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Outline

● Multi-core Processor 

● Vector Processors 

● Hardware Multi-Threading

● Cache Coherence 
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Multiplying Performance
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Intel Quad-Core “Core i7”
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Application Domains for Multicore
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Multicore is Energy Efficient
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Amdahl’s Law
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How to Compute SAXPY Quickly?
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Parallelism Classification

● Instruction and data streams

● SPMD: Single Program Multiple Data

○ A parallel program on a MIMD computer

○ Conditional code for different processors
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Vector vs. Scalar

● Vector architectures and compilers

○ Simplify data-parallel programming

○ Explicit statement of absence of loop-carried dependences

■ Reduce checking in hardware

○ Regular access patterns benefit from interleaved and burst 

memory

○ Avoid control hazards by avoiding loops

○ MMX, SSE extensions

11



Data-Level Parallelism
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SIMD

● Operate elementwise on vectors of data

○ E.g. MMX and SSE instructions in X86 CPU

■ Multiple data elements in 128-bit wide registers

○ All processors execute the same instruction at the same time

■ Each with different data address

○ Simplifies synchronization

○ Reduced instruction control hardware

○ Works best for highly data-parallel applications
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Vector Processor

● Vector instructions 

○ Have a variable vector width

○ Support stride access

● Vector units

○ The combinations of 

pipelined and array 

functional units
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Example Use of Vectors – 4-wide
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Vector Datapath & Implementation
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Vector ISAs

17



Uniprocessor Concurrency
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Shared Memory

● SMP: shared memory multiprocessor

○ Hardware provides single physical address space for all 

processors

○ Synchronize shared variables using locks

○ UMA (uniform) vs. NUMA (nonuniform)
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Shared Memory Programming Model
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Shared Memory Model: Interleaving
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Shared Memory Implementations
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Simplest Multiprocessor

23



Hardware Multithreading
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Hardware Multithreading
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Hardware Multithreading
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● In multiple-issue dynamically scheduled processor

○ Schedule instructions from multiple threads

○ Instructions from independent threads execute when function 

units are available

○ Within threads, dependencies handled by scheduling and 

register renaming

● Example: Intel Pentium-4 HT

○ Two threads: duplicated registers, shared function units and 

caches



Hardware Multithreading
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● Hardware Multithreading

○ (a) Superscalar

○ (b) Fine-grain MT superscalar

○ (c) SMT processor

○ A filled box indicates the 

processor found an inst to 

execute in that issue slot

on that cycle

○ Horizonal waste -> poor ILP

○ Vertical waste -> long latency

inst (memory access) inhibits further inst issue

Issue Slot



Hardware Multithreading
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● Hardware Multithreading

○ On any given cycle a processor executes instructions from 

one of the threads

○ On the next cycle, it switches to a different thread context 

and executes instructions from the new thread

○ Better tolerate long latency operations

■ Remove vertical waste

■ Cannot remove horizontal waste as instruction issue 

width increases



Hardware Multi-Threading

● Simultaneous multithreading (SMT)

○ Exploiting TLP in a single processor core

○ Each clock, core chooses instructions from any 

threads that can issue

○ Dynamic schedules machine resources among 

instructions

○ Needs one context per thread

○ Benefits

■ Improve the hardware utilization

■ No partitioning of many resources

■ E.g. Intel Hyper-threading 29
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Simplest Multiprocessor
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Starting point: no caches
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Starting point: no caches
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Add a Shared Cache
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Shared Cache Implementation
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Shared Cache Implementation
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Shared Cache Implementation
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Shared Cache Implementation
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Adding Private Caches
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Adding Private Caches
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Adding Private Caches
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Adding Private Caches
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Adding Private Caches
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Private Cache Problem
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Private Cache Problem
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Private Cache Problem
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Private Cache Problem
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Fix Problem by Tracking Sharers
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Use Tracking info to Invalidate
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Use Tracking info to Invalidate
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Use Tracking info to Invalidate
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Use Tracking info to Invalidate
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Valid/Invalid Cache Coherence
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VI (MI) Coherence Protocol
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VI Protocol State Transition Table
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MSI Cache Coherence Protocol
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MSI Coherence Example: Step #1
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MSI Coherence Example: Step #2
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MSI Coherence Example: Step #3
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MSI Coherence Example: Step #4
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MSI Coherence Example: Step #5
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MSI Coherence Example: Step #6
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Classifying Misses: 3C Model
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MSI Coherence Example: Step #7
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MSI Coherence Example: Step #8
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MSI Coherence Example: Step #9
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MSI Coherence Example: Step #10
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MSI Coherence Example: Step #11
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VI-> MSI
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MSI Protocol State Transition Table
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Cache Coherence and Cache Misses
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MESI Cache Coherence
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MESI Operations
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MESI Coherence Example: Step #1
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MESI Coherence Example: Step #2
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MESI Coherence Example: Step #3
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MESI Coherence Example: Step #4
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MESI Coherence Example: Step #5
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MESI Coherence Example: Step #6
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MESI Coherence Example: Step #7
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MSI -> MESI
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MESI State Transition Table
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Conclusion

● Instruction-Level Parallelism (ILP)

○ Pipelining, super-scalar processor

● Thread-Level Parallelism (TLP)

○ Hardware multi-threading

● Data-Level Parallelism (DLP)

○ SIMD, Vector processor, GPU
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