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Administrivia

e Homework 6, homework 6, homework 6...
=« Due Thursday, 11:59 p.m.
= May turn in as late as Saturday, 11:59 p.m.

e Final exam review session
» Saturday, May 10th, 6 - 8 p.m., PH 100

e Final exam
» Monday, May 12t", 5:30 - 8:30 p.m., UC McConomy

e Faculty course evaluations
= https://cmu.smartevals.com/

e TA feedback(?)

« Email from Greg Kesden coming soon(?)
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Last time...
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Data consistency

e Suppose D is the database for some application and

¢ is a function from database states to {true, false}

=« We call ¢ an integrity constraint for the application if (D) is
true if the state D is "good"

« We say a database state D is consistent if ¢(D) is true for
all integrity constraints ¢

« We say D is inconsistent if (‘D) is false for any integrity
constraint g

e Transaction ACID properties:

= Atomicity: All or nothing

= Consistency: Application-dependent as before

= [solation: Each transaction runs as if alone

= Durability: Database will not abort or undo work of

a transaction after it confirms the commit
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The CAP theorem for distributed systems

e For any distributed system you want...
= Consistency
= Availability
= tolerance of network Partitions

e ...but you can support at most two of the three
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Today: Case study in consistency, and PageRank

e Google's PageRank algorithm

e Ruminations on data consistency

15-214

The PageRank Citation Ranking:
Bringing Order to the Web

January 29, 1998

Abstract
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1 Introduction and Motivation

The World Wide Web creates many new challenges for information retrieval. It is very large and
heterogeneous. Current estimates are that there are over 150 million web pages with a doubling
life of less than one year. More importantly, the web pages are extremely diverse, ranging from
"What is Joe having for lunch today?” to journals about information retrieval. In addition to these
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A "university" search, circa 1997
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Optical Physgics at the Univergity of Oregon
Crregon Center for Optice tn Feience smd Technology. Department of
Phyeice, Univerzity of Oregon, Eugers OR 97403, Research Groupa:
Claxmnichasl Groap ...
LRAOPRID. RAUVRUL N - vhve IR - 28 Dowr 5

Carncgic Mcllon Univeraity - Campus Networking
Departments. Data Cononurucstions. Dasa Comumunications s
resporsible for instaling and maintainng all oncampus netvorking
equipruent and all of...
DR YT SRR RS - 587 F& - TG Apr Y

¥Wesleyan University Computer Science Group Home Page
COmpnter Scence Group. Wesleyan Unversity. Welcoms m e home
page of the Computer Sc1ence Group at Weslevan Unversity. We are
al s tatsrely withn.
AR PR R, AT - i S - 15 4 95

Keio University Shonan Fujisawa Campus {(SFC)
BI3tN%Z EFnFHE 98- %c%5e%0%9 (B(SFC) $BSN (BWWW $E%
$BCmOU=q$- (B $BHFISsECHH@35$8 14 (B. Hihongo | Exglish.
SFC $B=pJs (B.[ $BSatEGHHB W HE? *
SR e SR KSR 3 S -y M-S Fal 9T

School of Chemigtry, Inivergity of Syiney
The School of Chem=ty. School of Chemistry, University of Swiney,
NEW 2006 Anstalia Intematicnal Phone: +61-2-9351-4504 Fax:
+51-2-9351-2329 Avstralia,
SRR W, T LW AL - sEve AR -3 Fud AT
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From Page et al, “The PageRank Citation

Ranking: Bringing Order to the Web
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Traditional information retrieval

e 1997’ s http://www.net.cmu.edu:

<TITLE>Carnegie Mellon University - Computing Services
- Network Group</TITLE>

<CENTER><IMG ALT="Carnegie Mellon University -
Computing Services - Network Group”
SRC="http:/icons/campnet. jpg"></CENTER><P>

<H2>Departments</H2>
<DL>

<DD> <IMG SRC="http://www.net.cmu.edu/icons/
greenball.gif"> <A HREF="http://www.net.cmu.edu/
datacomm/home.html"> <B> Data Communications</B></A>
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Improving IR with citation counts

o If @ page is important, other pages link to it
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PageRank: weighted citations

o If @ page is important, other important pages link to
it
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PageRank: weighted citations

o If @ page is important, other important pages link to

it
_ r(u)
rv) = Z lout-deg(u)|

(u,w)eFl
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PageRank: weighted citations

o If @ page is important, other important pages link to

it
_ r(u)
rv) = Z lout-deg(u)]
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PageRank: weighted citations

o If @ page is important, other important pages link to

it
_ r(u)
rv) = Z lout-deg(u)|

(u,w)eFl

4286
v
G
- f

15-214 13 [H o

- e.g.,



PageRank: weighted citations

o If @ page is important, other important pages link to

it
_ r(u)
rv) = ZE lout-deg(u)|

(u,w)e

= Is this well-defined?
= How do we compute it?
= How do we compute it efficiently?
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The WWW as a graph as a matrix

)y W/ 0 1 0 0

/\\"3
xiEF:;:/:;§::::> — 0 0 1/2 1/2

0 1 0 0

1/3 Vs
<::::> 13 13 13 0
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The WWW as a graph as a matrix

Q " 0 1 0 0\
Q 0 0 1/2 1/2

0 1 0 0

AQ 13 1/3 13 0

e PageRanks R = [r, r
equationR =R * W
= R iS an eigenvector of the Web

,r - £_] solve the linear
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The power method

e (under some conditions) To find an eigenvector v

of @ matrix M
« Start with some approximation of v: v
= Compute repeatedly:

0

vg - M
i+1 H"Uaﬂ _ ﬂfH
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The power method for PageRank

e Assignh some initial PageRank R

e While R hasn't converged, compute “next”
PageRanks from the previous PageRanks

PageRank(G,delta)
Initialize R = something, R* = ©
while (R - R* > delta)
R" =R
R =20

for each edge (u,v) in G
R[v] += (R'[u] / out-deg(u))
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A PageRank example

S @
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U1

V9

U3

U4

0.25
0.083333
0.041666
0.097222

- -

(L078703

0.25
0.583333
0.333333
0.472222
0.416666
0.425925

0.25
0.208333
0.333333
0.263888
0.291666
0.287037

19

0.25
0.125
0.291666
0.166666
0.236111
0.208333
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Convergence of the power method

Theorem:

For any initial PageRanks summing to 1, the
power method will converge to a well-defined,
unique solution if the transition matrix W is
stochastic, aperiodic, and irreducible

= institute for
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A stochastic transition matrix

e A transition matrix is stochastic if all rows sum to

1
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A stochastic transition matrix

e A transition matrix is stochastic if all rows sum to

VZQA/«\ (0 0 0 0
- <::::> 0 0 1/2 1/2
0 1 0 0

v 1/3
1/3 Va
- 1/3 1/3 1/3 0,
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A stochastic transition matrix

e A transition matrix is stochastic if all rows sum to

LS
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LY o*
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An aperiodic transition matrix
e A transition matrix is periodic if there is an integer

k > 1 such that the interval between visits of two
vertices is always a multiple of k

N A

@}
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An aperiodic transition matrix

e A transition matrix is periodic if there is an integer
k > 1 such that the interval between visits of a
vertex is always a multiple of k

L 4
L 4
. O’
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An irreducible transition matrix
e The transition matrix is irreducible if it’ s possible

to (eventually) reach each state from any other
state
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An irreducible transition matrix

e The transition matrix is irreducible if it’ s possible
to (eventually) reach each state from any other
state
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Computing PageRank efficiently

e Can keep Web graph on disk
= PageRanks in RAM
= Do not store modifications that made W stochastic,
aperiodic, and irreducible
« Use smart initial PageRanks

e Can partition Web graph between computers
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Aside: Problems with PageRank

Web Images Groups MNews Froogle Local more»

{ |miserab|e failure Search | =
Google oo

Web Results 1 - 10 of about 969,000 for miserable failure. (0.06 seconds)

%) Hospitality Internet Marketing; Specializing in the hospitality and travel industry - Mozilla Firefox.

Biography of President George W. Bush

Biography of the president from the official White House web site — - : § i
www.whitehouse gov/ FFPaIdPHt q‘.;bb\o html - 29k - - C B - [ http:/fwww ioptimizemarketing.com/services .htm - @ -

Past Pres|dents Kids Only - Current News - Pregdent QLI i3 Weather | Services | references || FFC  Faculty Information Onli... | queue [ jdk-1.5.0 <* 211 [ bus | ] 15-849 || temp »
More results hitehouse.qov » + . ln cCamegie... *§universit... *§frown fa... *§iGooge W Power it...  *§stochast.. W Stochast... ||Hos... & | & Pageran.. - google_...

Fle Edit View History Bookmarks Tools Help |[Gl- google page-rark manipLlation P

Welcome to MichaelMoore.com! O
Official site of the gadfly of corporations, creator of the film Roger and Me | tl l I l Jze
and the television show The Awful Truth. Includes mailing Ilst message board, Marketing Reguest a Free Quote

www.michaelmoore.com/ - 35k - Sep 1, 2005 - Cached - S

BBC NEWS | Americas | 'Miserable failure' links to Bush

Web users manipulate a popular search engine so an unflattering description |4

to the president's page LET YOUR
news.bbc.co.uk/2/hi/americas/3298443 stm - 31k - Cached BUSINESS GROW
) Above Luis von Ahn - Mozilla Firefox ORGAN,CALLY

File Edit View History Bookmarks Tools Help G- | cleaver

- ® - ([ htp:/frankcube.com/abovevonahn.html
A LI BF Weather Services references | ] FFC Faculty Information Onii... queue | jdk-1.5.0 bus
<« . UM Carnegie... *Funiversit...  *§frown fa... *FiGoogle W Power it... | *§ stochast... W Stochast... *§ cleaver|
15-396 Is Poison Forced Upon Children. me About Us Servi Resources SEO Humar Contact Us

Harmonic Cube Cubic Spirits Are Supreme Being

ShareThis

/:, 23 .:'.e/ 1.

ore [:’ID[:‘)G Welcome to the site where

e s TN

RankViamac SZ\bD*/ > VoAl

Local Listings Google -

This is a fairly new form of listing that is becoming popular within | 2% ey oo
search engines such as Google. They only appear when search
terms (keywords) include a city and/or regional name. Similar to
the ten organic listings directly below, Local Listings are
essenﬂally freg (no " chrlf fhromjh” fees!). We provide services

X Find: | stochastic J Next t+ Prewous & Highlight all [J Match case
http:/ fwww ioptimizemarketing.com/requestquote htm &

Luis von Ahn is Ignorance

You maybe academically retarded.

Academia Retards By Fact Google Has 1 Rank VWhen Dead Still,
And 4 Ranks Within 1 Google Crawling, losing 3 ranks retards
humanity.

X Find: | stochastic ¥ Next # Previous & Highlight all [J Match case institute for
http:/fwww .rankcube.com/ #* 29 SOFTWARE
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Problem with PageRank computation...

e In spring 2000, Google's web-crawling system
failed too frequently to update their web index
= Their solution: Google File System and MapReduce

Institute FO(
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Problem with PageRank computation...

e In spring 2000, Google's web-crawling system
failed too frequently to update their web index
= Their solution: Google File System and MapReduce

e How bad is this web service outage?
= ...in terms of data consistency

Pap—— it FOf
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Data consistency at Facebook

e Replication for scalability:
= Read-any, write-all
= Palo Alto, CA is primary replica

llllllllll

E?Okl"h Wisconsin aine

Orego i akota Michigan ?
Wyoming «
NoE R lowa Ch'839° H:
SRfasKa Iinois o Pennsylvania 4 \\Mas
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a

g Coerado Kansas Missouri wei?ltia \ nnnnn ticu

California Kentucky %rginia New Jer:

Te North
A LosI Oklahomafiat 2n A e o Garoling Delaware
n9g7es Arizona New VAl South Narvland
Phoenix . | A Mexico Dallas MissisEipry Carolina  District of
San Diego . AlabamaG s
exas eorgia
Louisiana
> ° Houst
Asan ouston
Gulf of Antonio 3
California sk \ Florida
onterre!
SIS Guilf of
Mexico
Mexico Havana

= Aside: A 2010 conversation:
Academic researcher: What would happen if X occurred?
Facebook engineer: We don't know. X hasn't happened
yet but it would be bad.
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Data consistency at Amazon

Google Chromecast HDMI Streaming Media Player by Google

$35.00 rime Fotctodes V) (482)
Usually ships in 2 to 3 months « FIEEEEEER in Televisions & Video Products
More Buying Choices Electronics: See all 82 items

$35.00 new (92 offers)
$149.99 used (2 offers)

e Strict data consistency increases real costs
Amazon engineer: "'Usually ships in 2-3 days'? What does
that mean? Absolutely nothing."
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A common reality: Relaxed data consistency

e Relaxed in time

« E.g., Time-to-live in a data cache

e Relaxed in value

= [.e., within some error bound from the correct value

e Other consistency guarantees

= E.g., Causal consistency

15-214

To appear in Proceedings of the 23rd ACM Symposium on Operating Systems Principles (SOSP’11)

Don’t Settle for Eventual:
Scalable Causal Consistency for Wide-Area Storage with COPS

Wyatt Lloyd*, Michael J. Freedman*, Michael Kaminsky®, and David G. Andersen*
*Princeton University, fIntel Labs, *Carnegie Mellon University

ABSTRACT

Geo-replicated, distributed data stores that support complex online

applications, such as social networks, must provide an “always-

on” experience where operations always complete with low latency.

Today’s systems often sacrifice strong consistency to achieve these

goals, exposing inconsistencies to their clients and necessitating

complex application logic. In this paper, we identify and define
i del 1 i i

1. INTRODUCTION

Distributed data stores are a fundamental building block of modern
Internet services. Ideally, these data stores would be strongly con-
sistent, always available for reads and writes, and able to continue
operating during network partitions. The CAP Theorem, unfor-
tunately, proves it impossible to create a system that achieves all
three [13, 23]. Instead, modern web services have chosen over-

helmingly to embrace availability and partition tolerance at the

a with conflict
handling, or causal+—that is the strongest achieved under these
constraints.

‘We present the design and impll ion of COPS, a key-val
store that delivers this consistency model across the wide-area. A
key contribution of COPS is its scalability, which can enforce causal
dependencies between keys stored across an entire cluster, rather
than a single server like previous systems. The central approach in

cost of strong consistency [16, 20, 30]. This is perhaps not surpris-
ing, given that this choice also enables these systems to provide low
latency for client operations and high scalability. Further, many of
the earlier high-scale Internet services, typically focusing on web
search, saw little reason for stronger consistency, although this posi-
tion is changing with the rise of interactive services such as social
networking applications [46]. We refer to systems with these four
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Summary

e Google makes $billions by treating us all like

random surfers
= PageRank as iterative, weighted citation rankings
e WWW graph modifications needed to compute
PageRank

e Data consistency can be more than a boolean
function
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Thursday...

e Guest lecture by Claire Le Goues
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