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“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”
- [The Greenhouse Gas Protocol Report, 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 Software Green Software

» Reducing energy consumption through software analysis and optimization » Problems (extended to programmers):
» How to analyze

» How to interpret

» How to improve

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

-t

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]

Energy vs. Power

Power
» Power (w) - rate (or effort) at which that work is done

» Energy (J) - amount of work done

Which languages are the most energy
efficient?

» Power can change constantly while Energy is the accumulation

Energy

Energy = Power x Seconds

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




Motivation

» Understanding the energy efficiency of programming languages

What paradigms are most energy efficient?

Is a faster language always a more energy efficient one?

Are there languages which run slower while consuming less energy?

How much energy consumption is attributed to CPU?

Which are the most energy efficient languages?
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The Computer Language Benchmarks Game (CLBG)

Comparing Programming Languages

How much energy does memory usage consume?

The Computer Language

Benchmarks Game
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Design

Java

Benchmark

Description

» Project to compare programming languages Ada  C "

Double precision N-body
simulation

» 28 different programming languages

fannkuch-redux

Indexed access to tiny integer
sequence

Eigenvalue using the power
method

Generate Mandelbrot set portable
bitmap file

Streaming arbitrary precision
arithmetic

Match DNA 8mers and substitute
magic patterns

Generate and write random DNA
sequences

Hashtable update and k-nucleotide
strings

» 13 different benchmarks Erlang
Haskell g mndelbrot
» Experts compete to code the fastest solutic ™ 7 pidiaits
» Same underlying algorithms OCaml  Pa resex redur
fasta
» Publicly available: Racket  RUD \ mamia
» Source Code T e

Read DNA sequences, write their

Tapat Benchmark Description Tnput
Double precision N-body
50M nabody simulation i
- anniach-redu _ Indexed access to tiny integer -
sequence
Eigenvalue using the power
tral 5,500
5500 spectral norm -0V :
Generate Mandelbrot set portable
16,000 mandelbrot bimapils 16,000
Streaming arbitrary precision
10,000 pidigits o 10,000
Yy et Match DNA Smers and substitute _ fasta
enul magic patterns output
Generate and write random DNA
25M fasta 25M
sequences
o « mucleotige  Hashiable update and k-nucleotide fasta
sulgias strings output
Tt reverse Read DNA sequences, write their  fasta
output L output

» Compiler Versions
— binary trees

Allocate, traverse and deallocate
many binary trees

Allocate, traverse and deallocate

binary trees :
y many binary trees
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» Optimization Flags N

thread

redux

requests

meteor contest

Search for solutions to shape
packing puzzle

2,098

» Comparable and easily replicable programs/solutions!

thread ring

Switch from thread to thread
passing one token

50M
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Haskell

Fortran

* Formerly known as The Great Computer Language Shootout

Ada € Chapel Cc# C++ Dart
Erlang F# Fortran Go Hack
Haskell Java JavaScript Lisp Lua
OCaml Pascal Perl PHP Python
Racket Ruby JRuby Rust
Swift TypeScript
Paradigm Languages
. Erlang, F#, Haskell, Lisp, Ocaml, Perl,
Functional Racket, Ruby, Rust;
. Ada, C, C++, F#, Fortran, Go, Ocaml,
perative Pascal, Rust;
Ada, C++, C#, Chapel, Dart , F#, Java,
Object- JavaScript, Ocaml, Perl, PHP, Python,
Oriented Racket, Rust, Smalltalk, Swift,
TypeScript;
Scripting Dart, Hack, JavaScript, JRuby, Lua, Perl,

PHP, Python, Ruby, TypeScript;




Measurements Execution

Energy . .
» Linux Ubuntu 16.0 4.8.0-22-generic
» Running Average Power Limit (RAPL)
. . o ) . . EEER » 16GB Ram
» Designed by intel for i5/i7 architectures (SandyBridge, IvyBridge, Haswell, etc)

- - . . . » Intel(R) Core(TM) i5-4460 CPU @ 3.40GHz
» Monitors energy consumption info for Machine-Specific Registers (MSRs)

» Allows very precise and fine-grain measurements through function calls

» DRAM/GPU » Compiler versions: https://sites.google.com/view/energy-efficiency-languages/setup
» CPU » Source Code: http://benchmarksgame.alioth.debian.org/
» Package

» Compile -> Run -> Measure

Peak Memory
» Unix’s time tool

» 27 Languages x 10 Benchmarks = 270 Results

Energy vs. Time

Energy vs. Memory

Energy vs. Time vs. Memory




binary-trees
. . Compiled
Energy vs. Time Energy vs. Time =
T . Complied o . Compiled . binary-trees - ] o 00008097 i o
Fierey e HatsME a0 o o oo 1600 o o Energy lime  Ratio  Mb § w0 N om0 5
& m = 0 00800 2T oom oy sawo w ©C 30.80 1125  0.035 131 R e
@C 30,80 25 0035 131 || 5k ] s - 48 - i 2 " o o0
(c) C++ 41.23 1120 0.037 132 30 | o0 ED (c) C++ 41.23 1129 0.037 132 100 B 5 precs
() Rust Ja 19.07 0039 180 o N o . I (c) Rust 2 49.07 1263 0.030 180 i 4N F L
(¢) Fortran 1 69.82 0.033 133 o J 9 e . (¢) Fortran f1 69.82 2112 0.033 133 ¥ IEE PSS S
(¢) Ada 1 95.02 0.034 197 LR N W e LS PSS T () Ada Iy 95.02 2822 0.034 197 Y —
(c) Ocaml |1 fro 100.74 0.029 148 sty oty e e ——RAM Energy Memve (¢) Ocaml |1 o 100.74 525 0.029 148
@ Javaty g 11184 0031 1120 : ) JavE Ty oo 111.84 3306 0034 1120 binary-trees
(v) Lisp |3 {3 149.55 0.014 373 binary-trees binary-trees Li 149.55 10570 0.014 373 Interpreted
(v) Racket L4 U6 155.81 0.014 467 Interpreted sl sk (v) Lisp 3 {3 9.55 5 ;
i Hack 12 Un 15671 0035 502 o o (v) Racket 14 g 155.81 11261  0.014 467
®C# L b 189.74 0.018 427 o coms SOR ooy, S e (i) Hack T2 {9 156.71 4497 0.035 502 R
W) F# s 207.13 0.013 432 g2 T s W C# L 189.74 10797 0.018 427 3
© E]ﬂscalll‘g frﬂ ggg i;s Bawo coom o é o ol @ F#ls W 207.13 15637 0.013 432
(c) Chapel 15 fa -033 335 500 7/ | B__ (c) Pascal |3 15 214.64 16079  0.013 256
(v) Erlang 75 1 0.036 433 e S gl (¢) Chapel 15 14 237.29 7265  0.033 335
(c) Haskell 12 {2 0.023 404 F IS =l 5
e i o B K (v) Erlang 15 14 266.14 7T 0036 433
&) JavaSeript s s 00is o6 P Erergy WEMORAM Energy ——Tme @ Ratio S AR G (©) gastkiu Tf} [P 350; };1,32 83?; 11@;:1 B CPU Energy  EDRAM Energy ——Time  ® Ratio
i 015 5 ) (i) Dart |y 1 290.! 7 . 5! B
e Eﬁ)zic'&l’ = S o binaryiress binary-trees @) JavaScript lo U4 | 31214 21349 0015 916 blkaryttess
(i) Jruby T2 U3 720.53 0.037 1671 5 B " (i) TypeScript 1o o 315.10 21686 0.015 915 p .
(i) Ruby fis 855.12 0032 482 s () Gots fhs 636.71 16202 0.039 228 1600
(i) PHP 13 1397.51 42316 0.033 786 o s w© @) Jruby 12 U3 720.53 19276 0.037 1671 - s
@® Python 15 Goe st ol G0l ol | e -t | @) Ruby fis 855.12 26634 0.032 482 P 00w
@) Lua 4y 245204 200217 0012 1961 || % % o ER () PHP s 139751 42316 0033 786 3 w00
(i) Perl 11 3,542.20 96097 0.037 2148 % 0014 | #f 0014000 10 i o vk 100 6000
¢| (o) Swift E, | L | | e ) l (i) Python {15 1,793.46 45003 0.040 275 & 0.014 | » 00141000
Ve Tl e i un mieg o e B m U et (i) Lua |y 2452.04 209217 0.012 1961 i N
sofvaare o Yoot e g e iy i (i) Perl 11 354220 96097  0.037 2148 o eng @ e tp et
(c) Swift n.e. EEENCPU Energy  EEEORAM Energy ——Time @ Ratio
fasta
o Compiled .
Energy vs. Time - Energy vs. Time
éasta 7 & - = © 00fs 0020 0030 © 0038 038%0 po— o
nergy ime atio g0 000 5 kil u:“ ‘ae
© Rust T %15 031 0028 16 fun o - e - o -
(c) Fortran |e 27.62 1661 0.017 1 » 1000 O a0 o e - R A
©CH U 27.64 973 0.028 3 o B AW ﬁ B il 3o = e,
© C++ 11 o 3488 1164  0.030 4 ¥ TR PRSP IS L fo . pee]
) Java 11 o 3586 1249 0.029 41 oty oy e o - | . (R R B
(¢) Swift Jgo 37.06 1405  0.026 31 ¢ L CF S P VTR RS F
(c) Go o 40.45 1838 0.022 4 fasta R i o e nn
©Adals T3 1045 2765 0015 3 Interprstec sed Ener
() Ocaml J2 {15 4078 3171 0013 201 Binarytrees e £y
() Chapel 15 {10 40.88 1379  0.030 53 . e . i Avg Min Max
) [C)?# Tﬁ s 45.35 1549 0.029 35 3 0 T g ™ Compiled 88.94% 85.27% 91.75%
(i) Dart {g 63.61 4787 0.013 49 o
@) JavaScript I 64.84 5008 0.013 30 - o IieEeeted)| 87.98% || 8L57% || 92.90%
(c) Pascal L1 fha 68.63 5478  0.013 0 2 VM 88.94% 86.10% 92.43%
(i) TypeScript b2 Y10 | 82.72 6009  0.012 271 ¢
@) F# 12 fs 93.11 5360 0.017 27 v s R i i P i | SR v S S -
(v) Racket |1 15 120.90 8255  0.015 21 ;
(c) Haskell 15 llg 205.52 5728 0.036 446 f,j;a binargetrees fasta
(v) Lisp {2 231.49 15763 0015 75 " ;. w . W .
(i) Hack {3 237.70 17203  0.014 12 oo o
(i) Lua fhis 347.37 24617 0.014 3 - = o 5 ™ o
() PHP |1 fh3 430.73 29508  0.015 14 O 15000 2 3= Ed Pt
(v) Erlang t1 12 477.81 27852  0.017 18 2 o % (i 65 000 - . o
@) Ruby |1 e 852.30 61216  0.014 104 - ‘ a4l I BN
() JRuby 11 {2 012,93 49509 0.018 705 . | . e
() Python }1 fhs 1,061.41 74111 0014 9 G eang B e s Radet
(i) Perl 11 1fis 2,684.33 61463  0.044 53 EEECPU Energy  WNDRAM Energy ——Time @ Ratio




Energy vs. Time
\

Total

Energy Time Mb
(c) C 1.00 () C 1.00 (c) Pascal 1.00
(c) Rust 1.03 \ (c) Rust 1.04\ (c) Go 1.05
(c) C++ 1.34 (c) C++ 1.17
(c) Ada 1.70 ortran 1.24
(v) Java 1.98 8¢ (c) C++ 1.34
(c) Pascal 2.14 2.14 (c) Ada 1.47
(c) Chapel 2.18 (c) Go 2.83 (c) Rust 1.54
(v) Lisp 2.27 (c) Pascal 3.02 (v) Lisp 1.92
(¢) Ocaml 2.40 (¢) Ocaml 3.09 (c) Haskell 2.45
(c) Fortran 2.52 (v) C# 3.14 (i) PHP 2.5%
(c) Swift 2.79 (v) Lisp 3.40 (c) Swift 2.71
(c) Haskell 3.10 (c) Haskell 3.55 (i) Python 2.80
) C# 3.14 (c) Swift 4.20 (c) Ocaml 2.82
(c) Go 3.23 (c) Fortran 4.20 (v) C# 2.85
(i) Dart 3.83 ) F# 6.30 (i) Hack 3.34
) F# 4.13 (i) JavaScript 6.52 (v) Racket 8.52
(i) JavaSeript 4.45 (i) Dart 6.67 (i) Ruby 3.97
(v) Racket 7.91 (v) Racket 11.27 (c) Chapel 4.00
(i) TypeScript 21.50 (i) Hack 26.99 ) F# 4.25
(i) Hack 24.02 (i) PHP 27.64 (i) JavaScript 4.59
(i) PHP 29.30 (v) Erlang 36.71 (i) TypeScript 4.69
(v) Erlang 42.23 (i) Jruby 43.44 (v) Java 6.01
(i) Lua 45.98 = gocript | 46.20 (i) Perl 6.62
(i) Jruby 46.54 50.34 6.72
(i) Ruby 69.91 e 65.79 LN 7.20
(i) Python 75.88 ' (i) Python 71.90 [~ DA 8.64
(i) Perl 79.58 (i) Lua 82.91 (i) Jruby 19.84
Energy vs. Memory

[ Total

Energy Time Mb
() C 1.00 () C 1.00 (c) Pascal L, 1.00
(c) Rust 1.03 (c) Rust 1.04 (c) Go 1.05
(c) C++ 1.34 (c) C++ 1.56 1157
() Ada 1.70 (c) Ada 1.85 [ 1.24
(v) Java 1.98 (v) Java 1.89 1.34
(c) Pascal 2.14 (c) Chapel 2.14 (c) Ada 1.47
(c) Chapel 2.18 (c) Go 2.83 (¢) Rust 1.54
(v) Lisp 2.27 (c) Pascal 3.02 (v) Lisp 1.92
(¢) Ocaml 2.40 (¢) Ocaml 3.09 (c) Haskell 2.45
(c) Fortran 2.52 (v) C# 3.14 (i) PHP 2.57
(c) Swift 2.79 (v) Lisp 3.40 (c) Swift 2.71
(c) Haskell 3.10 (c) Haskell 3.55 (i) Python 2.80
) C# 3.14 (c) Swift 4.20 (c) Ocaml 2.82
(c) Go 3.23 (c) Fortran 4.20 (v) C# 2.85
(i) Dart 3.83 ) F# 6.30 (i) Hack 3.34
v) F# 4.13 (i) JavaScript 6.52 (v) Racket 3.52
(i) JavaSeript 4.45 (i) Dart 6.67 (i) Ruby 3.97
(v) Racket 7.91 (v) Racket 11.27; (c) Chapel 4.00
(i) TypeScript 21.50 (i) Hack 26.99 ) F# 4.25
(i) Hack 24.02 (i) PHP 27.64 (i) JavaScript 4.59
(i) PHP 29.30 (v) Erlang 36.71 (i) TypeScript 4.69
(v) Erlang 42.23 (i) Jruby 43.44 (v) Java 6.01
(i) Lua 45.98 (i) TypeScript | 46.20 () Porl 6.62
(i) Jruby 46.54 (i) Ruby 50.34 6.72
(i) Ruby 69.91 (i) Perl 65.79 7.20
(i) Python 75.88 (i) Python 71.90 (i) Dar 8.64
(i) Perl 79.58 (i) Lua 82.91 (i) Jruby 19.84

Joules ms
Compiled 120 5103
VM 576 20623
Interpreted 2365 87614
Joules ms
Imperative 125 5585
[o]e] 879 32975
Functional 1367 42740
“Scripting” 2320 88322
Mb
Compiled 125
VM 285
Interpreted 426
Mb
Imperative 116
00 249
Functional 251
“Scripting” 421

regex-redux
Energy Time Ratio Mb
(i) TypeScript 12 {12 2009 0.012 587
) Ct 805 0.031 151
(i) JavaScript L2 Yo 2096  0.012 525
@) PHP 12 {1 1667 0.021 182
() Pascal 1 14 2282 0.015 106
() Hack 12 {2 2052 0.019 268
(c) Rust 2287 0.018 218
() Chapel {11 4534 0.021 1055
(c) Ada 15 5157 0.029 157
(i) Python |4 7116 0.023 429
(c) Ocaml 3 g 12978  0.013 948
@@ C++ 41 fe 10656  0.017 216
(i) Ruby 4 fta 14282  0.014 305
) Javats Y6 5604  0.034 1225
() Dart J1 14 13485  0.015 459
(i) Perl 14 13 7164 0.033 154
(i) Jruby 12 {4 13477 0.026 1369
(v) Racket |1 26152 0.014 983
W C# T fs 14723  0.035 851
(c) Swift {5 41703  0.013 677
) F# 17 46905  0.014 667
(c) Haskell n.a.
(c) Fortran n.a.
(c) Go n.e.
(i) Lua n.e.
(v) Erlang n.a.
(v) Lisp n.e.
Energy vs. Memory
binary-trees fasta k-nucleotide
Complled Compiled Compiled
e 3 i fu b
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binary-trees fasta k-nucleotide
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Energy vs. Memory Energy vs. Time vs. Memory
‘ \

Total ]

fasta ‘
fcnudeoride » Spearman rank-order correlation coefficient Energy Time Mb
i Lamelle ®0C .00 @©C 1.00 (c) Pascal T.00
E Pl (¢) Rust 1.03 (¢) Rust 1.04 (c) Go 1.05
. = (c) C++ 1.34 (c) C++ 1.56 @ C 1.17
i »§ > Spearman p= 0.2091 (c) Ada 1.70 (c) Ada 1.85 (c) Fortran 1.24
o (v) Java 1.98 (v) Java 1.89 (c) C++ 1.34
o (c) Pascal 2.14 (c) Chapel 2.14 (c) Ada 147
—1 | « (c) Chapel 2.18 (c) Go 2.83 (c) Rust 1.54
[ [T ep—— (v) Lisp 2.2 (c) Pascal 3.02 (v) Lisp 1.92
Pnudisete (¢) Ocaml 2.40 () Ocaml 3.09 (c) Haskell 2.45
Interpreted (c) Fortran 2.52 (v) C# 3.14 (i) PHP 2.57
H . 500 (c) Swift 2.79 (v) Lisp 3.40 (c) Swift 2.71
% - 2000 (c) Haskell 3.10 (c) Haskell 3.55 (i) Python 2.80
R 1500 o +1= iti _ . i 1= : (v) C# 3.14 (c) Swift 4.20 (c) Ocaml 2.82
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N — fl (i) TypeScript 21.50 (i) Hack 26.99 ) F# 4.25
e 0.3 = weak uphill ) HaEk ¥ 24.02 ) PHP 27.64 (i) JavaScript | 4.50
s 250 1200 (i) PHP 29.30 (v) Erlang 36.71 (i) TypeScript 4.69
3 20 1000 (v) Erlang 42.23 (i) Jruby 43.44 (v) Java 6.01
130 =0 (i) Lua 45.98 (i) TypeScript | 46.20 (i) Perl 6.62
(. o § (i) Jruby 46.54 (i) Ruby 59.34 (i) Lua 6.72
SD - p=0.2091 “| @) Ruby 69.91 (i) Perl 65.79 () Erlang 7.20
‘ L . o N . . ‘ ) Python 75.88 (i) Python 71.90 (i) Dart 8.64
- o EEE R G R R m Perl 79.58 (i) Lua 82.91 (i) Jruby 19.84
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Energy vs. Time vs. Memory (Pareto Optimization) Wrap Up

Time & Memory Energy & Time Energy & Memory Energy & Time & Memory
T Pascal - Go T C - Pascal T Paseal> Go » General ranking of programming languages
Rust « C++ « Fortran Rust Rust « C++ « Fortran » Go Rust « C++ « Fortran > Unexpected results
Ada Crs Ada Ada Time and Energy are not always proportional
Java « Chapel « Lisp « Ocaml Ada Java « Chapel « Lisp Java « Chapel « Lisp « Ocaml " sy YS prop
Haskell « C# Java OCaml « Swift « Haskell Swift « Haskell « C# » Cis still the King (Rust is close behind)
Swift « PHP Pascal « Chapel C# « PHP Dart « F# « Racket « Hack « PHP
F# « Racket « Hack « Python Lisp « Ocaml « Go Dart « F# « Racket « Hack « Python JavaScript « Ruby « Python
JavaScript « Ruby Fortran « Haskell « C# JavaScript « Ruby TypeScript « Erlang
Dart « TypeScript « Erlang Swift TypeScript Lua « JRuby « Perl
JRuby « Perl Dart « F# Erlang « Lua « Perl
Lua JavaScript JRuby
Racket
TypeScript » Hack
PHP
Erlang
Lua « JRuby
Ruby
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Wrap Up t Howard Chu . ~ e (_rotow ) ~

@hyc_symas

» General ranking of programming languages If yo'u're cogin‘g in anly IinguagAe c()jtger tha}n ¢ so if you like birds and trees and all the stuff
. Unexpected results )é:)ourigeamur ering polar bears. And drowning then better avoid_Pytljon )
» Time and Energy are not always proportional http://greenlab.di.uminho.pt/wp-
- . . . ) : content/uploads/2017/09/paperSLE.pdf ...
» Cis still the King (Rust is close behind) Frank Danks @jedisct

Energy Efficiency across Programming Languages
greenlab.di.uminho.pt/wp-content/upl...

Rob Evans

@woepaul

Future Work

» Add new languages

Replying to @hyc_symas @ISCdotORG

OTOH, if you're coding in C you're
responsible for all the buffer overflows and
resulting exploits. Polar bears and Florida, or
security?

sites.google.com/view/energy-ef ... is unfair
towards python. For fair comparison they
should also account for energy consumption
needed for coding

» Update certain compilers
» Measure continuous RAM usage
» Suggestions?
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Research Questions

Can we save energy by refactoring Java » (RQ1) Can we define an energy consumption quantification of Java data
: structures and their methods?

programs to use different data structure

implementations?

» (RQ2) Can we use such quantification to decrease the energy consumption
of software systems?




Towards a Ranking of Java data structures

Design

» Simple scenario of:

Towards a Ranking of Java data structures

Design - Data Structures

» Java Collections Framework (JCF) library

» Storing Sets Lists Maps
» Retrieving ConcurrentSkipListSet ArrayList ConcurrentHashMap
> Deleting CopyOnWriteArraySet AttributeList ConcurrentskipListMap
Hashset CopyOnWriteArravList HashMap
LinkedHashSet. LinkedList Hashtable
» String values TreeSet RoleList IdentityHashMap
RoleUnresolvedList LinkedHashMap
Stack Properties
Vector SimpleBindings
TreeMap,
UlDefaults
WeakHashMap

Software
Lab

Towards a Ranking of Java data structures Towards a Ranking of Java data structures

Design - Methods = = Mop Design - Benchmark
add add clear
addAll addAll containsKey S .
clear addfindex) N, Test description of Set methods
contains addAll(index) entrySet Method Description of the test for the method
containsAll clear et add add popsize/10 elements. half existing, half new
iterateAll contains iterateAll addAll addAll of secondaryCol 5 times
iterator containsAll keySet clear clear 5 times
remove get put contains contains popsize/10 elements. half existing, half new
removeAll indexof putAll containsAll  containsAll of secondaryCol 5 times
retainAll iterator remove iterateAll iterate and consult popsize values
toArray lastIndexOf values iterator iterator popsize times
listiterator remove remove popsize/10 elements. half existing, half new
listlterator(index) removeAll  removeAll of secondaryCol 5 times
remove retainAll retainAll of secondaryCol 5 times
removeAll toArray toArray 5 times
Continues...
remove(index)
retainAll
Snﬁwf;; set




Towards a Ranking of Java data structures

Execution - Specifications

» Linux 3.13.0-74-generic OS
» 8GB Ram
Intel(R) Core(TM) i3-3240 CPU @ 3.40GHz

v

v

Java Interpreter/Compiler versions 1.8.0_66

» RAPL/{RAPL

Towards a Ranking of Java data structures

Results (25k pop)

Concurrent Linked
skiplistset HashSet HashSet Treeset

contasnl | 18317 09 7
enteal v
erator a5 8 7
gemone 7 126 75
mownl 1807 8| ”
ot [EEOH 206 209
toaray T s w0

Concurrent Concurrent
ap. Skiplistiap H
s m )

78037

et
iterateall 21081 05 __1g353 115

.
10 : ves7a
e e
e (iee s 2 s 10 Y 108
emoe 188 » 105156 109 z 06 0
ke, R i o s w20 s

Towards a Ranking of Java data structures

Execution - For every test

» Warm-up
» Instantiated
» Populated w/ popsize
» Performed simple actions on the data structure

» Each test x20
» Extracted time/Joules consumed
» Removed lowest/highest 20%

» 336 different test (Collection.method) configurations
» 6720 executions for each popsize

v

20,000+ different executions

Towards a Ranking of Java data structures

Concurrent Linked

SkipListSet HashSet HashSet TreeSet
Methods ) ] J J

add 824 1072 15.0643
addAll 1518 17.8589 1100  16.5155 983
clear 747 S 758

contains
containsAll
iterateAll 13.0184
iterator 13.2534
remove 12.7444
removeAll
retainAll
toArray

13.6576 870 682
15.8865 844
684

143511 848




Towards a Ranking of Java data structures

ArrayList

Methods [ J

add
addAll

CopyOn Write Role
ArrayList LinkedList

J J

Attributelist RolelList Unresolved List

addAlli

add!

clear

contains 2 3

containsAll 1.5993

get

indexOf

iterateAll

iterator 1.4893 84 3922 72

lastindexOf 1.7750

listiterator 1.4457 74l

listiteratori 77

remove 162 1.6924
removeAll 666

removei : 118 17174
retainAll 2.7037 198 2.5982
set - 110

sublist 1.3108 76 1.6021 80 1.4792 80

toArray 16418 sal 45004  sa[NND0G3A 73 16739

Is faster, Greener?!

Is slower, Greener?! vates

Simple

Properties Bindings

Methods )

clear
containsKey 99
containsValue 678
entrySet 1.7800 102
get 1.7851 100
iterateAll 100 2.0472 116
keySet 92 2.0630 106
put 107 21646 102
putAll 95 112
remove 98 106
111 2.0692  108|

~
ey

Towards a Ranking of Java data structures

Concurrent Concurrent Linked Simple
HashMap SkipListMap HashMap Hashtable HashMap Properties Bindings
-1 ] J ms J

Weak
HashMap

TreeMap UlDefaults

Methods

clear 20276 94 94

containsKey 105 18582 94 18726 107 1.8055 99  1.9452
containsValue 2305 84957 765 7.3755 692 7.9912 678
entrySet 93 107 1.8362 113 1.7800

get 103 100  1.8252 1.7851

iterateAll 2.1041 96

keySet 17287 95 99 1.8328

put 1.8591 104 9  2.0338

putAll 95, 105  1.8608

remove 18574 92

values 18279 85 22266 94 2.0009

Research Questions

» (RQ2) Can we use such quantification to decrease the energy consumption
of software systems?




Optimizing Energy Consumption of Java Programs Optimizing Energy Consumption of Java Programs

Methodology Applying the methodology - Data acquisition

» Obtained Java projects of a Journalism support platform

1. Compute which implementations/methods are used in the programs )
» First year OO course

» Collaborators, Journalists, Readers, Editors
2. Look up the appropriate energy tables for the used implementations/methods > Write chronicles and reports
> Give likes and comments

3. Choose the most energy efficient alternative v Ete

» Average of

36 classes

v

» 104 methods
» 2000 lines of code

Optimizing Energy Consumption of Java Programs Optimizing Energy Consumption of Java Programs

Applying the methodology - Data acquisition Applying the methodology - Example

Data Structures
» Obtained 7 test cases to simulate usage Projects | Original Optimized Methods
B | TreeMap Hashtable | {containsKey, get, put, values}

Concurrent Concurrent Linked Simple

Somon Wit Szlr?esolved
ArraylList Attributelist ArrayList LinkedList RoleList [jst Stack Vector
Methods pgJ) J J J J J
add i
listlterator 1.4457 1.6190

2.7700

» Size varied vetween 2000-10000 for each test case/each entity

» Chosen popsize — 25,000 (smallest)

» Applied methodology on 5 projects

» Detected usage of any JCF implementation

1.5176 1.6354
2.7041 3.2012 2.7923

» Detected which methods were used for each implementation

2.8181

» Chose the most efficient implementation for each project

» Measured the changes before and after




Optimizing Energy Consumption of Java Programs

Applying the methodology - Results

Results of pre and post optimization
Data Structures

Projects Original Optimized Improvement
J ms J ms J ms
1 23.744583 1549 | 22.7071302 1523 | 4.3™% 1.68%
2 24.6787895 1823 | 23.525123 1741 | 4.67% 4.50%
3 25.0243507 1720 | 22.259355 1508 | 11.05% 12.33%
4 17.1994425 1258 | 16.2014997 1217 | 5.80% 3.26%
5 19.314512 1372 | 18.3067573 1245 | 5.22% 9.26%

» Between 4.37% - 11.05%
» Average of 6.2%

Can we detect energy hotspots in source code?

w~=30300T300

FW + Conclusion

» Presented detailed study of the energy consumption of Sets, Lists, and Maps
» Quantification of the energy spent by each method (RQ1 Answer)

» Introduced a very simple methodology to optimize Java programs (RQ2 Answer)

» Consider other object types (int, objects, etc.)
Implement an automatic refactoring plugin

\ 4

» Found @ our page: http://greenlab.di.uminho.pt/

Spectrum-based Fault Localization (SFL)

Energy Oracle

Worker.c 83
1 #include <stdio.h> Tests
2 e [e|uts

int main(int argc, const char* argv[]) { Low Ener;
int factorialTotal = 0; [HENENENE o4t 8y

3
4
5
6 for (int i = 1; i < argc; i++) {
7 int value = atoi(argv[il); 1
8 if (value % 2 == 0) { 1 [-]
1
1

(-]
(]
\ High Energy

9 int factorial = factorialCalculate(value);

olola -
olo ala

10 factorialTotal += factorial;

11 }

12 }

13

14 printf("The sum of all numbers' factorial is: %d", factorialTotal); 1 1 1 1 1 (-]

Energy Error vector

Problem: Energy cannot be defined as binary values



SPELL

Energy
Hit Spectrum = [ Number
Time

where Energy =
E, E,p Ecoyr Epee Eod

{Ecpur Eorawr Evansr Earr Ecour Eurr Eoee

cpur

Global Error Vector

global, (i) = 3 global, (Ay)
=

where global,(\ij) = EF,j x Tiy X Nij

en
Software
Lab

Component Similarity
i = (a1(A()), €), a2(A(5), €), e3(A(j), €)
35 min(AG.2)1e(@):)

here z(A(j),€) = F———
Tests where es(Al7)ie) £ mx(AGs e
t1 t2 t3 t4 t5 [} W
( 37 ) ( 38 ) ( 36 37 39
c ! 3 1 S 2 ) loais +; = a(global,, global,
- 75 77 73 74 75 3 = a(global,, globalc) £ minenses)
m 61 50 58 66 54 0.3577 where afc,e) = F—
P c2 2 1 1 2 3 0.4678 3 max(es,e:)
° 102/ \103/ \102, 105, 100/ || \0.4249 =
n 0 34 35 0 61 0.1485
n [ 42 43 0 43 0.1203
t 42 44 0 61 65
34 37 0 43 60 0.1444
(140) (186) (129) (164) (209) e=[E 0y 5y o E gl
e 4 7 3 7 1 = = L . -
211 259 218 222 295 where - My = (35 Bugs 3% Moy, 1)
global |5659.98 6260.08 3416.66 9288.8 14310.6

SPELL - initial studies
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Gains (%)

Proiect 47 Proiect 49

-200.0

» 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
» Multi hardware component analysis
» Points to probable hot spots in source code
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