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Going Green




Global energy system is unsustainable

Bloomberg Anywhere Remote Login Bloomberg Terminal Demo Request

Bloomberg the Company & Its Products

Bloomberg _

Technology
Inside the Arctic Circle, Where Your
Facebook Data Lives

By Ashlee Vance W | October 04, 2013

Every year, computing giants including Hewlett-Packard (HPQ), Dell (DELL), and Cisco
Systems (CSCO) sell north of $100 billion in hardware. That’s the total for the basic iron—
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Green Computing

» Caught the attention of many companies allowing them to save:

“close to 50% of the energy costs of an organization can be attributed to
the IT departments”

- [PICMET, 2009]

“up to 90% of energy used by ICT hardware can be attributed to software”
A - [The Greenhouse Gas Protocol Report, 2013]
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Green Software

» Reducing energy consumption through software analysis and optimization

» Problem:
» How to analyze
» How to interpret
» How to improve
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Green Software

» Problems (extended to programmers):
» How to analyze
» How to interpret
» How to improve

Mining questions about software energy consumption
- [MSR’14]

Integrated energy-directed test suite optimization

- [ISTA’14]
Seeds: A software engineer’s energy-optimization decision
support framework - [ICSE’14]
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Energy vs. Power

» Power (w) - rate (or effort) at which that work is done
» Energy (J) - amount of work done

» Power can change constantly while Energy is the accumulation

Energy = Power x Seconds

Y

360,000 J = 100W x 3,600s




Energy-aware software: Challenges, opportunities and strategies
- [Journal of Computational Science’13]

Understanding energy behaviors of thread management constructs
- [OOPSLA’14]

An experimental survey of energy management across the stack
- [OOPSLA’14]

Is faster greener?

S lowe I Power and energy implications of the number of threads used
- [PPMG’15]

Using the greenup, powerup, and speedup metrics to evaluate
software energy efficiency - [IGSC’15]

Haskell in green land: Analyzing the energy behavior of a purely
functional language - [SANER’16]
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What is greener?




The influence of the JCF on overall energy consumption

Results (25k pop)

Concurrent Linked

CopyOn Write Role

ArrayList AttributeList ArrayList LinkedList Rolelist Unresolved List
Methods K ) J J J
add

76 1.5177

SkipListSet HashSet HashSet TreeSet

addAll 1.3353 1.3586 83 ss 17008 73
Methods ) - - - addall 85 72 16268 90
add 1.6822 addl 8 15287 83 1.4554 86
addAll 93 clear 1.4304 80 1.6199 73 71
clear 14901 o+ 5 contains 27568 162 24638 164 166 168
. : - containsAll 1.5993 100 1.3930 96 89 1.5091 87
contains 14213 79 et 2.0029 81 16613 71 18956 86 14978 73
containsAll 1.8317 89  indexof 1.4447 1.5674 79l 001044 81 13090 81 20788 75
iterateAll 09  1.4554 23 13844 g3 iterateall 2.0701 107 1.3605 85 17822 71 16036 81| 11336 &7
orat 16096 g lterator 1.4803 84 13922 108) 19760 73 79 84 16505 83
fterator : lastindexof ~ 1.7750 99 17666 98 2.0383 127 18914 9 95 84 9%
remove 78 1.2458 76 Jistiterator 1.4457 76 16190 84 13737 106| 13380 80 15176 85 16354 69 81
removeAll 1.8072 1.9145 100 listlteratori 1.7356 78 11552 81 1.5160 105 17588 79 80  1.8799 85 17545 78
retainAll remove 9% 14480 85 162 16924 98 14560 84 85 9% 14973 82
removeAll 671 7.8108 697 6660183150 752 76148 692 79911 664 6540071281 665
toArray 1.4789 79 .
remavei 1.9135 esaE53 o2 118 17174 100 16308 85 1.6369 89 1.5850 81 15486 90
retainAll 27037 193 27845 200 26052 198 25082 205 200 27635  242[00034018 245
set 64 15943 70 110 112 15249 76 12312 73 14938 75 14957
sublist 1.3108 16021 80 80 98 14910 85 15117 71 75
toArray 1.6418 4 73 16739 106 79 17455 83 69
Concurrent Concurrent Linked Simple Weak
HashMap SkipListMap R EEL LW ETY Hashtable R ERLLETY Properties Bindings TreeMap UlDefaults HashMap
Methods ) J ms J J J J J
clear 2.0276 94 88 94 97 2.0777 98 106 . 105 1.9941 95
containsKey 105 123 21343 103 18582 94 18726 103| 16018 107 1.8055 99  1.9452 89 1.9675 108
containsValue 2305 7.8032 643 83615 683 84957 765/ 64326 462  7.3755 692 7.9912 678 91771 847  7.9341 714 562
entrySet 03022363 116 1.8531 108 2.1332 107 1.8362 113 1.7800 97 102 115, 17087 105 102
get 103 1.9972 119 1.8120 102 100 1.8252 116 1.7851 97 100 89 1.7185 103
iterateAll 21041 96  1.8353 26673 100 91 16462 111 100 2.0472 116 19122 111 16574 95 17139 106
. keySet 17287 95/ 24888] 124 16813 114 99  1.8328 103 92 20630 106 21680 110 15547 99 1.8749 105
P Ty
AU put 1.8591 104 22888 102| 2.4628 92 96 2.0338 108  1.7038 107 2.1646 102| 1.4355 91  2.1204 105
P, P P
“ " Green  putAl 14147 95 122 17564 100 15949 105 1.8608 113} 13097 95 112 1.8914 116 108
Software remove 18574 92 105 19256 109 1.6067 97 22300 106 19660 98 106 1.8133 101 103
a
values 1.8279 85 109 22266 94 2.0009 107  1.9120 111 20692 108/ 14467 105 111




The influence of the JCF on overall energy consumption

Simple
Properties Bindings

Methods [3) J

clear 98 106
107 1.8055 99
692 7.9912 678

containsKey

S

containsValue

entrySet 9?- 102
get 97 100
iterateAll 100 2.0472 116
keySet 92 2.0630 106
put 17038 107 2.1646 102
MESEA) o 13087 95- 112
remove 1.9660 98 106

values 1.9120 111 2.0692 1{]'8|
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The influence of the JCF on overall energy consumption

Collection Energy (J) Collection Time(ms)
F‘rnperl:ies- -3 Linked HashMap_
Linked HashMap +1 Weak HashMap 1607
Hashtable 25.9677 -4 UlDefaults 1667
UlDefaults 26.303 +1 Properties 1693
Weak HashMap 26.9691 +3 HashMap 1724
TreeMap 27.8546 -3 Simple Bindings 1735
Simple Bindings 28.3363 +1 Hashtable 1742
HashMap 29.0692 +3 Concurrent SkipListMap 1771
Concurrent SkipListMap 30.0826 +1 TreeMap 1909

Concurrent HashMap _ 0 Concurrent HashMap -
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veMultiply(){

functionalMultiply()}{

stream( ) .reduce(null,

parallelMultiply()
parallelStream().r

educe(null,
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Functional Java

Joules Norm1 1000x100
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Functional Java

Joules Norm1 10000x100
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Functional Java
Joules normF 1000x100
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Functional Java
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SPELL - Spectrum-based Energy Leak Localization




Spectrum-based Fault Localization (SFL)




Spectrum-based Fault Localization (SFL)

Energy Oracle

Worker.c 22
1 #include <stdio.h> Tests
2 t1 | t2 t3 | t4 tS

3 int main(int argc, const char* argv[]) {
4 int factorialTotal = 0; 1 | 1 1 1| 1 04/ Low Energy
C 5
o |6 for (int i = 1; 1 < argc; i++) {
m |7 int value = atoi(argv[i]); Jl 1 111
P |8 if (value % 2 == 0) { 1 | 1 1 1 | 1 (-]
o 9 int factorial = factorialCalculate(value); 1 0 1 0o | 1 @
2 10 factorialTotal += factorial; 1 (o f{1]0]1 Q\ )
& 1 } High Energy
t 12 }
s (13
14 printf("The sum of all numbers' factorial is: %¥d", factorialTotal); 1 1 1 1] 1 e
15 }

Energy Error vector

«=. Problem: Energy cannot be defined as binary values
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SPELL

Component Similarity
¢; = (a1(A(7), ), a2(A(5) €), as(A(f), €))

i‘é‘l min(A(7,x):,e(x):)

az(A(j),e) = 5

where

. TBStS max i,x)i,e(x);
Hit Spectrum t_}:Zl (A(J,x)i e(x)i)
t1 t2 t3 t4 t5 | o W
Energy
Hit t = | Number imi i
it Spectrum e —}61 ,?:IT 338\ 316\ ( 337 329 0 3128 Global Similarit
© 75 77 | 73] \74 75 ' ¥; = a(global,, globale)
where Energy = o 2_ min(cs,e;)
m 61 50\ [58\ [66 54 0.3577 where afc,e) =S
Ecrwr Eonsw Eunsr For Eorwr Ery Eucd p C2 ( 2 ) ( 1 ( 1 2 3 0.4678 (c.e) 3 max(cise:)
9 ) o 102 103/ \102/ \105 100 0.4249 =
n 0 34\ [35\ [0 61 0.1485
e C3 0 2 1 0 2 0.1450
n 0 42 | 43/ \o 43 0.1203
t 42 44\ 0 61 65
s c4 1 1 0 2 2 0.1875 | || 0.1406
34 37/ 0 43 60 0.1444
Global Error Vector 120\ [166\ [129\ [164\ 209 e =[5 Ay 3o dag oo 3o AnglT
global, (i) = >~ global (A 5) 211 259 218 222 295 L where 2 Mg = (22 Eij, 3, Nijgy 3 Tig)
=1 i=1 j=1 i=1 j=1
where global,(A; ;) = EF;; x T; ; x N;
glc:l:)aI.a 5659.98 6260.08 3416.66 9288.8 14310.6
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SPELL - initial studies

843 79.7
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77 600 735

750
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Project 1 Project 2 Project 3 Project 4

» Developers found the information to be very useful

» Spent on average 43% less time
» Produced more energy efficient programs (26% less energy on average)

» SPELL is:
» Language independent
» Multi level analysis
T, » Multi hardware component analysis
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Software » Points to probable hot spots in source code
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SPELL - initial studies

Helps guide developers to Helps analyze Helps interpret.
build energy aware programs energy consumption energy consumption

» Developers found the information to be very useful
» Spent on average 43% less time
» Produced more energy efficient programs (26% less energy on average)

» SPELL is:
» Language independent
» Multi level analysis
T, » Multi hardware component analysis
Green
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Green Software Lab » 3 Year FCT project

» University of California @ Irvine
N\ B

Universidade do Minho
Escola de Engenharia

» University of Kosice
» Ericson @ Budapest

UNIVERSIDADE
DE COIMBRA

TECNICO
W LISBOA
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Green Software Lab

»Find more info @ our page: http://greenlab.di.uminho.pt/

Questions’
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