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Bristol 



The University of Bristol 
§  UoB founded in 1909 

–  The first higher education institution in 
England to admit women on an equal 
basis to men. J 

§  Top 30 universities globally  
 (QS World University Rankings) 

§  6 Faculties 
§  ~14.000 students, 2.000 in FEN 
§  Computer Science in FEN 
§  EACO workshops and research to 

advance the state of the art in 
Energy Aware COmputing 
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Overview 
§  Introduction and Motivation 

–  Energy consumption of Computing 
–  Software vs Hardware 
–  Energy Transparency 

§  Measuring the energy consumption of software 
–  Demonstration with hands-on session by Steve Kerrison 

§  Energy modeling 
 
§  Fundamentals of static analysis of software 
§  Static analysis and optimization 

 



Learning Objectives 
§  Why software is key to energy efficient computing 
§  What energy transparency means and why we 

need energy transparency to achieve energy 
efficient computing 

§  How to measure the energy consumed by 
software 

§  How to estimate the energy consumed by 
software without measuring 

§  How to construct energy consumption models 



Introduction and  
Motivation 

Pictures taken from the Energy Efficient Computing Brochure at: 
https://connect.innovateuk.org/documents/3158891/9517074/
Energy%20Efficient%20Computing%20Magazine?version=1.0    
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Electricity Consumption (Billion kwH, 2007) 

UK 

Greenpeace’s Make IT Green Report, 2010. 
http://www.greenpeace.org/international/en/publications/Campaign-reports/Climate-Reports/How-Clean-is-Your-Cloud/ 

UK 

Cloud computing 



 “Despite improved energy 
efficiency, energy 
consumption through 
electronic devices will triple 
until 2030 because of a 
massive rise in overall 
demand.” 
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Crowds in St. Peter’s Square 

http://www.spiegel.de/panorama/bild-889031-473266.html 

2005 2013 



Energy Aware Computing 



Energy Efficiency of ICT 

gAtes 

Blocks 

arChitecture 

http://www.clker.com/cliparts/f/0/5/1/12937499341853355695circuit-board.jpg 



A historical perspective  
(based on an inspiring talk by Steve Furber) 



The Baby (1948) 

§  filled a medium-
sized room 

§  executed  
 700 instructions 
per second 

 



The ARM968 (2005) 

 
§  fills 0.4mm2 of 

silicon 
§  executes 

200,000,000 
instructions 
per second 

§  ~300,000 times 
more than the 
Baby! 
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~60 years of progress 

§  Baby, 1948: 
–  filled a medium-sized room 
–  used 3.5 kW of electrical power 
–  executed 700 instructions per second 

§  ARM968, 2005: 
–  fills 0.4mm2 of silicon (130nm) 
–  uses 20 mW of electrical power 
–  executes 200,000,000 instructions 

per second 



Energy efficiency 

§  Baby: 
– 5 Joules per instruction 

§  ARM968: 
– 100 pico Joules per 

instruction 

(James Prescott Joule born 
Salford, 1818) 



Energy efficiency 

§  Baby: 
– 5 Joules per instruction 

§  ARM968: 
– 0.000 000 000 1 Joules 

per instruction 

50,000,000,000  times 
better than Baby! 

(James Prescott Joule born 
Salford, 1818) 



10 more years of progress 
§  Baby, 1948: 

–  filled a medium-sized room 
–  used 3.5 kW of electrical power 
–  executed 700 instructions per second 

§  ARM968, 2005 
–  fills 0.4mm2 of silicon (130nm) 
–  uses 20 mW of electrical power 
–  executes 200,000,000 instructions per second 

§  ARM Cortex-A35, 2015 
–  smallest area configuration <0.25mm2   
–  uses less than 4 mW of electrical power at 100 MHz 
–  executes ~210,000,000 instructions per second 



§  Power management largely in domain of 
Hardware Design 
–  Considerations to minimize/optimize  

– Dynamic (switching) and static (leakage) power 

–  On-chip power management 
– Modes: on, standby, suspend, sleep, off 

§  Development of low power electronics 

Where can the greatest savings be made? 

Hardware Design 



Greater Savings at Higher Levels 



ElectronicsWeekly 15-21 June 2011 | No. 2472 



Huge advances have been made in power-
efficient hardware. 
 
 

BUT – potential energy savings are wasted by 
§  software that does not exploit energy-saving 

features of hardware; 
§  poor dynamic management of tasks and resources. 

Wasted Potential 



Energy Efficiency of ICT 

soFtware 

alGorithms 

gAtes 

Blocks 

arChitecture 

Drivers 

compilErs 

http://www.clker.com/cliparts/f/0/5/1/12937499341853355695circuit-board.jpg 

http://static.datixinc.com/wp-content/uploads/2015/04/7.jpg 



 The Focus is on Software 

§  Software controls the behaviour of the 
hardware 
– Algorithms and Data Flow 
– Compiler (optimizations) 

•  Traditional SW design goals:  
    performance,  

   performance,  
   performance 



 The Focus is on Software 

§  Software engineers often “blissfully unaware” 
–  Implications of algorithm/code/data on power/energy? 
–  Power/Energy considerations 

•  at best, secondary design goals  

§  BUT the biggest savings can be gained 
from optimizations at the higher levels of 
abstraction in the system stack 
– Algorithms,  
– Data and  
– SW 





Aligning SW Design Decisions with  
Energy Efficiency as Design Goal 

§  “Choose the best algorithm for the problem at hand and make sure it fits 
well with the computational hardware. Failure to do this can lead to costs 
far exceeding the benefit of more localized power optimizations.  

§  Minimize memory size and expensive memory accesses through algorithm 
transformations, efficient mapping of data into memory, and optimal use of 
memory bandwidth, registers and cache.  

§  Optimize the performance of the application, making maximum use of 
available parallelism.  

§  Take advantage of hardware support for power management.  
§  Finally, select instructions, sequence them, and order operations in a way 

that minimizes switching in the CPU and datapath.” 

 *  Kaushik Roy and Mark C. Johnson. 1997. “Software design for low power”. In Low power design in deep 
submicron electronics, Wolfgang Nebel and Jean Mermet (Eds.). Kluwer Nato Advanced Science Institutes 
Series, Vol. 337. Kluwer Academic Publishers, Norwell, MA, USA, pp 433-460.  

Key	
  steps*:	
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How much? 

Picture from www.pd4pic.com 



Energy Transparency 

http://scottebales.com/wp-content/uploads/2013/05/transparecny-green.jpg 



Energy Transparency 

Information on energy usage is available 
for programs: 
§  ideally without executing them, and 

§  at all levels from machine code to high-level 
application code. 

35 



Transparency 



Transparency 



Transparency 



Energy transparency enables a deeper 
understanding of how algorithms and 

coding impact on the energy 
consumption of a computation when 

executed on hardware.  

Why Energy Transparency? 

39 



Learning Objectives 
ü Why software is key to energy efficient computing 
ü What energy transparency means and why we 

need energy transparency to achieve energy 
efficient computing 

§  How to measure the energy consumed by 
software 

§  How to estimate the energy consumed by 
software without measuring 

§  How to construct energy consumption models 
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Measuring the Energy 
Consumption of Computation 



Measuring Power 

Measure voltage drop  
across the resistor 

I = Vshunt / Rshunt  to find the current. 

Measure voltage at  
one side of the resistor 

P = I × V  to calculate the power. 



The Power Monitor 

Amplifier ADC 



Measuring Power 

Measure voltage drop  
across the resistor 

I = Vshunt / Rshunt  to find the current 

Measure voltage at  
one side of the resistor 

P = I × V  to calculate the power 

Repeat 
frequently, 
timestamp 

each sample 



Measuring Energy 

Time 

P
ow

er
 

Energy 
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How much data? 

Currently 500,000 Samples/second 
6,000,000 S/s possible in bursts 

 



The Showstopper L 



Open Energy Measurement Board 

http://mageec.org/ 



Open Energy Measurement Board 

http://mageec.org/ 



Open Energy Measurement Board 

http://groundelectronics.com/products/mageec-energy-measurement-kit 



Energy Measurement  
A hands-on session by Steve Kerrison 



Summary: Energy Measurement 

§  We can directly measure the energy consumed 
during the execution of a program. 

§  In most cases, specialized hardware and 
modifications to hardware are required to enable 
measurement. 

§  The accuracy of the measurements depends on 
the sampling frequency, on the measuring 
hardware and on the characteristics of the target 
you want to measure. 



BREAK 
(with the next two slides serving as screen cover 
during the break) 
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If	
  you	
  want	
  an	
  ul,mate	
  low-­‐power	
  system,	
  then	
  you	
  have	
  to	
  worry	
  about	
  energy	
  
usage	
  at	
  every	
  level	
  in	
  the	
  system	
  design,	
  and	
  you	
  have	
  to	
  get	
  it	
  right	
  from	
  top	
  to	
  
bo:om,	
  because	
  any	
  level	
  at	
  which	
  you	
  get	
  it	
  wrong	
  is	
  going	
  to	
  lose	
  you	
  perhaps	
  
an	
  order	
  of	
  magnitude	
  in	
  terms	
  of	
  power	
  efficiency.	
  	
  
The	
  hardware	
  technology	
  has	
  a	
  first-­‐order	
  impact	
  on	
  the	
  power	
  efficiency	
  of	
  the	
  system,	
  but	
  you've	
  also	
  got	
  to	
  have	
  
so@ware	
  at	
  the	
  top	
  that	
  avoids	
  waste	
  wherever	
  it	
  can.	
  You	
  need	
  to	
  avoid,	
  for	
  instance,	
  anything	
  that	
  resembles	
  a	
  polling	
  
loop	
  because	
  that's	
  just	
  burning	
  power	
  to	
  do	
  nothing.	
  
	
  
I	
  think	
  one	
  of	
  the	
  hard	
  quesGons	
  is	
  whether	
  you	
  can	
  pass	
  the	
  responsibility	
  for	
  the	
  so@ware	
  efficiency	
  right	
  back	
  to	
  the	
  
programmer.	
  	
  

Do	
  programmers	
  really	
  have	
  any	
  understanding	
  of	
  how	
  much	
  energy	
  their	
  
algorithms	
  consume?	
  	
  
I	
  work	
  in	
  a	
  computer	
  science	
  department,	
  and	
  it's	
  not	
  clear	
  to	
  me	
  that	
  we	
  teach	
  the	
  students	
  much	
  about	
  how	
  long	
  their	
  
algorithms	
  take	
  to	
  execute,	
  let	
  alone	
  how	
  much	
  energy	
  they	
  consume	
  in	
  the	
  course	
  of	
  execuGng	
  and	
  how	
  you	
  go	
  about	
  
opGmizing	
  an	
  algorithm	
  for	
  its	
  energy	
  consumpGon.	
  
	
  
Some	
  of	
  the	
  responsibility	
  for	
  that	
  will	
  probably	
  get	
  pushed	
  down	
  into	
  compilers,	
  but	
  I	
  sGll	
  think	
  that	
  fundamentally,	
  at	
  the	
  

top	
  level,	
  programmers	
  will	
  not	
  be	
  able	
  to	
  afford	
  to	
  be	
  ignorant	
  about	
  the	
  energy	
  
cost	
  of	
  the	
  programs	
  they	
  write.	
  
What	
  you	
  need	
  in	
  order	
  to	
  be	
  able	
  to	
  work	
  in	
  this	
  way	
  at	
  all	
  is	
  instrumentaGon	
  that	
  tells	
  you	
  that	
  running	
  this	
  algorithm	
  has	
  
this	
  kind	
  of	
  energy	
  cost	
  and	
  running	
  that	
  algorithm	
  has	
  that	
  kind	
  of	
  energy	
  cost.	
  	
  

You	
  need	
  tools	
  that	
  give	
  you	
  feedback	
  and	
  tell	
  you	
  how	
  good	
  your	
  decisions	
  are.	
  
Currently	
  the	
  tools	
  don't	
  give	
  you	
  that	
  kind	
  of	
  feedback.	
  

February	
  2010,	
  acmqueue	
  Interview	
  with	
  Steve	
  Furber	
  	
  
The	
  designer	
  of	
  the	
  ARM	
  chip	
  shares	
  lessons	
  on	
  energy-­‐efficient	
  compu,ng	
  at: http://queue.acm.org/detail.cfm?id=1716385	
   Steve	
  Furber	
  




