register file.

3. EX (Execute): Perform the main operation of the instruction, such as an
arithmetic calculation (addition, subtraction) or logical operation, using the
Arithmetic Logic Unit (ALU).

4. MEM (Memory Access): If the instruction involves memory (e.g., LOAD to
read data, STORE to write data), this stage performs the actual memory
access (often to the data cache).

5. WB (Write Back): Write the result of the instruction (e.g., from an ALU
operation or a memory load) back into the CPU's register file.

e How Parallelism is Achieved: In a non-pipelined processor, an instruction
completes all 5 stages before the next instruction begins. In a 5-stage pipeline, in an
ideal scenario, after the initial five clock cycles (to "fill" the pipeline), one instruction
completes its WB stage and a new instruction enters the IF stage every single clock
cycle. This means that at any given moment, up to five different instructions are in
various stages of execution simultaneously.

e Form of Parallelism: Pipelining is a prime example of Instruction-Level
Parallelism (ILP). It exploits the inherent parallelism that exists between different,
independent instructions, allowing them to overlap their execution. It is considered
fine-grained parallelism because the smallest units of work (the pipeline stages)
are very small, and the coordination between them occurs at the granular level of
individual clock cycles. It significantly increases the throughput of the processor
(instructions completed per unit time).

Pipeline Hazards (Detailed): Disruptions to Smooth Flow

While incredibly effective, pipelining is not without its complexities. Dependencies between
instructions can disrupt the smooth, continuous flow of the pipeline, forcing delays or leading
to incorrect results if not handled properly. These disruptions are known as pipeline
hazards. A hazard requires the pipeline to introduce a stall (a "bubble" or "nop" cycle, where
no useful work is done in a stage) or perform special handling to ensure correctness.

e Structural Hazards: Resource Conflicts



o

O

o

o

Definition: A structural hazard occurs when two or more instructions, which
are currently in different stages of the pipeline, require simultaneous access
to the same physical hardware resource. Since a hardware resource can only
be used by one instruction at a time, a conflict arises.

Analogy: Imagine two cars on the assembly line trying to use the same paint
booth at the same moment. One must wait.

Common Examples:

m Single Memory Port for Instructions and Data: If a processor
design has only one unified memory access unit (or a single port to
the cache/main memory), a structural hazard can occur when an
instruction in the IF stage needs to fetch a new instruction from
memory at the same time an instruction in the MEM stage needs to
access data from memory (for a LOAD or STORE instruction). Both
need the memory unit concurrently.

m Single Write Port for Register File: If the register file (where CPU
registers are stored) only has one port for writing data, and an
instruction in the WB stage needs to write its result to a register, while
an instruction in the ID stage (or an earlier stage of a preceding
instruction) also needs to write to a register, a conflict can occur.

Resolution Strategies:

m Hardware Duplication (Most Common/Effective): The most
straightforward and widely used solution is to physically duplicate the
conflicting resource. For example, modern CPUs almost universally
employ a Harvard architecture approach for their Level 1 (L1)
caches, meaning they have separate L1 Instruction Caches (L1i) and
L1 Data Caches (L1d), each with its own independent access port.
This allows simultaneous instruction fetches and data accesses
without conflict. Similarly, multi-ported register files allow multiple
reads and/or writes concurrently.

m Pipelining the Resource: If a resource itself can be pipelined (e.g., a
memory system that can handle multiple outstanding requests), this
can help.

m Stalling (Inserting Bubbles): If hardware duplication is not
economically feasible or practical, the pipeline must stall. The
instruction that requires the busy resource is held in its current stage,
and a "bubble" (a cycle where no useful work progresses) is inserted
into the pipeline ahead of it. This effectively pauses all subsequent
instructions until the resource becomes free. This ensures correctness
but reduces pipeline efficiency.

e Data Hazards: Dependencies Between Instructions

O

Definition: A data hazard arises when an instruction needs to use data that
has not yet been produced or written by a preceding instruction in the
pipeline. If not handled, the instruction will read an incorrect, stale value.
Analogy: Imagine the engine installation worker needing the car's body
before the body frame worker has completed their task and passed it along.
Types of Data Hazards (Named by Access Order):

m  RAW (Read After Write) Hazard - True Dependency:



m Description: This is the most common and fundamental type
of data hazard. An instruction attempts to read a register or
memory location before a logically preceding instruction in the
program sequence has written its updated value to that
location. The instruction will get the old value, leading to an
incorrect computation.

m Example:

m Code snippet

ADD R1, R2, R3 ; Instruction 1: Computes R1 = R2 + R3 (writes to R1)
SUB R4, R1, R5 ; Instruction 2: Computes R4 = R1 - R5 (reads R1)

| |

m In a pipelined system, Instruction 2 might reach its ID (Register
Read) stage and attempt to read R1 before Instruction 1 has
completed its WB (Write Back) stage to update R1.

m Solutions:

m Forwarding (Bypassing): This is the cornerstone
solution for RAW hazards and is implemented in
virtually all modern pipelined CPUs. It involves creating
special hardware paths (bypasses) that directly
"forward" the result of a producing instruction (e.g., the
output of the ALU in the EX stage, or data from the
MEM stage) to the input of the execution unit (EX
stage) or register read stage (ID stage) of a dependent
instruction. This way, the dependent instruction
receives the correct, fresh data as soon as it's
computed, without having to wait for it to be written
back to the register file and then read again. This
significantly reduces or eliminates stalls for many
dependencies.

m Stalling (Pipeline Bubbles): If forwarding cannot
resolve the hazard (e.g., the data is produced too late,
like a LOAD instruction where the data is only available
after the MEM stage, but a dependent instruction needs
it in the very next cycle), the pipeline must stall. NOP
(No-Operation) instructions are effectively inserted,
pausing the dependent instruction and all instructions
following it until the required data becomes available.
This ensures correctness at the cost of reduced
throughput.

m  WAR (Write After Read) Hazard - Anti-Dependency:



m Description: An instruction tries to write to a register or
memory location before a logically preceding instruction has
read its original value from that location. This is less common
in simple in-order pipelines and primarily arises in out-of-order
execution or when compilers reorder instructions.

m Example:

m Code snippet

ADD R4, R1, R2 ; Instruction 1: Reads R1, R2
MUL R1, R5, R6 ; Instruction 2: Writes to R1

| |

m If Instruction 2 were allowed to write to R1 before Instruction 1
reads the original R1, Instruction 1 would get an incorrect
value.

m Solution: In strict in-order pipelines, WAR hazards are often
naturally avoided because writes typically happen in program
order. In out-of-order execution processors, a technique
called register renaming is the key solution. It provides
multiple physical registers for each architectural (logical)
register, effectively eliminating these false dependencies by
giving different instances of the same logical register distinct
physical storage.

m  WAW (Write After Write) Hazard - Output Dependency:

m Description: An instruction tries to write to a register or
memory location before a logically preceding instruction that
also writes to the same location completes its write. This can
lead to the final value in the destination being from the
incorrect instruction, violating program order.

m Example:

m Code snippet

MUL R1, R2, R3 ; Instruction 1: Writes to R1
ADD R1, R4, R5 ; Instruction 2: Writes to R1

|

m If Instruction 2 (ADD) completes its write to R1 before
Instruction 1 (MUL) completes its write (perhaps because ADD
is a faster operation, or due to forwarding), the final value in R1



will be from MUL, which is wrong if ADD was supposed to be
the last instruction to modify R1.

m Solution: Similar to WAR, in-order pipelines typically handle
this by ensuring that writes to the same destination occur
strictly in program order (e.g., through write buffers or by
blocking). Register renaming in out-of-order execution is the
primary solution, as it ensures that each write operation targets
a unique physical register, preventing conflicts even if writes
complete out of order.

e Control Hazards: Branching and Jump Instructions

o

o

Definition: A control hazard occurs when the pipeline cannot confidently
fetch the next instruction because the target address of a conditional branch
or jump instruction is not yet known, or its condition has not yet been
resolved.
Problem: In a pipelined processor, instructions are fetched speculatively. By
the time a branch instruction reaches the EX or ID stage (where its condition
is evaluated and its target address is computed), several subsequent
instructions have already been fetched into the pipeline, assuming a default
path (e.g., the branch is "not taken," or the next sequential instruction). If the
branch then decides to take a different path (e.g., a jump to a different
memory location), all the instructions that were speculatively fetched down
the wrong path are useless and must be flushed (discarded) from the
pipeline. This flushing action incurs a significant performance penalty, as
several clock cycles worth of work are wasted.
Solutions:
m Stalling: The simplest, but highly inefficient, solution is to stall the
pipeline from fetching any new instructions until the branch outcome
(taken or not taken) and its target address are definitively known. This
creates a large number of wasted cycles for every branch.
m Branch Prediction (Most Common and Critical): This is the
cornerstone technique for mitigating control hazards in modern CPUs.
The processor attempts to predict, before the branch instruction is fully
resolved, whether the branch will be taken or not taken, and if taken,
what its target address will be.

m Static Prediction: Based on fixed rules implemented in
hardware or by the compiler. Examples include "always predict
not taken" (good for common if statements) or "predict
backward branches as taken" (good for loops).

m  Dynamic Prediction: Uses dedicated hardware units (a
branch predictor unit) to learn from the runtime history of
branch outcomes. It maintains tables that record whether a
branch was taken or not taken in its previous executions. This
history is used to predict future outcomes.

m [f the prediction is correct (a branch hit), the pipeline
continues its speculative execution down the correct
path, and there is no penalty.

m If the prediction is incorrect (a branch miss), the
pipeline must be flushed (all instructions fetched down



the wrong path are discarded), and execution must
restart from the correct branch target. This causes a
significant performance penalty (a "misprediction
penalty"), which can be tens or even hundreds of
cycles in deep pipelines.

m Delayed Branch (Compiler-Based): This technique involves the
compiler rearranging instructions. The instruction immediately
following the branch instruction in the instruction stream (known as the
"delay slot") is an instruction that is designed to be useful regardless
of whether the branch is taken or not. This instruction executes during
the time the branch outcome is being resolved, effectively hiding the
branch penalty. While effective in simpler pipelines, the complexity and
deeper pipelines of modern processors often make a simple delayed
branch less practical; advanced compilers might use similar concepts
for instruction scheduling.

m Branch Target Buffer (BTB): A small, high-speed cache specifically
designed to store the target addresses of recently taken branches.
When the IF stage fetches a branch instruction, it immediately checks
the BTB. If a hit occurs, the predicted target address is instantly
available, allowing the pipeline to fetch from the likely correct path
without waiting for the branch to be fully decoded and its target
calculated. This speeds up both branch prediction and target address
computation.

Performance Metrics: Speedup Factor, Pipeline Efficiency, Throughput

To quantify the benefits and analyze the performance of pipelined systems, specific metrics
are employed:

e Speedup Factor:

o Definition: Measures how much faster a task or program executes on a
pipelined processor compared to a functionally equivalent non-pipelined
(sequential) processor.

o Formula: Speedup = (Execution Time of Non-Pipelined System) / (Execution
Time of Pipelined System)

o ldeal Speedup: For a perfectly balanced N-stage pipeline with no hazards,
the ideal speedup approaches N for a very long sequence of instructions.
This is because after the initial pipeline fill-up (N-1 cycles), one instruction
completes every cycle.

o Reality: In reality, hazards, stalls, and load imbalances within stages reduce
the actual speedup to less than N.

e Pipeline Efficiency:

o Definition: Quantifies how effectively the pipeline stages are being utilized.
It's the ratio of the actual speedup achieved to the maximum theoretical
speedup (which is equal to the number of pipeline stages, N).

o Formula: Efficiency = Actual Speedup / Number of Pipeline Stages



o

Impact: An efficiency of 1 (or 100%) indicates a perfectly utilized pipeline with
no stalls or wasted cycles. Hazards (structural, data, control) are the primary
factors that reduce pipeline efficiency by forcing stages to idle.

Throughput:

O

Definition: The rate at which completed instructions (or tasks) emerge from
the pipeline in a given unit of time. It measures the "output rate" of the
pipeline.

Unit: Often expressed as Instructions Per Clock (IPC) cycle or as
operations per second.

Impact: A well-designed and highly efficient pipeline aims for a throughput
close to one instruction completed per clock cycle (IPC = 1). Hazards, stalls,
and flushes reduce the effective IPC, meaning fewer instructions are
completed per cycle, thus lowering the overall throughput. High throughput is
the ultimate goal of pipelining.

Superscalar Processors: Multiple Pipelines Executing Instructions in Parallel

Concept: A superscalar processor represents a significant evolutionary step
beyond simple pipelining. Instead of having just one instruction pipeline, a
superscalar processor is designed with multiple, parallel execution units (e.g.,
multiple Integer ALUs, multiple Floating-Point Units, separate Load/Store Units,
Branch Units). This allows the processor to simultaneously fetch, decode, and
execute multiple independent instructions in the very same clock cycle.

How it Works:

O

Instruction Fetch and Decode: The front-end of a superscalar processor
can fetch and decode several instructions (a "fetch block") in parallel.
Dependency Analysis: A sophisticated dispatch unit then analyzes these
instructions for any inter-dependencies (RAW, WAR, WAW hazards).
Instruction Dispatch: Independent instructions are then simultaneously
dispatched to available and appropriate execution units. For example, an
integer addition might go to one ALU, a floating-point multiplication to an FPU,
and a memory load to a Load/Store Unit, all in the same clock cycle.
Execution Units: Each execution unit is itself typically pipelined, contributing
to even deeper levels of ILP.

Level of Parallelism: Superscalar execution pushes the boundaries of
Instruction-Level Parallelism (ILP) significantly further than basic pipelining. It aims
to achieve an IPC greater than 1, meaning more than one instruction can effectively
complete per clock cycle.

Key Supporting Technologies:

o

Out-of-Order Execution (O00): Most modern superscalar processors
implement OOO execution. This allows the processor to rearrange the
execution order of instructions dynamically (not changing the logical program
order, but the physical execution order) to maximize the use of available
execution units, bypassing stalled instructions if subsequent instructions are
independent.

Register Renaming: Crucial for OOO execution, register renaming
dynamically maps architectural (logical) registers to a larger pool of physical



registers. This eliminates false dependencies (WAR and WAW hazards),
allowing more instructions to execute in parallel.

o Speculative Execution: The processor speculatively executes instructions
far past branches, based on predictions. If the prediction is wrong, the results
of the speculative execution are discarded.

e Challenges: The hardware complexity of superscalar processors is immense. It
requires:

Highly intelligent control logic for dependency checking.

Sophisticated scheduling and dispatch units.

Larger, more complex register files.

Complex commit logic to ensure results are written back in program order,

even if executed out-of-order.

o Significant power consumption due to the additional hardware and dynamic
analysis.

e Impact: Superscalar architectures are standard features in virtually all modern
high-performance CPUs (desktops, laptops, servers, smartphones, embedded
systems). They are the primary reason why single-core performance has continued
to grow even after clock speed increases stalled, allowing CPUs to achieve much
higher IPC values and significantly boosting overall system performance.

O O O

o

8.3 Forms of Parallel Processing (Flynn's Taxonomy)

To systematically categorize the vast array of parallel computer architectures, Flynn's
Taxonomy, proposed by Michael J. Flynn in 1966, provides an elegant and widely adopted
framework. This classification system distinguishes architectures based on the number of
instruction streams and data streams they can process concurrently. Understanding this
taxonomy is fundamental to grasping the distinct approaches to parallelism.

e Instruction Stream (IS): Refers to the sequence of instructions (the program or part
of a program) that a processor is executing.

e Data Stream (DS): Refers to the flow of data elements that are being operated upon
by the instructions.

SISD (Single Instruction, Single Data): Traditional Uniprocessor

e Concept: This is the most foundational and traditional computer architecture. A
single processing unit fetches and executes a single stream of instructions
operating on a single stream of data at any given moment. It embodies purely
sequential execution.

e Characteristics:

o One Control Unit (CU) responsible for fetching, decoding, and issuing
instructions.
One Processing Unit (PU) (e.g., an ALU) that performs operations.
Instructions are executed one after another, in a strictly sequential manner.
Memory access patterns are typically sequential or determined by a single
instruction pointer.

e Internal Parallelism (Important Distinction): While SISD describes the high-level
functional flow (one instruction stream, one data stream), it does not preclude internal



forms of parallelism within that single processor. Modern single-core CPUs, for
instance, are still fundamentally SISD in Flynn's taxonomy, but they extensively
employ pipelining and superscalar execution (as discussed in Section 8.2) to
achieve high throughput by overlapping the execution of multiple instructions from
that single stream. However, from the perspective of the classification, there's only
one "flow" of instructions and data through the core.
Examples:

o Early personal computers and workstations (e.g., Intel 8086, Motorola 68000).

o Any older computer with a single-core CPU that lacked explicit multi-core

capabilities.
o Embedded microcontrollers designed for simple, sequential tasks.

SIMD (Single Instruction, Multiple Data):

Concept: In a SIMD architecture, a single instruction stream is simultaneously
broadcast to multiple processing units. Each of these processing units then executes
the exact same instruction concurrently, but each operates on its own, distinct data
stream. This paradigm is exceptionally well-suited for problems that involve applying
the same operation uniformly to a large collection of data elements in parallel. It
exploits data parallelism.

Characteristics:

o One Global Control Unit (CU): Responsible for fetching and decoding
instructions. It issues a single instruction at a time.

o Multiple Processing Elements (PEs): A collection of many smaller, often
specialized processing units. Each PE has its own local data memory (or
registers) but shares the instruction stream.

o Synchronous Execution: All active PEs execute the same instruction in
lock-step (simultaneously).

o Data Partitioning: The large dataset is partitioned, and each PE is
responsible for processing a different portion of that data.

Examples:

o Vector Processors: Pioneered in early supercomputers (e.g., Cray-1, Cyber
205). These systems had dedicated "vector registers" that could hold entire
arrays of numbers. A single vector instruction (e.g., ADD V1, V2, V3) would
trigger the simultaneous addition of all corresponding elements of vector V2
and V3, storing results in V1, often using a deeply pipelined functional unit.

o Modern GPUs (Graphics Processing Units): The most prominent and
powerful examples of SIMD architectures today. GPUs consist of thousands
of tiny, specialized processing cores (often grouped into Streaming
Multiprocessors). They excel at data-parallel tasks like graphics rendering
(applying the same shading calculations to millions of pixels concurrently) and
scientific computing (e.g., matrix multiplications in machine learning,
simulations). Modern GPU programming models (like NVIDIA's CUDA or
OpenCL) expose this SIMD parallelism to developers.

o Processor Extensions (SSE, AVX, NEON): Most general-purpose CPUs
include special SIMD instruction sets (e.g., Intel's Streaming SIMD Extensions
(SSE) and Advanced Vector Extensions (AVX), ARM's NEON). These



instructions allow a single instruction to operate on multiple data elements
packed into wide registers (e.g., performing four 32-bit floating-point additions
simultaneously with one AVX instruction). This is a form of "short vector" or
"packed SIMD" parallelism within a general-purpose processor.

e Use Cases:

o Image and Video Processing: Operations like applying filters, resizing,
rotating, or compressing images and video frames, where the same operation
needs to be applied to every pixel.

o Multimedia Applications: Audio encoding/decoding, digital signal
processing.

o Scientific and Engineering Simulations: Any problem that can be
expressed as operations on large arrays or matrices, such as fluid dynamics,
weather modeling, molecular dynamics, or finite element analysis.

o Machine Learning: Particularly for neural network inference (applying
weights to multiple input data points) and training (batch processing).

e Benefits: Highly efficient and cost-effective for problems exhibiting significant data
parallelism. Achieves high throughput by leveraging wide data paths and executing
the same operation many times in parallel.

MISD (Multiple Instruction, Single Data):

e Concept: In an MISD architecture, multiple independent instruction streams
(each executed by its own processing unit) operate on a single stream of data. The
data stream is typically fed sequentially through a series of processing units, with
each unit performing a different operation.

e Characteristics:

o Multiple Control Units (CUs), each fetching its own instructions independently.

o Multiple Processing Units (PUs), each potentially running a different program
or performing a different stage of computation.

o A single data stream is passed from one PU to the next in a pipeline-like
fashion.

e Practical Implementations: MISD is the least common and most rarely
implemented general-purpose parallel architecture. It doesn't naturally fit most typical
computational problems. Its primary practical applications are found in specialized
domains:

o Pipelined Systems (Conceptual Link): While a modern CPU pipeline (e.g.,
fetch, decode, execute, memory, write-back) might conceptually be viewed as
different "instructions" (pipeline stages) operating on a "single instruction" as it
flows through, this is generally considered an oversimplification and not the
intended meaning of MISD in Flynn's taxonomy. The stages are part of a
single instruction's execution, not independent instruction streams.

o Fault-Tolerant Systems (Triple Modular Redundancy - TMR): The most
notable real-world application of MISD is in highly critical, fault-tolerant
systems where extreme reliability is paramount. In TMR, a single input data
stream is simultaneously fed to three independent processing units. Each unit
performs the same computation (logically the same instruction stream, but
physically independent execution). The outputs of all three units are then
compared by a "voter" mechanism. If one unit produces a different result due



to a fault, the majority output is chosen, thus masking the error. This is crucial
in aerospace, medical devices, and nuclear control systems.
Benefits: Primarily applicable where data integrity, reliability, and redundancy are
more important than raw computational throughput for general tasks.

MIMD (Multiple Instruction, Multiple Data):

Concept: MIMD is the most powerful, flexible, and widely adopted parallel
architecture today. It consists of multiple independent processing units, each
capable of fetching and executing its own distinct instruction stream on its own
distinct data stream concurrently. This means each processor can run a completely
different program, or different independent parts of the same large program, on
different data.

Characteristics:

o Multiple Control Units (CUs): Each processing unit (or core) has its own
CU, allowing it to operate independently.

o Multiple Processing Units (PUs): Each PU (core) is a full-fledged processor
capable of independent execution.

o Asynchronous or Synchronous: Processors can execute their tasks
asynchronously (at their own pace) or be synchronized at specific points in a
program.

o Scalability: Highly scalable, capable of ranging from a few cores to
thousands or millions of processors.

Dominance: MIMD architectures are the prevailing model for almost all modern
parallel computing, from multi-core smartphones and laptops to high-end servers,
large-scale computer clusters, and the world's most powerful supercomputers. Its
flexibility allows it to efficiently handle a vast range of parallelizable problems,
whether they are primarily data-parallel or task-parallel.

Two Main Sub-Classifications (Based on Memory Architecture): The way these
multiple processing units share or access memory leads to two critical sub-types of
MIMD systems:

o Shared Memory MIMD (Tightly Coupled):

m  Concept: In this architecture, all the independent processing units
(CPUs or cores) share direct access to a single, common, global
memory address space. This typically refers to the main system
RAM. Each processor can directly read from and write to any location
in this shared memory.

m  Communication: Communication between processors happens
implicitly by simply reading from or writing to shared variables in the
common memory. If one processor updates a shared variable, other
processors can immediately (or very quickly, considering cache
coherence) observe the new value.

m Characteristics:

m  UMA (Uniform Memory Access): All processors have uniform
(equal and typically fast) access time to all memory locations.
This is characteristic of Symmetric Multiprocessing (SMP)
systems, where multiple identical CPUs are connected to a
single memory bus or memory controller. Multi-core CPUs



largely fall into this category (where cores share access to the
same main memory).

NUMA (Non-Uniform Memory Access): For larger-scale
shared-memory systems (e.g., systems with many CPU
sockets), it becomes impractical to provide uniform access. In
NUMA architectures, processors have faster access to their
"local" portion of memory (memory directly attached to their
memory controller) and slower (but still direct) access to
"remote" portions of memory owned by other processors. This
allows for greater scalability than pure UMA.

Examples:

Multi-core CPUs: The most common example. Cores on a
single chip share access to the L3 cache and the system's
main DRAM.

Symmetric Multiprocessor (SMP) Systems: Older systems
with multiple distinct CPU chips on a single motherboard
sharing a common system bus and memory.

High-end Servers and Workstations: Often employ NUMA
architectures to scale shared memory to tens or hundreds of
cores.

Challenges:

Cache Coherence: The paramount challenge. When multiple
processors (each with its own private cache) read and write to
the same shared memory locations, inconsistencies can arise
if different caches hold conflicting values for the same data.
Sophisticated cache coherence protocols (like MESI,
MOESI) implemented in hardware (snooping or
directory-based) are absolutely essential to ensure that all
caches and main memory maintain a consistent view of shared
data. This adds significant hardware complexity.
Synchronization: While communication is implicit,
coordination of access to shared mutable data is critical.
Programmers must explicitly use locks, semaphores, or
atomic operations to prevent race conditions and ensure data
integrity when multiple threads try to modify the same shared
variable concurrently. Poor synchronization leads to subtle,
hard-to-debug errors.

Scalability Limits: While more scalable than SISD, shared
memory systems (especially UMA) face scalability limitations.
As the number of processors increases, the shared memory
bus can become a severe bottleneck due to contention. Cache
coherence traffic also increases, further limiting scalability.
NUMA mitigates this but introduces non-uniform access times.

Programming Model: Typically uses threading models (e.g.,
OpenMP, POSIX Threads - pthreads, Java threads). Threads within a
single process share the same address space, making data sharing
relatively straightforward for the programmer (though synchronization
is still needed).



o Distributed Memory MIMD (Loosely Coupled):

Concept: In this architecture, each processing unit (often referred to
as a "node" or "computer") has its own private, local memory that is
not directly accessible by any other processor. The entire system is
essentially a collection of independent, self-contained computers,
each with its own CPU(s) and memory, connected by a high-speed
inter-node network.

Communication: Communication between processors is explicit and
occurs solely through message passing. If processor A needs data
from processor B, it must send a message request to B. Processor B
then processes this request and sends a message back to A
containing the data. There is no shared global address space that
both can directly access.

Characteristics:

m Local Memory: Each node operates independently on its local
data.

m Network-Based Communication: Relies on an underlying
network (e.g., Ethernet, InfiniBand) for inter-processor
communication.

Examples:

m  Computer Clusters: The most common form. These are
collections of commodity computers (nodes) connected by a
fast local area network (LAN). They are cost-effective and
highly scalable.

m  Supercomputer Clusters: Many modern supercomputers are
essentially very large-scale distributed-memory clusters with
highly optimized, low-latency, high-bandwidth interconnection
networks.

m  Grid Computing: A form of distributed computing where
resources (including processors and data) are geographically
dispersed and connected over wide-area networks.

m Cloud Computing Instances: Individual virtual machines or
containers running on different physical servers can be viewed
as distributed-memory nodes communicating over a network.

Challenges:

m  Communication Overhead: Message passing inherently
involves higher latency and lower bandwidth compared to local
memory access or even shared memory (due to network
hardware, software protocol stacks, and data
serialization/deserialization). This can be a significant
bottleneck if communication is frequent.

m  Programming Complexity: Programming distributed-memory
systems is generally more complex than shared-memory
systems. Programmers must explicitly manage data
partitioning, data distribution across nodes, and all
communication (sending and receiving messages). This
requires careful algorithm design to minimize communication
and overlap it with computation.



m Debugging: Debugging parallel applications on
distributed-memory systems can be notoriously difficult due to
the asynchronous nature of communication and the lack of a
global state view.

m Benefits:

m High Scalability: This is their greatest advantage. Because
there is no single shared memory bottleneck and no complex
global cache coherence to maintain, distributed-memory
systems can scale to tens of thousands, hundreds of
thousands, or even millions of processing cores, making them
the architecture of choice for the largest supercomputers.

m Cost-Effectiveness: Often built using commodity hardware
(standard servers, network switches), making them more
affordable for large-scale deployments compared to highly
specialized shared-memory systems.

m  Programming Model: The dominant programming model is Message
Passing Interface (MPI). MPI is a standard library of functions that
allows processes on different nodes to exchange data by sending and
receiving messages.

8.4 Interconnection Networks for Parallel Processors

In any parallel computing system that consists of multiple, physically distinct processing
elements (whether they are cores, full CPUs, or entire nodes in a cluster), the ability for
these elements to communicate efficiently is absolutely paramount. The network that
facilitates this communication is known as the interconnection network. Its design critically
influences the overall performance, scalability, and cost of the entire parallel system.

Motivation: Efficient Communication Pathways Are Crucial for Parallel Processor
Performance

Imagine a large team working on a complex project. If team members cannot talk to each
other, share documents, or coordinate their tasks quickly, even the most skilled individuals
will be inefficient. Similarly, in parallel computing:

e Necessity of Data Sharing: Parallel algorithms often require processors to
exchange intermediate results, access shared datasets, or distribute portions of data
to other processors. For instance, in a weather simulation, adjacent grid points might
be processed by different cores, but they need to exchange boundary data.

e Synchronization and Coordination: When tasks are interdependent, processors
need to synchronize their activities (e.g., all reach a barrier before proceeding). This
coordination itself involves communication of control signals.

e Load Balancing and Resource Management: Dynamic load balancing schemes
require processors to communicate their current workload or request work from
others. Operating systems in shared-memory systems use the interconnection
network (often a bus or internal fabric) to maintain cache coherence.



e Impact of Poor Communication:

o Communication Overhead: Any time spent communicating (sending,
receiving, waiting for data) is time not spent on useful computation. High
communication overhead directly eats into the potential speedup from
parallelism.

o Latency: The time it takes for a message (or even a single bit of data) to
travel from one processor to another. High latency means processors might
stall frequently, waiting for data. This is particularly detrimental to fine-grained
parallel applications.

o Bandwidth Bottlenecks: The maximum rate at which data can be
transferred through the network. If the network’s bandwidth is insufficient, it
acts as a "traffic jam," limiting the amount of data that can be exchanged
concurrently and becoming the primary limiter of system performance.

o Scalability Limits: As the number of processors in a system grows, the
demands on the interconnection network increase dramatically. A network
that works well for a few processors might become a severe bottleneck for
hundreds or thousands. A poorly designed network will prevent the system
from scaling effectively.

Classification: Static Networks vs. Dynamic Networks

Interconnection networks are broadly categorized based on the nature of their connections:

e Static Networks (Direct Networks / Fixed Connections):

o Concept: In static networks, the physical connections between processing
nodes are permanent and unchangeable. Each node has fixed, direct links
to a predefined set of its neighboring nodes. Messages travel directly from a
source node, possibly hopping through several intermediate nodes (which act
as simple routers or relays) along these fixed pathways, until they reach their
destination. There are no centralized or shared switching elements that
dynamically establish connections.

o Characteristics:

m Fixed Topology: The network's physical layout is determined at
design time and remains constant.

m Point-to-Point Links: Connections are direct between specific pairs
of nodes.

m Distributed Routing: Each node contains simple logic to forward
messages to the next hop based on the destination address.

m  No Contention for Paths (within a single link): Once a message is
on a link, it generally has exclusive use of that link segment. However,
messages can contend for an intermediate node's forwarding logic or
output link.

o Advantages:

m Relatively Simple to Implement: Compared to dynamic networks,

the hardware logic for routing at each node is often simpler.



m Potentially Lower Latency for Direct Neighbors: Communication
between directly connected nodes is very fast.

m  No Central Bottleneck: No single shared switch or bus to contend
with, allowing for higher aggregate bandwidth.

o Disadvantages:

m Less Flexible: The fixed topology can be inefficient for
communication patterns that don't match the network's inherent
structure (e.g., communicating with a non-neighbor far away).

m Higher Latency for Non-Neighboring Communication: Messages
must traverse multiple hops, adding latency with each hop.

m Limited Fault Tolerance (in simpler designs): A break in a direct
link between two critical nodes can partition the network unless
redundant paths are built in.

o Common Static Topologies (from simple to complex):

m Linear Array (1D Array):

m Topology: Nodes are arranged in a single line. Each node
(except the two ends) is connected only to its immediate left
and right neighbors.

m Example: PO -- P1 -- P2 -- P3

m Pros: Very simple to construct, minimal number of connections
per node (degree is 1 or 2).

m Cons: Poor scalability due to high communication latency for
distant nodes (diameter is N-1, where N is the number of
nodes). Low fault tolerance (a single link failure breaks the
chain).

= Ring:

m Topology: A linear array where the two end nodes are also
connected, forming a closed loop. Each node has exactly two
neighbors.

m Example: PO -- P1 -- P2 -- P3 -- PO

m Pros: Slightly better fault tolerance than a linear array
(messages can go clockwise or counter-clockwise), still simple.

m Cons: Still relatively high latency for distant nodes (diameter is
roughly N/2), limited scalability due to shared links.

m 2D Mesh:

m Topology: Nodes are arranged in a two-dimensional grid.
Each node (except those on the edges) is connected to its
north, south, east, and west neighbors. Can be extended to 3D
(3D Mesh).

m Example: Think of a chessboard, where each square is a
node.

m Pros: Good for problems that involve localized communication
(e.g., image processing, scientific simulations on grids),
relatively scalable. Degree is 2, 3, or 4.

m Cons: Nodes at the corners and edges have fewer
connections, potentially increasing communication distance.

m Torus (2D Torus/Wrapped Mesh): A mesh where the rows

and columns "wrap around" (e.g., the rightmost node connects



to the leftmost node in its row, and the topmost node connects
to the bottommost in its column). This eliminates edge effects
and provides more uniform connectivity.

m  Hypercube (n-cube):

m Topology: A highly connected and powerful topology where
the number of nodes is a power of two (N=2n, where 'n' is the
dimension). Each node is connected to 'n' other nodes.
Connections are defined by binary addresses: two nodes are
connected if their binary addresses differ in exactly one bit
position.

m Example (3-cube/Cube): 8 nodes, each connected to 3 others
(e.g., node 000 connected to 001, 010, 100).

m  Pros: Very high connectivity, extremely low diameter
(logarithmic, log2(N)), and high bisection bandwidth (half the
nodes can communicate with the other half easily). Excellent
for many parallel algorithms due to its rich connectivity.

m Cons: High degree ('n' connections per node), which increases
with the total number of nodes, making it very complex and
expensive to build for large 'n’' (i.e., very large systems). The
wiring complexity becomes formidable.

m Trees (e.g., Binary Tree, Fat Tree):

m Topology: Hierarchical structures where processing nodes are
at the leaves, and internal nodes are switches or routers. In a
simple binary tree, each node has one parent and two children.

m Pros: Simple hierarchical routing (messages go up to a
common ancestor, then down).

m Cons: The "root" or higher-level nodes can become severe
bottlenecks as all traffic converges through them. Also, low
fault tolerance (a single failure in a high-level node can
disconnect large portions of the network).

m Fat Tree: A variant designed to mitigate the bottleneck issue. It
increases the number of links (and thus bandwidth) at higher
levels of the tree, making it "fatter" towards the root. This is a
common and scalable topology in modern data centers and
supercomputers.

e Dynamic Networks (Indirect Networks / Switched Connections):

o

o

Concept: In dynamic networks, the connections between processing nodes
are not fixed. Instead, messages are routed through intermediary switching
elements (switches). These switches can dynamically establish connections
between their input ports and output ports on demand, allowing for flexible
and adaptive communication paths. The path a message takes is not
hardwired but determined by the switches at runtime.

Characteristics:



Centralized or Distributed Switches: The intelligence for routing is
within the switches themselves.

Flexible Routing: Paths can be reconfigured dynamically to avoid
congestion or failed links.

Contention at Switches: Multiple messages might attempt to
traverse the same switch port or internal switch path simultaneously,
leading to contention and delays.

o Advantages:

Greater Flexibility: Can adapt to diverse communication patterns.
Better Scalability (in many cases): Can handle a larger number of
processors compared to simple static networks because they can
route traffic more intelligently.

Potentially Higher Aggregate Bandwidth: By allowing multiple
concurrent paths, they can achieve high overall throughput.

o Disadvantages:

More Complex and Expensive: Requires sophisticated switching
hardware.

Higher Latency (due to switching logic): Each hop through a switch
adds some processing and queueing delay.

Congestion: Prone to congestion if traffic patterns are unfavorable,
leading to increased latency and reduced throughput.

o Common Dynamic Topologies:

Bus-based Network:

m  Concept: All processors and memory modules (in a
shared-memory system) are connected to a single, shared
communication pathway, the bus. Only one device can
transmit data on the bus at any given time.

m  Example: A typical PC motherboard bus connecting CPU,
memory, and peripherals.

m Pros: Very simple to implement, low cost, easy to add/remove
components.

m Cons: Extremely severe scalability limitation. The bus
becomes a critical bottleneck very quickly as the number of
processors increases. Bus contention (multiple devices trying
to use the bus simultaneously) leads to significant performance
degradation. The total bandwidth of the system is limited by
the bus bandwidth.

m Usage: Common in shared-memory MIMD systems with a
small number of cores (e.g., within a multi-core CPU where
cores share a common internal bus to access the L3 cache or
memory controller). Not suitable for large-scale parallel
systems.

Crossbar Switch:

m  Concept: A non-blocking switch that provides a dedicated
path between any input and any output without interference,
provided the destination output is not already busy. It's
envisioned as a grid of switches where input lines intersect



output lines, and a dedicated switch is placed at each
intersection.

Example: Imagine an old telephone switchboard where any
caller can be connected directly to any recipient without
intermediate hops.

Pros: Very high bandwidth, lowest latency (as it's
non-blocking and direct once established), provides full
connectivity.

Cons: Extremely expensive and complex for many nodes.
The number of individual switching points (crosspoints) grows
as the square of the number of inputs/outputs (NtimesM). This
makes it economically and physically impractical for
connecting more than a relatively small number of processors
(e.g., tens of nodes at most).

Usage: Used for connecting a limited number of
high-performance components within specialized systems
(e.g., within a high-end network router, or to connect a small
number of CPU sockets to a memory controller in very
high-end servers).

m Multistage Interconnection Networks (MINs):

Concept: MINs are a compromise between the
cost/complexity of a crossbar and the performance limitations
of a bus. They are constructed by connecting multiple, small,
simple switching elements (e.g., 2x2 switches) in several
cascaded "stages." Messages pass through these multiple
stages of switches to reach their destination.

Pros: More scalable than crossbars (cost grows less than
quadratically, often NlogN), better performance than a bus,
allows for flexible routing.

Cons: Higher latency than direct static links or crossbars (due
to multiple hops through switches), can suffer from internal
blocking (where multiple messages may contend for the same
internal switch or link, even if the destination output is free).
More complex routing algorithms than simple static networks.
Examples:

m  Omega Network: A popular type of MIN that uses 2x2
switching elements in log_2N stages for N
inputs/outputs. It routes messages based on a specific
bit-permutation rule at each stage. It is a "blocking"
network, meaning not all permutations of
input-to-output connections can be established
simultaneously without conflict.

m Butterfly Network: Another common MIN topology,
structurally very similar or isomorphic to the Omega
network, also using multiple stages of 2x2 switches.

Usage: A cornerstone of large-scale parallel supercomputers
(especially those with shared-memory or hybrid
shared/distributed memory), high-performance network



switches, and sometimes within complex CPU dies to connect
multiple processor clusters to shared resources or I/O.

Network Parameters:

When designing, analyzing, or selecting an interconnection network for a parallel system,
several key parameters are used to characterize its capabilities and limitations:

e Topology:

o Definition: The fundamental physical layout or geometric arrangement of the
links (connections) and nodes (processors or switches) in the network. It
dictates how nodes are physically connected to each other.

o Impact: The topology is foundational, directly influencing other parameters
like diameter, bisection bandwidth, degree, cost, and suitability for various
communication patterns. Examples include ring, mesh, hypercube (static);
bus, crossbar, MIN (dynamic).

e Bandwidth:

o Definition: The maximum rate at which data can be transferred through the
network. It's the total capacity for data flow. It's typically measured in bits per
second (bps) or gigabytes per second (GB/s).

o Impact: Higher bandwidth allows for more data to be exchanged concurrently
between processors in a given amount of time. This is critical for
data-intensive parallel applications where large datasets need to be moved
frequently.

o Bisection Bandwidth: A particularly important metric. It is the minimum
bandwidth of all possible ways to cut the network into two equal halves. A
high bisection bandwidth means the network can sustain high communication
rates even when half the processors are communicating with the other half,
indicating good overall communication capability and scalability.

e Latency:

o Definition: The time delay it takes for a single unit of data (often the first bit
or byte of a message) to travel from the source node to the destination node
through the network. It encompasses propagation delay, routing delay at
switches/nodes, and any queuing delays.

o Impact: High latency forces processors to wait longer for data or
synchronization signals, leading to processor idle time and reduced efficiency.
This is especially critical for fine-grained parallel applications where
communication is frequent. Latency is typically measured in nanoseconds (for
on-chip/board networks) or microseconds (for inter-node networks in
clusters).

e Cost:

o Definition: The overall economic cost associated with implementing the
network hardware. This includes the number of links (wires/fibers), the
complexity and number of switches/routers, the physical space required, and
power consumption.



o

Impact: Cost is a major practical constraint. Simple networks are cheap but
limit performance; complex networks offer high performance but can be
prohibitively expensive. The goal is often to find a network that offers
sufficient performance for the target application domain at an acceptable cost.
For instance, while a crossbar offers ideal performance, its quadratic cost
growth makes it unfeasible for thousands of nodes.

e Scalability:

o

Definition: How well the network's performance and cost characteristics
behave as the number of processing nodes (and thus the total system size)
increases. A truly scalable network should maintain acceptable levels of
bandwidth and latency without an exponential (or unsustainable) increase in
hardware cost or complexity as more nodes are added.

Impact: Determines the maximum number of processors that can be
effectively connected and utilized in a parallel system. Networks that quickly
become bottlenecks (like a simple bus) are not scalable for large systems.
Networks like advanced fat trees or multi-dimensional tori/meshes are
considered highly scalable because their cost and latency grow more
gracefully with increasing node count, making them suitable for the largest
supercomputers.
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