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Motivation (1/2) ¥

* First, energy consumption is a concern for

unwired devices and also for data centers.

 Second, there is a large body of work in _
hardware/architecture, OS, runtime systems. X

* However, little iIs known about the application
level.




Motivation (2/2)

 First, multicore CPUs are ubiquitous <3

 Second, performance of the existing parallel software
IS reasonably well-understood

 However, little is known about energy behaviors of
multi-threaded programs on the application and
programming language |level
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The Problem

* The lack of knowledge

e The lack of tools
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The Problem

| have no idea on how to improve
this parallel code to be more
energy efficient :(

 The lack of knowledge

e The lack of tools
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The Problem

|s there any tool that can help us
to refactor our system to consume
less energy”

* The lack of knowledge

e The lack of tools
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The Contributions

1. To understand how software developers are
dealing with energy consumption ISsues;

2. 1o characterize the energy-consumption
behavior of

1. Thread-safe collections
2. Thread management techniques

3. To derive a refactoring to (1) identify and (2)
refactor one energy-consumption anti-pattern;
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=|stackoverflow

M+ Users
5M+ Questions

10M+ Answers

50GB+ of data

“The most used Q&A website in the world”
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615 Questions
1,197 Answers

Final
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325 Questions
558 Answers

Base Group Final Data
from 2008 to 2013 et
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Characteristics

Categories
Answers
Questions

2008 2009 2010 2011 2012 2013
Year
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Characteristics

85% of Q. have A.
(45% are answered

Categories
. successfully)
Questions
2008 2009 2010 2011 2012 2013
Year
No obvious “energy 1/4 of questions are
expert” from mobile dev.
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Problems

e Measurements

(59/97 — Q/A) « Context-specific

(83/110 — Q/A)

« General » Noise (107/134 — Q/A)
Knowledge

(40/84 — Q/A)

* Code design
(36/133 — Q/A)

24
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‘I want to measure the energy consumption of my own

application (which I can modify) [...] on Windows CE 5.0 and
; Windows Mobile 5/6. Is there some kind of APl for this?”

e Measurements

(59/97 — Q/A) « Context-specific

(83/110 — Q/A)

« General » Noise (107/134 — Q/A)
Knowledge

(40/84 — Q/A)

e Code design
(36/133 — Q/A)
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t "Are there any s/w high level design considerations f
[...] to make the code as power efficient as possible?” ‘

e Measurements

(59/97 — Q/A) « Context-specific

(83/110 — Q/A)

« General » Noise (107/134 — Q/A)
Knowledge

(40/84 — Q/A)

* Code design
(36/133 — Q/A)
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Problems

e Measurements
(59/97 — Q/A)

e (General
Knowledge

(40/84 — Q/A)

e Code design
(36/133 — Q/A)

«_
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* Noise (107/134 —
Q/A)
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Causes

 Unnecessary
resource usage
(49 occurrences)

* Fault GPS behavior
(42 occurrences)

* Background
activities (40
occurrences)

* EXcessive
synchronization
(32 occurrences)

 Background
wallpapers (17
occurrences)

e Advertisement (11
occurrences)
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5 “to have a background application that monitors device usage, %

identifies unused/idle resources, and acts appropriately”
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* Unnecessary e EXcessive
resource usage synchronization
(49 occurrences) (32 occurrences)

* Fault GPS behavior  Background
(42 occurrences) wallpapers (17

occurrences)

* Background
activities (40 » Advertisement (11
occurrences) occurrences)
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' “When there are bugs that keep the GPS turned on
i 100 long they go to the top of the list to get fixed” §

 Unnecessary e EXxcessive

resource usage synchronization
(49 occurrences) (32 occurrences)

 Fault GPS behavior  Background

(42 occurrences) wallpapers (17

occurrences)
* Background

activities (40 » Advertisement (11
occurrences) OCCuUrrences)
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Solutions

e Keep lOtoa
minimum (29
occurrences)

* Bulk operations
(24 occurrences)

* Avoid polling (17
occurrences)

 Hardware
Coordination (11
occurrences)

 Concurrent
Programming (9
occurrences)

 Race toidle (7
occurrences)
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“do not flood the output stream with null values’

G aBe g ol ae D o T 4 o QLR RS A D 2 i o S . L e P R T S P S S P e neas .
’ hd e i< A _ o . ,

 Keep IO to a . Hardvvlare.
minimum (29 Coordination (11
occurrences) occurrences)
e Bulk operations . Concurren.t
(24 occurrences) Programming (9
occurrences)
* Avoid polling (17 |
occurrences) * Racetoidle (7
occurrences)
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2 “Don't transfer say 1 file, and then wait for a bit to do another

transfer. Instead, transter right after the other.”

G aBe g ol ae D o T 4 o QLR RS A D 2 i o S . L e P R T S P S S P e neas
’ hd e i< A _ o . ,

e Keep lOtoa . Hardvvlare.
minimum (29 Coordination (11
occurrences) occurrences)

e Bulk operations . Concurren.t
(24 occurrences) Programming (9

occurrences)

* Avoid polling (17 |
occurrences) * Racetoidle (7

occurrences)
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DO researchers

agree”’

o Keep IO to a . Hardvvlare.
minimum (29 Coordination (11
occurrences) occurrences)

e Bulk operations . Concurren.t
(24 occurrences) Programming (9

occurrences)

* Avoid polling (17 |
occurrences) * Racetoidle (7
occurrences)
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DO researchers

agree”’
Keep 10 to a Hardware
occurrences) occurrences)

Concurrent
Programming (9

occurrences)

x Race to idle (7
occurrences)

35

VBUIK operations

(24 occurrences)
Avoid polling (17
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The Goal

1. To understand how software developers are Y
dealing with energy consumption Issues;

2. 1o characterize the energy-consumption
behavior of

1. Thread-safe collections
2. Thread management techniques

3. To derive a refactoring to (1) identity and (2)
refactor one energy-consumption anti-pattern;
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10 Collections

o W W e

ArrayList | inkedHashSet LinkedHashMap
Vector Collections.syncSet() Hashtable
Collections.syncList() CopyOnWriteArraySet Collections.syncMap()
CopyOnWriteArrayList ConcurrentSkipListSet ConcurrentSkipListMap
ConcurrentHashSet ConcurrentHashMap
ConcurrentHashSetV8 ConcurrentHashMapV8
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10 Collections

ArrayList | inkedHashSet LinkedHashMap
Vector Collections.syncSet() Hashtable
Collections.syncList() CopyOnWriteArraySet Collections.syncMap()
CopyOnWriteArrayList ConcurrentSkipListSet ConcurrentSkipListMap
ConcurrentHashSet ConcurrentHashMap
ConcurrentHashSetV8 ConcurrentHashMapV8

~ Non thread-safe

- Thread-safe
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10 Collections

ArrayList | inkedHashSet LinkedHashMap
Vector Collections.syncSet() Hashtable
Collections.syncList() CopyOnWriteArraySet Collections.syncMap()
CopyOnWriteArrayList ConcurrentSkipListSet ConcurrentSkipListMap
ConcurrentHashSet ConcurrentHashMap
ConcurrentHashSetV8 ConcurrentHashMapV8

X 3 Operations

Traversal Insertion Removal

40



Experimental Environment

System#1: A 2x16-core AMD CPUs, running
Debian, 2.4 GHz, 64GB of memory, JDK
version 1.7.0 11, build 21.

System#2: A 2x8-core (32-cores w/ hyper-
threading) Intel CPU,running Debian,
2.60GHz, with 64GB of memory, JDK version
1.7.0 71, build 14.
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Experimental Environment

System#1: A 2x16-core AMD CPUs, running
Debian, 2.4 GHz, 64GB of memory, JDK
version 1.7.0 11, build 21.

(sec)

System#2: A 2x8-
threading) Intel Cl&
2.60GHz, with 64C |
1.7.0 71, build 14. TG S

Number of Executlons

1.0

0.0
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Experimental Environment

System#1: ¢
Debian, 2.4
version 1.7.

-
o

1 2 3 4 5 6 7{8 9 10

Number of Executions
43
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Experimental Environment

System#2: A 2x8-core (32-cores w/ hyper-
threading) Intel CPU,running Debian,
2.60GHz, with 64GB of memory, JDK version

1.7.0 71, build 14.

JRAPL - A framework For profiling energy consumption of Java programs

What is jRAPL?

JRAPL is framework for profiling Java programs running on CPUs with Running Average Power Limit (RAPL) support.

But, what is RAPL?

RAPL is a set of low-level interfaces with the ability to monitor, control, and get notifications of energy and power consumptic

Originally designed by Intel for enabling chip-level power management, RAPL is widely supported in today's Intel architecture

http://kliu20.github.io/[RAPL /

populari5 andi7.
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The Goal

1. To understand how software developers are y
dealing with energy consumption Issues;

2. 1o characterize the energy-consumption
behavior of

1. Thread-safe collections ;

2. Thread management techniques

3. To derive a refactoring to (1) identity and (2)
refactor one energy-consumption anti-pattern;
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The Goal

1. To understand how software developers are y
dealing with energy consumption Issues;

2. 1o characterize the energy-consumption
behavior of

1. Thread-safe collections ;

2. IThread management technigques

3. To derive a refactoring to (1) identity and (2)
refactor one energy-consumption anti-pattern;
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Thread management
CONSIructs

* Explicit threading (the Thread-style): Using the
java.lang. Thread class

 Thread pooling (the Executor-style): Using the
java.util.concurrent.Executor™ framework

 Working Stealing (the ForkJoin-style): Using the
java.util.concurrent.ForkJoin™ framework

59



Benchmarks

Embarrassingly parallel: spectralnorm, sunflow,
N-queens

Leaning parallel: xalan, knucleotide, tomcat
Leaning serial: mandelbrot, largestimage

Embarrassingly serial: h?

? '---— P ) 2
{é O 4 65‘%0 Jeﬂcéndl/ deite
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Benchmarks

* Embarrassingly parallel: spectralnorm, suntlow,

N-gueens

* Leaning parallel: xalan, knucleotide, tomcat

* Leaning serial: mandelbrot, largestimage

 Embarrassingly serial: h?

. Micro-benchmarks

fé @w ; / O J&rwér&wt/ deete
B DaCapo benchmarks |




Experimental Environment

A 2x16-core AMD CPUs, running Debian, 2.4
GHz, 64GB of memory, JDK version 1.7.0 11,
build 21.
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Data Locality

public void compute() {

NQueensSolver[] tasks = new NQueensSolver[size
1;

for (int i = 0; i < tasks.length; i++) {
int[] newElements = new int[depth + 1];
System.arraycopy(currentElements, 0,
S o o A " , ,,.-* .,- ”
tasks[i] = new NQueensSolver(newElements);
tasks[i].fork();

}

éé; (int 1 = 0; i < tasks.length; i++) {
if (tasks[i] != null) tasks[i].join();
} . = e .

}

B Copy

‘IIII Fork/Join

public void compute() {

List<NQueensSolver> tasks = new ArrayList<>(

size);
for (int i = 0; i < tasks.size(); i++) {
int[] newElements = new int[depth + 1];
System.arraycopy(currentElements, O,
7 newElements, 0, depth);
tasks.add(new NQueensSolver(newElements)) ;

}

invokedll (tasks);
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Data Locality

public void compute() {

NQueensSolver[] tasks = new NQueensSolver[size
1;

for (int i = 0; i < tasks.length; i++) {
int[] newElements = new int[depth + 1];
System.arraycopy(currentElements, 0,
S o o A " , ,,.-* .,- ”
tasks[i] = new NQueensSolver(newElements);
tasks[i].fork();

}

éé; (int 1 = 0; i < tasks.length; i++) {
if (tasks[i] != null) tasks[i].join();
} . = e .

}

B Copy

‘IIII Fork/Join

public void compute() {

List<NQueensSolver> tasks = new ArrayList<>(

size);
for (int i = 0; i < tasks.size(); i++) {
int[] newElements = new int[depth + 1];
System.arraycopy(currentElements, O,
7 newElements, 0, depth);
tasks.add(new NQueensSolver(newElements)) ;

}

invokedll (tasks);

+10% of energy savings!
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Copying vs Sharing

import static Arrays.x*;
class Task extends RecursiveAction{
public Task (User[] u) {}

class Task extends RecursiveAction{
public Task (User[] u, int from,

protected void compute() { int to) i}

if (u.length < N) { local(u); } protected void compute() {

else { if (to - from < N)
int split = u.length / 2; local(u, from, to);

else {

User[] ul = copyOfRange(u, 0, » int split = (from + to) / 2;
o~ ”Sailt)h ot 8t = Rt M
Userfl u2 = copyOfRange(u, invokeAll(
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Copying vs Sharing

import static Arrays.x*;
class Task extends RecursiveAction{
public Task (User[] u) {}

class Task extends RecursiveAction{
public Task (User[] u, int from,

protected void compute() { int to) i}

if (u.length < N) { local(u); } protected void compute() {

else { if (to - from < N)
int split = u.length / 2; local(u, from, to);

else {

User[] ul = copyOfRange(u, 0, » int split = (from + to) / 2;
e ETS FI
_Ugerijlp2H_lgo-yOfRapjgﬁu, invokeAll (

+15% of energy savings!
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import static Arrays.*; class Task extends Re[¢
class Task extends RecursiveAction{ public Task (User[]

public Task (User[] u) {}

protected void compute() { int to) {}

if (u.length < N) { local(u); } pr?tected void comp

else { if (to - from < N
int split = u.length / 2; local(u, from, to);

else {

User[] ul = copyOfRange(u, 0, » int split = (from + to) / 2;
e ETS FI
4UseriJAp2u_lpo-nyRap;9ﬂ93 invokeAll (

new Task(u, from, split),
new Task(u, from + split, to)

+15% of energy savings!
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The Goal

1. To understand how software developers are y
dealing with energy consumption Issues;

2. 1o characterize the energy-consumption
behavior of

1. Thread-safe collections ;

2. Thread management techniques y

3. To derive a refactoring to (1) identity and (2)
refactor one energy-consumption anti-pattern;
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The Goal

1. To understand how software developers are y
dealing with energy consumption Issues;

2. 1o characterize the energy-consumption
behavior of

1. Thread-safe collections ;

2. Thread management techniques y

3. Jo derive a refactoring to (1) identity and (2)
refactor one energy-consumption anti-pattern:;
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Copying vs Sharing

import static Arrays.x*;
class Task extends RecursiveAction{
public Task (User[] u) {}

class Task extends RecursiveAction{
public Task (User[] u, int from,

protected void compute() { int to) {}
if (u.length < N) { local(u); } protected void compute() {
else { if (to - from < N)
int split = u.length / 2; local(u, from, to);
else {

User[] ul = copyOfRange(u, O, int split = (from + to) / 2;

- osplit);
‘Ugeri]_u24&»99-y0f3qp;eﬁu, invokeAll (

new Task(u, from, split),
new Task(u, from + split, to)
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Copying vs Sharing

import static Arrays.x*;
class Task extends RecursiveAction{
public Task (User[] u) {}

class Task extends RecursiveAction{
public Task (User[] u, int from,

protected void compute() { int to) {}
if (u.length < N) { local(u); } protected void compute() {
else { if (to - from < N)
int split = u.length / 2; local(u, from, to);
else {

User[] ul = copyOfRange(u, O,

iy e
Userfl u2 = copyOfRange(u,

int split = (from + to) / 2;

invokeAll(
newaTask u__from\_sfllti%
new Task(u, from + split, to)




1. Add field variable

Solution

import static Arrays.*;
class Task extends RecursiveAction {
private int from, to;
protected void compute() {
if (u.length < N) { local(u); }
else {
int split = u.length / 2;

User[] ul = copyOfRange(u, 0, split);
User[] u2 = copyOfRange(u, split, u.length);

invokeAll (new Task(ul), new Task(u2));
}
}
}
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Solution

import static Arrays.*;
. . class Task extends RecursiveAction {
1 . Add fleld Varlable private int from’ to;
public Task (User([] uw) { ... }

2. Add new constructor and | P el el L s
update its usage stee

int split

u.length / 2;

User[] ul = copyOfRange(u, 0, split);
User[] u2 = copyOfRange(u, split, u.length);

invokeAll (
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Solution

import static Arrays.*;
class Task extends RecursiveAction {

Add field variable private int from, to;
public Task (User([] u) { ... }
private Task (User[] u, int from, int to) { ... }

protected void compute() {
if (to - from < N) { local(u, from, to); }

Add new constructor and 3
. else
update Its usage int split = (from + to) / 2;
User[] ul

Modity threshold User (] u2
management policy invokeALL(

new Task(u, from, split),
new Task(u, from + split, to));

copyOfRange(u, 0, split);
copyOfRange(u, split, u.length);
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Solution

Add field variable

class Task extends RecursiveAction {
private int from, to;
public Task (User([] uw) { ... }

Add new Constructor and private Task (User[] u, int from, int to) { ... }

protected void compute() {
upda’[e |tS usage if (to - from < N) { local(u, from, to); }
else {
int split = (from + to) / 2;

Modity threshold invokeAll
: new Task(u, from, split),
management policy new Task(u, from + split, t0));
}
}
}

Remove copy statements
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AMi+ Users

19Mi+ Repositories

“GitHub is the largest code host on the planet with over 19.9 mi repositories.”
https://github.com/features
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https://github.com/features

Searching for: github (start a new search)

Found 4,079 within The ACM Glide to Computing Literature (Bibliographic citations

Limit your search to Publications from ACM and Affiliated Organizations (Full-Te

REFINE YOUR SEARCH Search Results Related Journals  Re
Refine by Keywords Results 1 - 20 of 4,079

github

1 The promises and perils of mining GitHu
Eirini Kalliamvakou, Georgios Gousios, Kelly

AMi+ Users

|E

N vy Esople O May2014  MSR 2014: Proceedings of th
Institutions Publisher: ACM “e Request Permissions
—I 9 M " R -t " Authors Full text available:$ PDF (3.33 MB)
|+ epOS| O”@S Advisors
Reviewers Bibliometrics: Downloads (6 Weeks): 79, I

Refine by Publications
Publication Year

Publication Names
ACM Publications

With over 10 million git repositories, Gitl
on the Internet. Researchers are startine
understand how its users ...

“GitHub is the largest code host on the planet with over 19.9 mi repositories.”
https://github.com/features



https://github.com/features

AMi+ Users

19Mi+ Repositories

“GitHub is the largest code host on the planet with over 19.9 mi repositories.”

https://github.com/features

Subjects #LoC #Dev Last Commit
itemupdown 4,925 1 08-10-2013
jAcer 4,476 2 12-06-2014
educational 1,323 1 05-05-2014
scalatuts 253 2 11-17-2013
knn 3,099 1 11-25-2014
netflixoss 231,361 1 09-14-2013
doms—-transformers 3,714 4 06-19-2014
ForkAndJoinUtility 127 1 03-31-2013
exhibitor 15,314 14 11-08-2014
Solitaire 1,527 1 11-18-2011
javaOneBR-2012 518 1 12-02-2012
mywiki 1,920 2 10-04-2012
ejisto 12,330 1 08-06-2014
cqg4 i 5,815 1 10-15-2013
MagicSquares 664 1 10-25-2013

38


https://github.com/features

Experimental Environment

A 2x8-core (32-cores w/ hyper-threading) Intel
CPU,running Debian, 2.60GHz, with 64GB of
memory, JDK version 1.7.0 71, build 14.
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Merged

Merged

Merged

Merged

JUBBAODL

Patches

i1 15 Pull Requests

#1 Improving ForkJoin usage for better performance
czbabl/itemupdown

#1 Improving ForkJoin usage for better performance
toby1984/jAcer

#1 Improving ForkJoin usage for better performance
nikkrichko/Educational

#1 Improving ForkJoin usage for better performance
mayukh42/scalatuts

#1 Improving ForkJoin usage for better performance
tfreese/knn

#1 Improving ForkJoin usage for better performance
TarantulaTechnology/netflixoss

#1 Improving ForkJoin usage for better performance
statsbiblioteket/doms-transformers

#1 Improving ForkJoin usage for better performance on Dec 5, 2014

2sbsbsb/ForkAndJoinUtility

Propo

Proposed

Merged

Proposed

Merged

Proposed

IRy

Merged
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#206 Improving ForkJoin usage for better performance on Dec 5,
Netflix/exhibitor

#1 Improving ForkJoin usage for better performance on Dec 5, 20
robitobi/Solitaire

#1 Improving ForkJoin usage for better performance on Dec 5, 20
mariofts/javaOneBR-2012

#1 Improving ForkJoin usage for better performance on Dec 5, 20
cacling/mywiki

#14 Improving ForkJoin usage for better performance on Dec 5, 2
ejisto/ejisto

#1 Improving ForkJoin usage for better performance on Dec 5, 20
ctpahhik/cq4j

#1 Updating ForkJoin usage for better performance and energy e
cjlarose/MagicSquares
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Patches
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#1 Improving ForkJoin usage for better performance on Dec 5, 2014

2sbsbsb/ForkAndJoinUtility
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Merged

Proposed

Merged

Proposed

Merged
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#206 Improving ForkJoi p rOJ e CtS
Netflix/exhibitor th a.t r epl I e d

#1 Improving ForkJoin u h ave n Dec 5, 20

robitobi/Solitaire
accepted

2 on Dec 5,

#1 Improving ForkJoin Dec 5, 20

mariofts/javaOneBR-2012

#1 Improving ForkJoin usage for better performance on Dec 5, 20
cacling/mywiki

#14 Improving ForkJoin usage for better performance on Dec 5, 2
ejisto/ejisto

#1 Improving ForkJoin usage for better performance on Dec 5, 20
ctpahhik/cq4j

#1 Updating ForkJoin usage for better performance and energy e
cjlarose/MagicSquares



Patches

i1 15 Pull Requests

7/9 of

#1 Improving ForkJoin usage for better performance gl :2-=1B #206 Improving ForkJoi p rOJ eCtS 2 on Dec 5,

czbablitemupdown Netflix/exhibitor th at rep' |ed

Merged #1 Improving ForkJoin usage for better performance Bt - -8 #1 Improving ForkJoin u h ave n Dec 5, 20
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accepted

#1 Improving ForkJoin usage for better performance JLG:CLEM #1 Improving ForkJoin Dec 5, 20
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Merged #1 Improving ForkJoin usage for better performance LG G #14 Improving ForkJoin usage for better performance on Dec 5, 2

m mariofts commented on Dec 8, 2014 Owner :
|
B on Dec 5, 20

Hello @gustavopinto

dd0g

Thanks for the improvement, | didn't notice that. Can you share your work after you finish it? and energy e

Merged #1 Improving ForkJoin usage for better performance on Dec 5, 2014
2sbsbsb/ForkAndJoinUtility
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2sbsbsb/ForkAndJoinUtility

dd0g

95



The Goal

1. To understand how software developers are
dealing with energy consumption iSSues; y

2. 1o characterize the energy-consumption

behavior of

2. Thread management techniques :

1. Thread-safe collections

3. Jo derive a refactoring to (1) identity and (2) y
refactor one energy-consumption anti-pattern:;
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Conclusions

There is a "brave new world” for Refactoring
for Energy Efticiency.

Review 3

This paper has the main goal of identifying opportunities, and challenges in the context of (application level)
refactoring for energy efficiency. In this line, the authors review a number of conferences in order to find researt

articles related to energy and power. They select 16 papers. Six categories are created from those papers, and fi
each, problems, opportunities, and challenges are presented.

Overa”,l o ala al~lla al= e ro a a - ier li a alalalals nitie ala AMNDaran a0 i M - narte

challengesg I am personally sure refactoring for energy efficiency will be the next hot topic in Green computing.

-
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Conclusions

However, the questions is: When to refactor?
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Conclusions

However, the questions is: When to refactor?

Threads
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Conclusions

However, the questions is: When to refactor?

Non Thread-Safe
Data Structures

Thread-Safe
Data Structures
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Conclusions

However, the questions is: When to refactor?
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Thread-Safe
Data Structures
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Conclusions

* This thesis just scratched the surface

<«— Ph.D.
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Conclusions
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e More research Is iIndeed needed
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