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• Every two years:

– Double the number of transistors

– Build higher performance general-purpose processors

➢ Make the transistors available to the masses

➢ Increase performance (1.8×↑)

➢ Lower the cost of computing (1.8×↓)

• Sounds great, what’s the catch? 

Motivation: Moore’s Law

Gordon Moore
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• The “catch” – powering the transistors without melting the chip!

– See 2003 – 2004 news: https://wccftech.com/intel-tejas-and-jayhawk-
the-story-of-the-abandoned-intel-7-ghz-pentium-5-chips/ 

Motivation: Moore’s Law (cont.)
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• As transistors get smaller their power density stays constant

Motivation: Dennard Scaling

Dimensions

Voltage

Doping
Concentrations

×0.7

Area 0.5×↓

Power 0.5×↓

Frequency 1.4×↑

Capacitance 0.7×↓

Transistor: 2D Voltage-Controlled Switch

Power = Capacitance × Frequency × Voltage2

Robert Dennard
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• In mid 2000s, Dennard scaling “broke”

Motivation Dennard Scaling (cont.)

Dimensions

Voltage

Doping
Concentrations

×0.7

Area 0.5×↓

Power 0.5×↓

Frequency 1.4×↑

Capacitance 0.7×↓

Transistor: 2D Voltage-Controlled Switch

Power = Capacitance × Frequency × Voltage2
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• Dark silicon – the fraction of transistors that need to be 
powered off at all times (due to power + thermal constraints)

• Processor evolution strongly motivated by Dennard scaling ending

– Expected continued evolution towards HW specialization/accel

Motivation: Dark Silicon

Area 0.5×↓

Power 0.5×↓

2015
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• Hardware Acceleration:

– Performance analysis and overhead

– Coprocessors vs accelerators

– Common acceleration techniques

– Acceleration examples

• Reading: Wolf section 10.4-10.5

This Week’s Topic
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• Accelerating a diverse range of applications 
using reconfigurable logic is a trending area:
– D. Hoang, D. Lopresti, “FPGA Implementation of 

Systolic Sequence Alignment”
– D. Ross, O. Vellacott, M. Turner, “An FPGA-based 

Hardware Accelerator for Image Processing”
– J. Lockwood, “Design and Implementation of a 

Multicast, Input-Buffered ATM Switch for the iPOINT 
Testbed”

• What these examples have in common:
– Illustrative of the potential for custom computing to 

enable faster scientific and engineering discovery 
– Relatively small impact (outside of academia)
– All work done in 1992

Straight from the Headlines...
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And Today? 

• Reconfigurable logic supporting the data center

specializing clusters, and tightly integrated on-chip

,
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Accelerated Systems

• Additional computational units dedicated to some functionality

• Hardware/software co-design: joint design of HW & SW architect

CPU

accelerator

memory

I/O

request

data
result

data
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Accelerator vs. Coprocessor

• A coprocessor executes instructions

– Instructions are dispatched by the CPU

• An accelerator appears as a device on the bus

– Typically controlled by registers (memory-mapped I/O)
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Accelerator Proximity

• Although self-reconfiguration is possible, some SW integration 
with a reconfigurable accelerator is almost always present

• CPU – FPGA proximity has implications for programming model, 
device capacity, I/O bandwidth

Standalone Processing Unit

I/O
Interface

Attached Processing Unit

Workstation

Memory
Caches

Coprocessor

CPU

FU
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Accelerated System Design

• First, determine that the system really needs to be accelerated

– How much faster will the accelerator on the core function?

– How much data transfer overhead? Compute bound vs 
memory bound vs I/O bound?

• Design accelerator and system interface

• If tighter CPU integration required:

– Create a functional unit for augmented instructions

– Compiler techniques to identify/use new functional unit
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Will Hardware Acceleration Help?
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• The total application speedup, when an optimization (accelerator) improves a 
selected fraction (f ) of an application’s execution time by a factor a is:

Amdahl’s Law

𝐴𝑝𝑝𝑙𝑖𝑐𝑎𝑡𝑖𝑜𝑛_𝑆𝑝𝑒𝑒𝑑𝑢𝑝 =
𝑇𝑜𝑟𝑔

[(1 − 𝑓) + 𝑓/𝑎] ∗ 𝑇𝑜𝑟𝑔

=
1

(1 − 𝑓) + 𝑓/𝑎

Gene Amdahl
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Will Hardware Acceleration Help?

𝐴𝑝𝑝𝑙𝑖𝑐𝑎𝑡𝑖𝑜𝑛_𝑆𝑝𝑒𝑒𝑑𝑢𝑝 =
𝑇𝑜𝑟𝑔

[(1 − 𝑓) + 𝑓/𝑎] ∗ 𝑇𝑜𝑟𝑔

=
1

(1 − 𝑓) + 𝑓/𝑎

𝐴𝑝𝑝𝑙𝑖𝑐𝑎𝑡𝑖𝑜𝑛_𝑆𝑝𝑒𝑒𝑑𝑢𝑝 =
𝑇𝑜𝑟𝑔

𝑇𝑛𝑒𝑤

=
𝑇𝑜𝑟𝑔

𝑇𝑜𝑟𝑔 − ( 𝑓 ∗ 𝑇𝑜𝑟𝑔 − 𝑓 ∗ 𝑇𝑜𝑟𝑔 /𝑎)

=
𝑇𝑜𝑟𝑔

𝑇𝑜𝑟𝑔 − (𝑇𝑓 − 𝑇𝑓/𝑎)

=
𝑇𝑜𝑟𝑔

(1 − ( 𝑓 − 𝑓 /𝑎)) ∗ 𝑇𝑜𝑟𝑔

=
𝑇𝑜𝑟𝑔

(1 + (− 𝑓 + 𝑓 /𝑎)) ∗ 𝑇𝑜𝑟𝑔

where:

– 𝑇𝑜𝑟𝑔 : Application original exec. time

– 𝑇new : Application exec. time after accel

– 𝑓 : fraction of the Application time that 

a selected portion of the App. runs.

– 𝑇f : amount of time the selected 

portion of the App. runs, before accel.

– 𝑇fa : amount of time the selected 

portion of the App. runs after 
accelerated by 𝑎

– 𝑎 : factor by which accelerator speeds 

up selected portion of Application

=
𝑇𝑜𝑟𝑔

𝑇𝑜𝑟𝑔 − (𝑇𝑓 − 𝑇𝑓𝑎)
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• The total application speedup, when an optimization (accelerator) improves a 
selected fraction (f ) of an application’s execution time by a factor a is:

• This formula is known as Amdahl’s Law, where:

– 𝑇𝑜𝑟𝑔 is the execution time of the whole Application before any 

optimization/accelerator (i.e., original execution time) 

– 𝑓 is the fraction of the Application time that a selected portion of the 

Application takes to run.

– 𝑎 is the factor by which an optimization/accelerator speeds up the selected 

portion of the Application

• Lessons from this law:

– If f → 1 (i.e., 100%), then Application_Speedup = a

– If a →∞, then Application Speedup = 1 / (1 – f )

• Summary

– Make the common case fast 

– Watchout for serial parts of an Application (ie, parts that cannot be accelerated)

Amdahl’s Law

Gene Amdahl

𝐴𝑝𝑝𝑙𝑖𝑐𝑎𝑡𝑖𝑜𝑛_𝑆𝑝𝑒𝑒𝑑𝑢𝑝 =
𝑇𝑜𝑟𝑔

[(1 − 𝑓) + 𝑓/𝑎] ∗ 𝑇𝑜𝑟𝑔

=
1

(1 − 𝑓) + 𝑓/𝑎
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Heterogeneous Execution Model

initialization

0.5% of run time

“hotspot” loop

99% of run time

clean up

0.5% of run time
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• Example: Assume an Application where only 1% of the code runs for 99% 
of the Application execution time (i.e., f =.99).  How much will the overall 
Application speedup, if we create an accelerator to speedup this selected 
portion (i.e., “hotspot”) by a
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Heterogeneous Computing: Performance
• Move “bottleneck/hotspot” computation from software to hardware

• Example:

– Application requires a week of CPU time (i.e., 168 hours)

– One “hotspot” computation consumes 99% of execution time

Hotspot

Speedup(a)

Application

speedup

Execution

time

50 34 5.0 hours

100 50 3.3 hours

200 67 2.5 hours

500 83 2.0 hours

1000 91 1.8 hours
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Heterogeneous Computing: Performance
• Move “bottleneck/hotspot” computation from software to hardware

• Example:

– Application requires a week of CPU time (i.e., 168 hours)

– One “hotspot” computation consumes 99% of execution time

Design 
Time 

Hardware 
Resources 

1-week 1-FPGA

2-months 2-FPGA

6-months 4-FPGA

2-years 9-FPGA

4-years 20-FPGA

Is the effort and resources needed to 
create the Hotspot accelerator worth the 
corresponding Application speedup?

Hotspot

Speedup(a)

Application

speedup

Execution

time

50 34 5.0 hours

100 50 3.3 hours

200 67 2.5 hours

500 83 2.0 hours

1000 91 1.8 hours
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Heterogeneous Computing: Performance
• Move “bottleneck/hotspot” computation from software to hardware

• Example:

– Application requires a week of CPU time (i.e., 168 hours)

– One “hotspot” computation consumes 99% of execution time

Design 
Time

Hardware 
Resources

1-week 1-FPGA

2-months 2-FPGA

6-months 4-FPGA

2-years 9-FPGA

4-years 20-FPGA

Is the effort and resources needed to 
create the Hotspot accelerator worth the 
corresponding Application speedup?

What is the best-case Application 
speed-up (i.e., App speedup if 
Hotspot is sped up ∞)? 

Hotspot

Speedup(a)

Application

speedup

Execution

time

50 34 5.0 hours

100 50 3.3 hours

200 67 2.5 hours

500 83 2.0 hours

1000 91 1.8 hours
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• These slides are inspired in part by material 
developed and copyright by:

– Marilyn Wolf (Georgia Tech)

– Jason Bakos (University of South Carolina)

– Greg Stitt (University of Florida)

– Hadi Esmaeilzadeh (Georgia Tech)
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