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Thesis Goal

Broker Seller <-> Buyer
Cost-efficient Minimize cost
QoS aware Constraints
Resource Allocation Scheduler

EC2 Amazon

Mapping of QoS constrained workloads to

Amazon pricing models, while trying to
minimize the total cost.
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Cloud Computing [1/2]

“Cloud computing is a large-scale distributed
computing paradigm that is driven by economies
of scale, in which a pool of abstracted,
virtualized, dynamically-scalable, managed
computing power, storage, platforms, and services
are delivered on demand to external customers
over the Internet.”

Ian Foster, Cloud Computing and Grid Computing 360-Degree Compared
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Cloud Computing [2/2]

Distributed

- location and device independence ’&: _
Economies of Scale #

- less expensive resources -3

Virtualized ?’
- server consolidation -

Dynamically-scalable

- NO over or under provisioning
- illusion of infinite amount

- capEx to opEx
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Amazon Cloud Computing

e Why? 1T
- Knowledge
- Diversification

e What?
- Public : an off-site third-party cloud provider
- TaaS: hardware resources are provided
- Product Portfolio: EC2, S3, etc.

- ECU: equivalent CPU capacity of a 1.0-1.2 GHz
2007 Opteron
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Standard - Small

Amazon Instance Types

moderate

| Name

ml.small

Standard - Large

high

ml.large

Standard - Extra Large

high

m1l.xlarge

Micro - Micro

low

tl.micro

High-Memory - Extra Large

moderate

m2.xlarge

High-Memory - Double Extra Large

high

m2.2xlarge

High-Memory - Quadruple Extra Large

high

m2.4xlarge

High-CPU - Medium

moderate

cl.medium

High-CPU - Extra Large

high

cl.xlarge

Cluster-Compute - Quadruple Extra Large

very high

ccl.4xlarge

Cluster-GPU - Quadruple Extra Large

NN (O NI INIEIEIN |-

very high

cg1.4xlarg_e
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Amazon Pricing

Four Regions

- US East, US West, EU and Asia Pacific
On-Demand

- Fixed hourly charging rate

- Guaranteed to stay alive

Reserved

- Upfront payment (1y/3y), lower fixed hourly rate
- Guaranteed to be available for launch
Spot

- Varying hourly rate

- Instance can be terminated
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Environmental Analysis

Variation in products, instances and pricing
models complicates the mapping from workload
to optimal resource division

Pricing Analysis Heuristic
Workload Analysis
Etc.
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On-Demand Pricing Evolution

Standard - Small 0.10 15.00( $0.125 |  $0.12 4.00
Standard - Large 0.40 15.00) $0.50 4.00
Standard - Extra Large 0.80 15.00) $1.00 4.00
High-CPU - Medium 0.20 15.00 $0.30 3.33
High-CPU - Extra Large 0.80 15.00) $1.20 3.33
High-Memory - Double Extra Large 16.67 13.89
High-Memory - Quadruple Extra Large 16.67 13.89
High-Memory - Extra Large 0.00 0.00
Cluster Compute - Quadruple Extra Large 0.00

Micro - Micro 0.00 0.00
Cluster GPU - Quadruple Extra Large 0.00
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On-Demand Region Comparison

Region

US - N. Virg

US - N. Cali

EU - Ireland

APAC - Singa

Operating System

LINUX/UNIX

LINUX/UNIX

LINUX/UNIX

LINUX/UNIX

Type | SubType \ Term

S Per Hour

S Per Hour

S Per Hour

S Per Hour

Standard | Small

0.0850

0.0950

0.0950

0.0950

Standard | Large

0.3400]

0.3800|

0.3800)

0.3800

Standard | Extra Large

0.6800)

0.7600)

0.7600]

0.7600

Micro | Micro

0.0200]

0.0250|

0.0250)

0.0250

High-Memory | Extra Large

0.5000{

0.5700}

0.5700}

0.5700

High-Memory | Double Extra Large

1.0000|

1.1400)

1.1400|

1.1400

High-Memory | Quadruple Extra Large

2.0000|

2.2800|

2.2800)

2.2800

High-CPU | Medium

0.1700]

0.1900}

0.1900]

0.1900

High-CPU | Extra Large

0.6300]

0.7600|

0.7600|

0.7600

Cluster Compute | Quadruple Extra Large

1.6000)

NA

NA

NA
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Reserved Pricing Evolution

Standard - Small

High-Memory - Extra Large
High-Memory - Double Extra Large
High-Memory - Quadruple Extra Large

High-CPU - Medium

Cluster Compute - Quadruple Extra Large

High-CPU - Extra Large

luster GPU - Quadruple Extra Large
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Spot Analysis

e Spot price history => CSV files
- Cloudexchange.org
- EC2 API

e Statistical analysis of Spot price evolution

- High Memory Extra Large in US-East
e Analysis using average Spot prices
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Spot History [1/4]

« fluctuating average price

XY Chart Spot Price

S N | N T | P

28-Aug 4-Sep 11-Sep 18-Sep 25-Sep 2-Oct 9-Oct 16-Oct
Time

I* Avg Prices Evolution
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Spot History [2/4]

« Aligned boxplot percentiles => outliers

Box Plot Spot Price
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Spot History [3/4]

« Only small differences during the day

Box Plot Spot Price

AAAAAAAAAAAAAAAAAAAAAAA

YN TICIIIIIITI]

23 00 01 02 03 04 05 06 07 08 09 10 11 12 13 14 15 16 17 18 19 20 21 22 23 00
Time

Il Avg Prices Per Hour Evolution
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Spot History [4/4]

« Only a little cheaper during the weekend

Box Plot Spot Price

o o

[

Monday Tuesday Wednesday Thursday Friday Saturday Sunday
Time

Il Avg Prices Per Day Evolution
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Spot Average [1/3]
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Spot Average - Regions [2/3]

Linux Instances Comparison for US - N. Virginia Region

H Spot
M Reserved

¥ On-Demand
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Spot Average - Regions [3/3]

Linux Instances Comparison for US - N. California Region
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Broker Design

v

WORKLOAD DISTRIBUTOR
CONSTRAINTS

A

L

SPOT
HISTORY
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Workload & Constraints

W1: total VM W2: Every hour
hours specified # VMs specified

name  ftaski | name Jtask1
decription _[descr | escr
instance _[Micro- Micro | tandard - Large
region  |eu-ireland | region US - N.Virginia
os  |Linux/unix | Windows
eadline 11/11/2011 0:00
length | 3000 :
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Spot Decision Model

e Based on empirical data

e Checkpointing schemes
- Hourly
- Optimal
e Decision model determines spot bid that

minimizes cost but ensures successful
execution in terms of workload constraints

- Java port: memory problem fix
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Distributor

e Make division between different pricing models
after scheduling has occurred
- On-Demand vs Reserved -> optimal division possible
- Spot vs Reserved -> optimal choice spot

e Spot is not always the best choice cfr.
constraints.
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On-Demand vs Reserved [1/3]

On Demand
Reserved
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On-Demand vs Reserved [2/3]

Cost Reserved Instance = 227.5+x*0.03
Cost On-Demand Intance = x*0.085
>x=4136.36 hours
>x=172.35 days
>inuse 47,22 % of the time during a year

Example (Standard Small Linux Instance)

Term

1lyear

1lyear

lyear

lyear

lyear

lyear

Operating System

LINUX/UNIX

LINUX/UNIX

LINUX/UNIX

WINDOWS

WINDOWS

WINDOWS

Type | SubType

In Hours

In Days

In%

In Hours

In Days

In%

4136.3636
4136.3636
4136.3636
2797.9275
4015.1515
4015.1515
4015.1515
4136.3636
4136.3636
4125.0000

172.3485
172.3485
172.3485
116.5803
167.2980
167.2980
167.2980
172.3485
172.3485
171.8750

47.2188
47.2188
47.2188
31.9398
45.8351
45.8351
45.8351
47.2188
47.2188
47.0890

3250.0000
3250.0000
3250.0000
3176.4706
3486.8421
3486.8421
3486.8421
2757.5758
2757.5758

NA

135.4167
135.4167
135.4167
132.3529
145.2851
145.2851
145.2851
114.8990
114.8990

NA

37.1005
37.1005
37.1005
36.2611
39.8041
39.8041
39.8041
31.4792
31.4792

NA

Standard | Extra Large

Micro | Micro

High-Memory | Extra Large
High-Memory | Double Extra Large
High-Memory | Quadruple Extra Large
High-CPU | Medium

High-CPU | Extra Large

Cluster Compute | Quadruple Extra Large
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On-Demand vs Reserved [3/3]

Region US-N.Virg |[US-N.Cali |EU-Ireland |APAC- Singa
Operating System LINUX/UNIX |LINUX/UNIX |LINUX/UNIX |LINUX/UNIX
Type | SubType \ Term Percentage Percentage Percentage Percentage
Standard | Small 47.2188 47.2188 47.2188 47.2188
Standard | Large 47.2188 47.2188 47.2188 47.2188
Standard | Extra Large 47.2188 47.2188 47.2188 47.2188
Micro | Micro 47.4183 41.0959 41.0959 41.0959|
High-Memory | Extra Large 45.8351 45.8351 45.8351 45.8351
High-Memory | Double Extra Large 45.8351 45.8351 45.8351 45.8351
High-Memory | Quadruple Extra Large 45.8351 45.8351 45.8351 45.8351
High-CPU | Medium 47.2188 47.2188 47.2188 47.2188
High-CPU | Extra Large 47.2188 47.2188 47.2188 47.2188
Cluster Compute | Quadruple Extra Large 47.0890 NA NA NA

Region US-N.Virg |[US-N.Cali |EU-Ireland |APAC- Singa
Operating System WINDOWS |WINDOWS |WINDOWS |WINDOWS
Type | SubType \ Term Percentage |Percentage |Percentage |Percentage
Standard | Small 37.1005 37.1005 43.2839 43.2839|
Standard | Large 37.1005 37.1005 43.2839 43.2839I
Standard | Extra Large 37.1005 37.1005 43.2839 43.2839|
Micro | Micro 36.2611 32.4441 32.4441 32.4441
High-Memory | Extra Large 39.8041 40.8799 50.4186 50.4186
High-Memory | Double Extra Large 39.8041 40.8799 50.4186 50.4186
High-Memory | Quadruple Extra Large 39.8041 40.8799 50.4186 50.4186
High-CPU | Medium 31.4792 31.4792 35.8211 35.8211
High-CPU | Extra Large 31.4792 31.4792 35.8211 35.8211
Cluster Compute | Quadruple Extra Large NA NA NA NA
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Scheduler

Capacity fragmentation
Based on workload model
Computation intensive

Basic scheduling vs Optimized scheduling
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Basic Scheduling (w1l)

29-May

15-Dec  30-Dec 14-Jan 29-Jan 13-Feb

ZE-_FEb 15-Mar

30-Mar  14-Apr  29-Apr  14-May

13-}un

Time
28-lun

13-Jul

28-1ul

12-Aug

27-Aug  11-Sep  26-Sep  11-Oct 26-Oct 10-Nov  25-Nov  10-Dec  25-Dec 9-Jan

Micro - Micro+Linux/Unix+Reserved [0]

Micro - Micro+Linux/Unix+On-Demand [1]

Micro - Micro+Linux/Unix+Reserved [2]

Micro - Micro-+Linux/Unix+On-Demand [3]

Instance

Micro - Micro+Linux/Unix+Reserved [4]

Micro - Micro+Linux/Unix+Reserved [S]

Micro - Micro-+Linux/Unix+On-Demand [6]

9 Total Price [619.9200000001583)
¢ (3 EU - Ireland [619.9200000001583]
¢ (3 Micro - Micro [619.9200000001583]
¢ 9 Linux/Unix [619.9200000001583]
o~ (£ Reserved [446.7200000001361]
o~ (3 On-Demand [173.20000000002224]
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Optimized Scheduling (wl) [1/2]

edfSort(tasks);
for(task t : tasks){
for(instance i : instances){
i.addPartTillDeadlineOrEnd(t);
if(t.isDistributed()){ break; }
if(i.isLast()) { instances.addNew(); }
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Optimized Scheduling (wl) [2/2]

Time
14-Apr  29-Apr  14-May 29May  13-un 28 13-Jul 2834 12-Aug  27-Aug  11-Sep 26Sep  11-0ct  26-Oct 10Nov  25-Nov  10Dec  25Dec  9-Jan

n 13-Feb  28-Feb 15-Mar 30-Mar

Micro - Micro-+LintixfUnix-+Reserve

Micro - Micro-+Linux fUnix-+Reserve

Instance

Micro - Micro-+Linux/Unix+Reserved [2] {

—J Total Price [515.999999999903]
¢ [J EU-Ireland [515.999999999903]
9 (=] Micro - Micro [515.999999999903]
¢ ] Linux/Unix [515.999999999903]
o ] Reserved [515.999999999903]

Universiteit Antwerpen



30

Basic Scheduling (w2)

Time

15Dec  30-Dec 14-Jan  29-Jan  13Feb 28Feb 15Mar  30-Ma 14-Apr 29-Apr 14-May  29-May 13-n  28-ln 13- 28-] 12-Aug  27-Aug  11Sep 26-Sep 11-Oct 26-Oct 10-Nov 2S5MNov  10-Dec  25-Dec 9-Jan

Standard - Large+Windows+Reserved [0]
Standard - Large+Windows+Reserved [1]

Standard - Large+Windows+Reserved [2] i

Standard - Larges Windows+Reserved [3]{ LT T
Standard - Large+Windows+Reserved [4] NN RN RN LR OO RNLAEE AN (AR R RN R R R L
Standard - Large+Windows+Reserved (5] BN M I OO N LN TRy

Standard - Large+Windows+Reserved [6]{
Standard - Large+Windows+Reserved [7]

ATTH| EXEETT AT ER TN SEEME N YR 1N AR D AT RERTEN ERERERD 08 DTN (AR
(NI EEERY [RRRTEITIOLT| NEMAETRER BT | ILEEN A0V V00| EXARTERFEIT ERIERE] {11 ETEER] FERERD PTRERTRI I
R R | MRNET 00 00 VRRUTLYUVUDD 0D 00 MUY 010 0000V PO
Standard - Large+Windows+Reserved (8] l-—-lllllllllfllllllll 1 HIIHIH Il \III \I\IIIH I II
Standard - LargesWindows+Reserved [9] U8 TR NN 8 O LR A LR nvmunm i LI (L1 TR
Standard - Large+Windows+Reserved [10] L IIIIIIIIII“IIIIIlIIIIIIIIIIIIIIIIIIIIIlIIIIIIIIIIIIIIIIIIIIIIIIIIIII IIIIIIIIIIIII\IIilIIIIIlIIIIIIIIIIIIIIIIIIIIIIIII LT
Standard - Large+Windows+Reserved (11] i ot e T T T TR T TR WU TR AT
Standard - Larges Windows+On-Demand (12] { L et R T TR

o L DT
H-I-I [T LA AT

AREEETE T DREELRREURRPURR FE DR e Rerarne

Standard - Large+Windows+On-Demand (13] T lIlllIIllIIIl [ ||I|||l|l|||||l|||!|\Ilil I REL e e TERRENE D00 10 e e
Standard - Large+Windows+On-Demand (14] TR | i | 11 HEL T | T LI 11 (AL 111
Standard - Large+Windows+0n-Demand (15] LA ||||| III]IiHlIII ||| LEE | | LTI 1 | | 1L
Standard - Large+Windows+On-Demand [16] I | I FECIE |1 1l
Standard - Large+Windows+On-Demand [17] TN TR | Il Il

1]

LE 1l
Standard - Large+Windows+On-Demand [18] { i |
Standard - Large+Windows+On-Demand (19]
Standard - Nindows+On-Demand (20] |
Standard - windows+On-Demand (21] 111

IUURIm
AT TR TTRET T e IIIIII I | I
LT

Instance

Large+Windows+On-Demand [22]1

Standard - (ORERRERRIE TR 1
Standard - Large+Windows+On-Demand (23] TUERUREEITR I
Standard - LargesWindows+On-Demand (24]1 THETREEEEITT R 1

Standard -
Standard -
Standard -
Standard -
Standard -
Standard -
Standard -
Standard -
Standard -
Standard -
Standard -
Standard -
Standard -
Standard -
Standard -

Windows+On-Demand (25)
dows+On-Demand [26]
Nindows+On-Demand [27]

Large+Windows+On-Demand (28]

Large+Windows+On-Demand [29]
Large+Windows+On-Demand (30]
Nindows+On-Demand (31]
Large+Windows+On-Demand [32]
Large+Windows+On-Demand (23]

Large

Large+Windows+0n-Demand [34] 1

Windows+On-Demand [37]
indows+On-Demand (38]
Windows+On-Demand (39]

RN
I
TN NI

(=] Total Price [37509.080000010064)
¢ (=] US - N.Virginia [37509.080000010064)
¢ (=) Standard - Large [37509.080000010064)
? Windows [37509.080000010064)
o~ (=3 On-Demand [12662.879999992352)
o (= Reserved [24846.200000017714)
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Optimized Scheduling (w2) [1/2]

for(Task t : tasks){
buckets.divideEqually(t);

b

for(Bucket b : buckets){
//try all combinations, choose the one
//that minimizes the number
//of needed instances
b.makePlanning();
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Instance

Standard -

Standard -

Standard - Large+Windows+Reserved [S]{

Standard -

Standard -

Standard -

32

Optimized Scheduling (w2) [2/2]

Large+Windows+Reserved [0]

Large+Windows+Reserved 1]

Large+WindowsReserved (3]

Large+Windows+Reserved [4]

Standard - Large+Windows+Reserved [6]

Standard - Large+Windows+Reserved 7] {

Standard - Large+Windows-+Reserved [8]

Standard - Large+Windows+Reserved [9]

Standard - Large+Windows+Reserved [10]

Standard - Large+Windows+Reserved [11]

Standard - Large+Windows+Reserved [12]

Standard - Large+Windows+Reserved [13]

Standard -
Standard -
Standard -
Standard -

Standard -

Standard

Standard -

Standard

Standard -
Standard -
Standard -
Standard -
Standard -

Standard -

Large+Windows+0On-Demand [14] {
Large+Windows+On-Demand [15]4
Large+Windows+On-Demand [16]{
Large+Windows+0n-Demand [17]1
Large+Windows+On-Demand (18] {
- Large+Windows+On-Demand [19]

Large+Windows+On-Demand [20]

- Large+Windows+On-Demand (21]1
Large+Windows+On-Demand (22] {
Large+Windows+On-Demand (23]

Large+Windows+On-Demand [24]

Large+Windows+On-Demand [25]

Large+Windows+On-Demand [26] {

Large+Windows+On-Demand [27]{

15-Dec

Time

30-Dec 14-Jan  29-Jan  13Feb 28Feb 15Mar  30-Ma 14-Apr 29-Apr 14-May  29-May 13-n  28-ln 13- 28-] 12-Aug  27-Aug  11Sep 26-Sep 11-Oct 26-Oct 10-Nov 2S5MNov 10-Dec 25-Dec 9-Jan

Large+Windows+Reserved [2]4

WY N O 0O W RN
LT T 0 O MO O T NER
NIRRT N R ALY 0000 R WD RN 00RO ARER Y A ANRT ENMRNER R
AN E LN OTT LR TT RO A0 M0 0 TR 00 N0 N RO R D TR RRTE RN TR INCRT AR 1)
VLR ey e e F et e e TR rn g e e F e
L LI OO OE LTI T A T T RO TEXTTM PNV RRETRIN T OSTRTE YRR
L LT LR O T OO IR LT T AR AN AR IEAERAET A
[T ERR LT THETEEEL TR DL RO T AU R O R T AT AT T 0 b
LI M SN A0 R0 A LTI ARRYIANNTY A RETE L ETRRMITIE AR LTI MR

[ LEREE FEREREEVEE FROTUE RO RUNU SOOUEED RO RERRRREURUTOC COUMUAERIA T D0ONEE 00 LT IMLR O CEORTIOELTE IO RS PO OO0 e w1
[ LOEUEE TP EUES PRROECOUMID DO FOTDERC U SUPENE CELTD DU IO SRMMECTEE UTUAEERVIUIINE R TE 0D TERDUE IUERRR COURE DA RN ar Rl
[TV TEREE OB ERIE0T DGR RO 0 [F SELT RTIOTIE FRUMETEE IO RURTNRD EMEE 0 IR0 D RORE FPEEE 00 e e
f R TN 18110 o 1 Y R I | l
11 \ (L RN [ E 4 Il

[ I |

(=3 Total Price [34531.559999995945]
¢ =3 US - N.Virginia [34531,559999995945)
¢ (=] Standard - Large [34531.559999995945)
¢ =] Windows [34531.559999995945)
o (=] On-Demand [4438.559999999831)
o~ [ Reserved [30092.99999999611)
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What's next?

e Extend scheduler with a checkpointing cost

e Extend scheduler/broker with spot instances
- Using findings from spot analysis
- Using decision model software

e Evaluate cost cuttings achieved by broker

e A lot of writing!
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Thank You!

Questions?

Check out

http://www.thesis.kurtvermeersch.com
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