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Motivation
Industry challenge:

Create technologies, IT infrastructure and business
models for the low-carbon economy

IT industry . Aviation
Total carbon emissions

2% 2%
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Motivation
Industry challenge:

Create technologies, IT infrastructure and business
models for the low-carbon economy

The rest of the
global economy

2% 8%

T industry Total carbon emissions
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I Sustainability

“sustainable development is development that meets
the needs of the present without compromising the
ability of future generations to meet ’rﬁeir own
needs”

the Brunditland Commission of the United Nations, 1987
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Sustainability
What do | mean by “sustainability”?

Social
Risk: Ecological (“People”)

Damage Risk: Commercially

unfeasibility

Sustainable

Economic

(“Profit”)

Environmental
(“Planet”)

Risk: Limited

Adoption
/
Figure Credit: A. Agogino, UC Berkeley
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Environmental Sustainability
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Life Cycle View

@ KAW MATECIA, EXTeAcTion

GROUND STATE

USABLE w.@ INC| et (ﬂﬂ"- MMM-}-

Jﬁﬂé@e@ )

i =
=
=i =

oreATIoN ;'Mn%\ﬁ of Times

%ﬁ

SR e e

Pecam

® 6_4 !—"‘1'7 —%ﬁ ]

FRAMEWORK MEEDED
TO QUANTIFY THE
COMSUMPTION OF
AVATILABLE ENERGY
(EXEREY)

a.m Fetel

772007

3 May 2012



Sustainable Data Centers

Lifecycle Assessment
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Cloud Data Center
Supply and Demand Side
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Sustainable Ecosystem Research Group
HP Labs

Sustainable Data Center

Integrated management of IT, power and cooling
towards a net-zero data center

Resource Management as a Service

Improve sustainability of urban infrastructure, e.qg.
power, water.

9 3 May 2012



I Sustainable Operation and Management of
Chillers using Temporal Data Mining (KDD ‘09)

Data Centers

Cooling Infrastructure

Problem Statement
Prior Work
Our Approach

Symbolic representation

Event encoding

Motit mining

Sustainability characterization

Experimental Results

Summary @




Data Center Cooling Infrastructure

Consumes from 1/3 up to 1/2 of total power consumption

Cooling Towers

Cooling Tower water loop

Chiller Unit

i Water Water
Return —p Supply
Chiller Refrigerant loop (Tm) ( Uf)

Evaporator

Chilled Wate
loop 7| ommmmmmmmmmmmTE

Computer room air-conditioner
i O




Ensemble ot Chillers
Challenging to operate efficiently

Complex physical system
Dynamic
Heterogeneous
Inter-dependencies
Many constraints

Accurate models not available Chiller Ensemble
Rapid cycles undesirable — reduce . Which unit to
litespan turn ON/OFF?
. . . + At what
Domain experts determine settings utilization?

How to handle
increase/decrease
in cooling load?

based on heuristics

Can it be automated through a dato-
driven approach? QD
/




I Problem Statement

Given the following chiller time series

utilization levels

power consumption

cooling loads
ls it possible to determine which operational
settings are more energy efficient?

And then use this information to advise data
center facility operators




I Some Terminology

IT cooling load
Chiller utilization
Chiller power consumption

Coetticient of performance (COP)
Cooling Load

Power consumption




I Prior Work

Classical approaches to model time series data
Principal component analysis

Discrete Fourier transtorms
Discrete representations: SAX [Keogh et al.]
Motits: Repeating subsequences [Yankov et al.]




Our approach

Goal: Sus’rainobili’?/

characterization o

Multivariate Time Series Data

il v s
A~

Chiller utilization data Ty "

Four Main Steps Cluster Analysis
Symbolic representation {/ Symbolic representation
Event encoding Other discrote Event Encoding
Motif mining ng?ntseog“r:;zcc‘” -G Transition-event sequence
Sustainability Frequent Motif Mining | Frequent motifs
Characterization G _wkwﬁmﬁ\ﬂ

Sustainability characterization

of frequent motifs
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I Clustering

Individual vector:
Utilization across all chiller

units

Raw Data: Sequence of T

such vectors L T

Perform k-means clustering 3 M p
RS SNk P -

Use cluster labels to N i e A

encode multi-variate time ” s F

SEries s s s 6w w

Time Series-1
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I Event Encoding and Motit Mining

Event sequences
Motit mining
Episode Framework

Non-overlapped occurrences
Inter-event gap constraint




Some Definitions

Event Sequence
<(E1’t1)’(E2’t2)’---’(EN 1Y )>

E, = Event type t. = Time of occurrence

((AD),(B,3),(D,4),(C.6),(A12),(E 14),(B15),(D,17),(C,20), (A 21))
Episode

Ordered collection of events occurring together

(A>B—>C)

Episode occurrence
Events same ordering as episode in the data.

<(A/), (B,3), (C,6), (A/14), (B,15), (C,17)>

Motits
Frequently occurring episodes @




Redescribing time series dato

Symbol Sequence : dddbacecddddeb
Il

Pe rfo m ru n-length Event Sequence : -ii:d—kn 1), (b-a, 5), (a-c, 6), (e-d, 8),

encoding: (d-c, 12), (c-b, 13))

Note transitions from

one symbol to
another

R2

Higher level of

R3

abstraction

Transition events

?

RS

Sequence of cluster labels

(U ii LA DR
Sequence of transition events

20

WD



I Motit mining
Frequency counting: Non-overlapped
occurrences

A BACBACBAC
N

Non-overlapped

Level-wise (Apriori-style) episode mining




I ltemset Mining/Association rule mining
Example: Market Basket Analysis

ltems frequently purchased together:
Bread = PeanutButter

Uses:
Placement
Advertising
Sales
Coupons




I Apriori Algorithm

Frequent Itemset Property:
Any subset of a frequent itemset is frequent.
Contrapositive:
If an itemset is not frequent,
none of its supersels are frequent.




Level-wise (Apriori-based) motit mining

24

A:10

B:12 =

C:04

Level -1
Level -2

3 May 2012

AA:
AB:
BA:
BB:

05
10
09
05

BC: --
AC: --

ABA: 05
BAB: 06

ABC: - -

Level -3

Candidate generation
followed by counting



I Episode Counting

25

Finite state automata based counting algorithm

Support = |largest set of non-overlapped
occurrences of transition-event episodes |

Count allows gaps or intervening junk symbols



I Methodology Summary

Vector representation

n Y
Q R i —
z A/\i 2 <,
G) o
E [ T A 1
o 2 PR o P
O m : 15 B
= E 10 é
: o o
5 ~? =
z -5 0 5 10 15 20
Time Series-1
Clustering
Discrete representation of chiller ensemble time-series
_ aabbbbbaaaxaaacccccaaaaabbbbbbaaeaaaaaacccccbggaaa ‘
Encoding
aabbbbbaaaxaaacccccaaaaabbbbbbaaeaaaaaacccccbggaaa
Frequent W \/ .
Motif
Episode Occurrence #1 Occurrence #2 ab->ba->ac
Mining /
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Advantages ot our approach

27

We model transitions from one state to another

States correspond to clusters

We allow don't cares between state transitions in a
more expressive way

Provides robustness to clustering

Result of mining is a set of occurrences of a motit

Motifs must repeat at least N times to be considered
frequent

Lowers the likelihood of finding false positives



Robustness of motif occurrences
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Motif occurrences on original time series

Don’t care transition
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encoded sequence
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approximately
similar patterns
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I Sustainability characterization ot Motifs

29

Average motit COP (coefficient of performance)

Indicates cooling efficiency of a chiller unit
COP = IT Cooling Load

Power consumed

Frequency of oscillations of a motit
Impacts chiller litespan

Normalized number of mean-crossings



Experimental Results

Data

From HP R&D data center in Bangalore

70,000 sq ft
2000 racks of IT equipments

Ensemble of five chiller units

3 air cooled chillers
2 water cooled chillers

480 hours of data
July 2 = 7, Nov 27 = 30, Dec 16 — 26, 2008

22 motifs found in the data

CHILLER SYSTEM

30




A Motif - Detailed Example (1/3)

Time Series

I I
GEo0 570 57 o0

8,8,8,10110,10,10,10,10,10,10,10,10,10,10,10,10,j0 134

U

Encoded seq: 11-8,6637 8-10,6641 10-13,6656 13-14,6657 14-12,6658 12-11,6660

4 15 1 1 2
Transition Motaf: [ 11-8 , 8-10 , 10-13 , 13-14 , 14-12, 12-11 ]

ymbol seq:

Inter-transition gap constraint = 20 min @
/
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A Motif - Detailed Example (2/3)

Time Series
[ [ [ [

GE GEo0 570 57 o0 G0

ymbol seq:| 1,11)1,8}8/8,10,10,10,10,10,10,10,10,10,10,10,10,10,13,13,14/12,12,11,11,11

b~/

Encoded seq: 11-8,6698 8-10,6701 10-13,6714 13-14,6716 14-12,6717 12-11,6719

3 13 2 1 2
ransition Motif: | 11-8 , 8-10 , 10-13 , 13-14 , 14-12, 12-11 ]

D

Inter-transition gap constraint = 20 min @
/

32



A Motif - Detailed Example (3/3)

Time Series
[ [ [
GES0 G700 G750 GR00

[,8]8/8,10,10,10,10,10,10,10,10,10,10,10,10,10,f0, 13§ a[12]12,§2,11.j1,1

b=

Encoded seq: 11-8,6758 8-10,6761 10-13,6775 13-14,6776 14-12,6777 12-11,6780

[
< > < > < > < > < »

3 14 1 1 3
ransition Motif: [ 11-8 , 8-10 , 10-13 , 13-14 , 14-12, 12-11 ]

ymbol seq:

Inter-transition gap constraint = 20 min @
/
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Two Interesting Motifs

- Lo Matif & }‘Lh et i, MO 5
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C5 2 Least Efficient Mofif in Group Il 'Pﬁ I(,; f""| Most Efficient Motif in Group Il
; -
i " pi2008 00:24:00 7/2/2008 08&:25:00 033 133 -00 7/3/2008 20:47:00 /412008 02:40;
B I I I
1500 2000 2500

Time (min) —

C1, C2, C3 — Air cooled
C4, C5 — Water cooled

Motif 8
Motif 5

Motif 8 Motif 5

COP 487 5.40

Units operating | 3 air-cooled 2 air-cooled, 1
water cooled




Potential Savings

Load (KW) | Most Efficient | Least Efficient | Potential Power Savings
Ave. | Std Motif Motif KW Yo
Group II | 2089 | 35 5 8 41 9.83%

Annual saving from operating in Motit 5 instead

of Motit 8
Cost savings = $40,000 (~10%)
Carbon footprint savings = 287,328 kg of CO,

35



Summary

Data centers chillers consume substantial power

Ensemble of chillers - For’r of data center cooling
infrastructure — are challenging to operate energy
etficiently

Mine and characterize motits
Symbolic representation
Event encoding
Motit mining
Sustainability characterization

Demonstrated our approach on data from a
real data center — indicates significant
potential energy savings

36




I Some other projects

Anomaly detection (SensorKDD 2010)

Energy Disaggregation (SDM 2011)

Automating Life Cycle Assessment (IEEE Computer 2011)
Fine-grained PV output prediction (AAAI 2012)

Building Energy Management (BuildSys 2011)

37 3 May 2012 2;




Energy Disaggregation

category

. baseload
III Television
III Xbox
‘ ’ | | vl m . Refrigerator
| | W H I ‘
| I L I | [

| | 1 I | | | 1 I 1 1
01-Jun 02-Jun 03-Jun 04-Jun 05-Jun 06-Jun 07-dun 08-Jun 09-Jun 10-Jun 11-Jun
time

@
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Proposed Variant of Factorial HMM's (SDM 2011)

FHMM Distribution FHSMM

Shape
>
O O i Model
U
Additional ; — CFHSMM
Features s o, TSy CFHMM
207- N e FHSMM
. ! - Vi == FHMM
O 20, ~.
CFHMM CFHSMM

1 | 1 | | | 1
~ = 0
p, ] Q

'fhe Number ofl"AppIiahces

@
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Data Analytics for Urban Infrastructure

SENZING

MicregEo=

Transport

GLALABLE, FLEXIBLE

KWNLED&E PIZLOVER]
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Policy
Analytics Engine Sustainability Mefrics
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Models
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Workshop on
Data Mining Applications
In Sustainability

2nd KDD Workshop on Data Mining Applications In Sustainability
Location: Beijing, China

Date: August 12, 2012

Objective

The goals of this KDD workshop are:

e to bring together researchers working on
applications of KDD to sustainability in diverse
areas, especially in infrastructures such as IT,
Smart Grids, water, and transportation.
to familiarize the mainstream KDD community
with diverse application areas within
sustainability.
to serve as a meeting ground and launchpad
to galvanize and foster the development of this
budding sub-community.

Organizing Committee Chairs

Naren Ramakrishnan, Virginia Tech (co-chair)
Manish Marwah, HP Labs (co-chair)

Mario Berges, CMU (co-chair)

Zico Kolter, MIT (co-chair)

D

Paper Submission

Two types of papers in ACM SIGKDD format are
encouraged: long papers with a maximum of 8
pages describing completed work on data mining
problems in sustainability and short papers of 4-6
pages describing ongoing research or preliminary
results. We also invite a 1-2 pages extended
abstract for early-stage work to be presented as
posters.

Important Dates:

Submission: May 23, 2012
Notification: June 4, 2012
Camera-ready Versions: June 8, 2012
Workshop: August 12, 2012

For More Information:
http://marioberges.com/SustKDD12

P

Beijing, China

T
THE 18TH -

m ACM SIGKDD CONFERENCE ON
BEJING  KNOWLEDGE DISCOVERY AND DATA MINING  August 12-16, 2012




	Data Mining for Sustainable Data Centers
	Motivation
	Motivation
	Sustainability
	Sustainability �What do I mean by “sustainability”?
	Environmental Sustainability
	Sustainable Data Centers�Lifecycle Assessment
	Slide Number 8
	Sustainable Ecosystem Research Group�HP Labs
	Sustainable Operation and Management of Chillers using Temporal Data Mining (KDD ‘09)
	Data Center Cooling Infrastructure
	Ensemble of Chillers
	Problem Statement
	Some Terminology
	Prior Work
	Our approach
	Clustering 
	Event Encoding and Motif Mining
	Slide Number 19
	Redescribing time series data
	Motif mining
	Itemset Mining/Association rule mining 
	Apriori Algorithm
	Level-wise (Apriori-based) motif mining
	Episode Counting
	Methodology Summary
	Advantages of our approach
	Robustness of motif occurrences
	Sustainability characterization of Motifs
	Experimental Results
	Slide Number 31
	Slide Number 32
	Slide Number 33
	Two Interesting Motifs
	Potential Savings
	Summary
	Some other projects
	Energy Disaggregation
	Proposed Variant of Factorial HMM’s (SDM 2011)
	    Data Analytics for Urban Infrastructure
	Slide Number 41
	Slide Number 42

