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Executive Summary
● Motivation:

– Most computing systems today are power limited
– Technology scaling no longer provides the energy scaling it once did

● Observation:
– ASICs (Application-Specific Integration Circuits) are extremely efficient

● Goal:
– Understand and incorporate sources of ASIC efficiency into general-purpose processors

● Idea:
– Optimize general-purpose CMP (chip multiprocessor) step by step for the H.264 algorithm using

● SIMD and VLIW
● Custom instructions (instruction fusion)
● Custom hardware (application-specific data storage fused with functional units)

● Evaluation:
– 720p HD H.264 encoder running on a general-purpose CMP system
– Broadly applicable optimizations (SIMD, VLIW) improve performance by 10x and energy by 7x
– Adding large, specialized functional units improves performance and energy by an additional 25x
– Final customized CMP matches an ASIC solution’s performance within 3x of its energy and within 

comparable area



3

Outline
1.   Background

– Processor basics
– H.264 algorithm

2.   Paper Summary
– Problem description
– Enhancements
– Evaluation and other applications

3.   Strengths and Weaknesses

4.   Thoughts and Takeaway

5.   Discussion



4

Processor Pipeline
● Fetch: Get instruction from memory
● Decode: Identify the instruction
● Evaluate address: Compute memory address (if 

needed)
● Fetch operands: Obtain source operands
● Execute: Execute the instruction
● Store results: Write the result to destination

Source: https://safari.ethz.ch/digitaltechnik/spring2021/lib/exe/fetch.php?media=onur-digitaldesign_comparch-2021-lecture9-vonneumann-isa-lc3andmips-afterlecture.pdf
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SIMD
● Single Instruction Multiple Data

Image Source: https://safari.ethz.ch/digitaltechnik/spring2021/lib/exe/fetch.php?media=onur-digitaldesign_comparch-2021-lecture20-simd-afterlecture.pdf
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VLIW
● Very Long Instruction Word

– Pack multiple independent operations into one 
instruction

Source: https://safari.ethz.ch/digitaltechnik/spring2021/lib/exe/fetch.php?media=onur-digitaldesign_comparch-2021-lecture20-simd-afterlecture.pdf
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H.264: Overview
● Video compression standard
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H.264: Computational Motifs
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H.264: Uniprocessor Performance
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Problem Description
● What is the problem?

– Most computing systems today are power limited

– Technology scaling no longer provides the energy 
savings it once did

→ Designers and computer architects need to get 
creative!
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CMP vs ASIC

ASIC is 500x more energy efficient and 250x faster
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Energy Breakdown

Ignoring everything but the functional unit:
only 20x more energy efficient



15

Mechanism
● Different stages of specialization:

– Step 1: General purpose datapath extensions (SIMD, 
VLIW)

– Step 2: Limited degree of algorithm-specific 
customization (operation fusion)

– Step 3: Unrestricted tailoring of the datapath
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Baseline
● Map five major algorithmic blocks to a four stage 

macroblock (MB) pipeline
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Enhancements: SIMD & VLIW
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Enhancements: Operation Fusion

● Fusion of frequently occurring complex instruction 
subgraphs

● Reduces instruction count and register file 
accesses

● Allows efficient hardware implementation
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Operation Fusion: FME
● Pixel upsampling: xn = x-2 – 5x-1 + 20x0 + 20x1 – 5x2 + x3

Upsampling using the AddShft

Only need 3-5 instead of 9 instructions + 
fewer register file accesses
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Enhancements: “Magic” Instructions

● Algorithm specific instructions

● Can execute 100s of operations in a single 
instruction

● Requires large amount of data
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“Magic” Instruction: FME
● Pixel upsampling only requires a single new pixel 

per iteration

● Custom register file: 8-bit wide, six entry shift 
register structure

● Add more efficient 6 input multiplier/adder
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“Magic” Instruction: FME

FME upsampling unit (column upsampling highlighted)
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“Magic” Instruction: CABAC
● Heavy algorithm modification

● 16-entry LIFO structure: Basically a cache for most 
frequently used values

● Magic instructions for lossless codes
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“Magic” Instruction: CABAC

H.264 reference code

After modifications and magic instructions

● CABAC arithmetic encoding loop:
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Evaluation: SIMD & VLIW

Roughly 100x gap between CMP and ASIC
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Evaluation: SIMD & VLIW

Most of energy dissipation is still an overhead
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Evaluation: Operation Fusion

Still 50x less energy efficient and 25x slower than an ASIC
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Evaluation: “Magic” Instructions

35% of energy is going into the functional units
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Evaluation: “Magic” Instructions

Within 3x of ASIC energy efficiency
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Other Applications
● H.264 is representative of applications with very 

simple operations

● Other applications may have higher-energy 
operations like floating point

● Some applications may be memory-bound
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Strengths
● Provides valuable insight

● Clear structure

● Key ideas are described in an understandable 
manner
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Weaknesses
● Not many (if any) novel ideas

● Lack of evaluation of other applications 
(evaluation of a general-purpose processor)

● Some parts are hard to follow

● Diagrams were lacking (better in their slides)
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Thoughts and Takeaway
● Data movement is a 

problem everywhere
● Overheads in general-

purpose processors are an 
issue
– Requires creative designs, 

new ideas and knowledge of 
other parts of the stack

– Example: Nvidia RTX GPUs
– Will remain relevant in the 

future as well Turing Streaming Multiprocessor

Image Source: https://pcper.com/2018/09/the-architecture-of-nvidias-rtx-gpus-turing-explored/
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Discussion Starters (1/2)
● What applications could benefit from the 

described techniques (SIMD, VLIW, operation 
fusion and magic instructions)?

● Would it make sense to have programmable 
hardware (FPGAs) inside (general-purpose) 
processors?

● Where else are we “wasting” power?
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Discussion Starters (2/2)
● What are functions/computational patterns that 

occur often and could benefit from custom 
hardware?

● Should we use different “substrates” for/inside of 
(general-purpose) processors? What kind of 
“substrates”?

● Do functional units have to be digital?
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Backup Slides
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The LC-3b data path (memory omitted)

Image Source: https://safari.ethz.ch/digitaltechnik/spring2021/lib/exe/fetch.php?media=lc3b-figures.pdf
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Evaluation: Area Efficiency

Area efficiency breakdown
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