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> DS 204E
> USRIV
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F£ 130 RRESVYFVY

» BRI T A
> R=I3SVD
» ;B8 PageRank
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RIVIYVDOESE

FEAEDA VY —Ry R A—UNEEFBITIRRIVI Y

» 1994 Yahoo! R—% )LEHE&
- R—SLDKEET (5 Lo~
» RPDIFEDTEEDBRICADZEEOT A ~E LT

» 1995 Altavista
» RRIVIYVOERF,. ORy MMckd00-UVY, %553

P

» 2I\LETREMET I 28

» 1998 Google B —E RFHtE

» Google H' PageRank [CED < OMw MMZKB2BRFTY —E BB
» ER—IJDODARZE[CRDIF7ZEY
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» T4LOKUER
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» BREEHRT—ILULERWN
» ORy LB
» BEIBIIC web ZXKEBIL TT — I N—RZ/ERK
> web page BDIBKICHEWETRIC

5/39



Oy FERMRRI VI Y

» web page ZINET D
» V0-UvY

» IRELZBRDT —IR—EIR
> AYT VI RER

» BROUITYU—hHS web page ZV Y F
» RRSVFVY
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» Web page h5F¥—"T— RZihd
» ¥—D—RH5 Web page N\DERE1 VT v I R%EER
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> F—D—RHSEHBEAN VYT VI R%ZEDT. BET S Web
R—IDYR+ZRED
» URRENIE Web R—IZ S5V FVITIRICHVEZ TEE

Web R—3IDSVF VT

> Web R—YDEREZRI EREINDE
» PageRank: Google D3 V¥ V7 #ii
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PageRank: 77177

» Web R—I DU VOBREGFHSER-IESIYFVT
» R—YIDVFIUYEESRLBRN

'

e

source: L. Page, et al. The pagerank citation ranking: Bringing order to the web. 1998.
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PageRank & XA

» REBGNR—I(F, Z<DOR=Ihs5UVvIENd
» REBGR—IDS5D) VD HBEDEL
» R=IJADYVIHMBEZ DL, BRDY YD DMEILRED

T 100 53
50 °° __—%

—— e
/ RN 3, T

9 50
> —

/\&3\ ~a
\

source: L. Page, et al. The pagerank citation ranking: Bringing order to the web. 1998.
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PageRank & XA

» REGR=IDBVUYISNBIR-IBERETHD

>» SVYSTLY—D7—ETI

» R=YADY VI ZRUERTIVY I L TROR=IN

A
0.4

0.2

N\

0.4

source: L. Page, et al. The pagerank citation ranking: Bringing order to the web. 1998.
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TINCKBDETIL

Matrix Notation (src — dst)

O FOFFO

Transition Matrix (dst < src) FIDEEHE 1

0
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R=ISVIRT I R & BBERTI A QBEND b, ¢ ZEBEDEH
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0
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2> )l PageRank ET )L DEIRE

» BRI
» ABE UV ODRL S — RHETE (dangling node)
» REEY VIR — ROEFE
» BIL—THEE
> HERBEERETILEVILID DEEOBREETS
» TORENRE T B & FEURREICINR T
> YREM: 1THEE)RHN DRI
» BEUS D F8ER (ERD/ — RHOSERD ./ — RICEE
oJEE
> Utéoﬂﬁﬁ’\‘ﬁ N ILDYETE

FRRZE: —EDEETS VY LARBNR—Y([CRSEEHZIEN
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PageRank 77JLO1J X A

EROMEREI SWBH T, ER—IDSVINPRRT DX TERZ
B’ORY
» case: node with outlinks (> 0)
» d DEET, /—RADYYIZS VY LITER
» (1—d) ODHERT, SVYFLR/ —RICIvVT
» case: dangling node (no outlink)
» SVYSTLR/—RICYv VT

A'=dA+ (1 —-d)[1/N]
d: damping factor (= 0.85)
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NEFKRCKDEE

» EBEBERITIHDNRELBDEXTEYBELSHEEN WK
> NEFRICKDERIBR U (T KB
parameters:

d: dampig_factor = 0.85
thresh: convergence_threshold = 0.000001

initialize:
for i
r[i] = 1/N
loop:
e =0
for i
new_r[i] = d * (sum_inlink(r[j]/degreel[j]) + sum_dangling(r[j])/N)
+ (1 - d)/N
e += |new_r[i] - r[ill
r = new_r

while e > thresh
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PageRank MUK
> KEOR—IDH > THRNBBICYRT 2 ERIBR

Convergence of PageRank Computation

100000000 +
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1000000

100000
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T T T
7.5 15 225 30 37.5 45 52.5

Number of Iterations

source: L. Page, et al. The pagerank citation ranking: Bringing order to the web. 1998.
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PageRank DF & &

TIWBTPATF
REBBR=IDNSVYIESNBIR-IBERETHD

» PAT7PERIIVEBERTITERL. INRZRE
» AT IV BREZITV. ET Y THEMMZRSE

» EVRRICEDF, by TREIC

> Y
»

» JE: BAULEZORRVDDOHXD7ZILTYU AT, IRTE Google
MEO>TVNBPILTVXARKBICHKERSNTWSR(ET

19/39



google servers

google system in 1998 and a current data center
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SE0EE: PageRank

% cat sample-links.txt
# PageID: OutLinks

1: 2 3 4 5 7
2: 1

3: 1 2

4: 2 3 5

5: 1 3 4 6

6: 1 5

7: 5

% ruby pagerank.rb -f 1.0 sample-links.txt

reading input...

initializing... 7 pages dampingfactor:1.00 thresh:0.000001
iteration:1 diff_sum:0.661905 rank_sum: 1.000000
iteration:2 diff_sum:0.383333 rank_sum: 1.000000

iteration:20 diff_sum:0.000002 rank_sum: 1.000000
iteration:21 diff_sum:0.000001 rank_sum: 1.000000
[1] 1 0.303514

[2] 5 0.178914
[3] 2 0.166134
[4] 3 0.140575
[5] 4 0.105431
[6] 7 0.060703
[7]1 6 0.044728
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SBIDEZE: PageRank code (1/4)

require ’optparse’

= 0.85 # damping factor (recommended value: 0.85)
thresh = 0.000001 # convergence threshold

OptionParser.new {lopt|
opt.on(’-f VAL’, Float) {lv| d = v}
opt.on(’-t VAL’, Float) {lv| thresh = v}
opt.parse! (ARGV)

}

outdegree = Hash.new # outdegree[id]: outdegree of each page

inlinks = Hash.new # inlinks[id] [srcO, srcl, ...]: inlinks of each page
rank = Hash.new # rank[id]: pagerank of each page

last_rank = Hash.new # last_rank[id]: pagerank at the last stage
dangling nodes = Array.new # dangling pages: pages without outgoing link

# read a page-link file: each line is "src_id dst_id_1 dst_id_2 ..."
ARGF.each_line do |linel

pages = line.split(/\D+/) # extract list of numbers

next if line[0] == ?# || pages.empty?

src = pages.shift.to_i # the first column is the src
outdegree[src] = pages.length
if outdegreel[src] ==
dangling_nodes.push src
end
pages.each do |pgl
dst = pg.to_i

inlinks[dst] |l= []
inlinks[dst] .push src
end
end

22
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SBOIDEE: PageRank code (2/4)

# initialize
# sanity check: if dst node isn’t defined as src, create one as a dangling node
inlinks.each_key do |jl
if loutdegree.has_key?(j)
# create the corresponding src as a dangling node
outdegree[j] = 0
dangling_nodes.push j
end
end

n = outdegree.length # total number of nodes
# initialize the pagerank of each page with 1/n
outdegree.each_key do |i|l # loop through all pages
rank[i] = 1.0 / n
end
$stderr.printf " %d pages dampingfactor:%.2f thresh:%f\n", n, d, thresh
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SEIDEZB: PageRank code (3/4)

# compute pagerank by power method
= 0 # iteration number

begin
rank_sum = 0.0 # sum of pagerank of all pages: should be 1.0
diff_sum = 0.0 # sum of differences from the last round
last_rank = rank.clone # copy the entire hash of pagerank

# compute dangling ranks

danglingranks = 0.0

dangling_nodes.each do |il| # loop through dangling pages
danglingranks += last_rank[i]

end

# compute page rank
outdegree.each_key do |il # loop through all pages
inranks = 0.0
# for all incoming links for i, compute
# inranks = sum (rank[j]/outdegree[j])
if inlinks([i] != nil
inlinks[i].each do |jl
inranks += last_rank[j] / outdegreel[j]
end
end

rank[i] = d * (inranks + danglingranks / n) + (1.0 - d) / n
rank_sum += rank[i]

diff = last_rank[i] - rank[i]
diff_sum += diff.abs
end

Kk += 1
$stderr.printf "iteration:%d diff_sum:%f rank_sum: %f\n", k, diff_sum, rank_sum
end while diff_sum > thresh 24 /39



SBIDEE: PageRank code (4/4)

# print pagerank in the decreasing order of the rank
# format: [position] id pagerank

i=0

rank.sort_by{lk, v| -v}.each do |k, vl
i+=1
printf "[%d] %d %f\n", i, k, v

end
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AIEIMDEE: k-means clustering

% ruby k-means.rb km-data.txt > km-results.txt

6000
1 +
2 +
s000 | 5 + 1
4000 | o X |
> 3000 [ . S . .
* %
" % *
P « %
2000 | ) . 1
* X *
w00} ¥ .7 1
K ox g
0 ‘ ‘ ‘ ‘ ‘
0 1000 2000 3000 4000 5000 6000
X
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k-means clustering results

» YEMBIC & > TRERHMIER D

6000

T T T T 6000

cluster 1 cluster 1
cluster 2 cluster 2
5000 cluster3  x s000 | oluster3  x
4000 4000 -
*
x
> 3000 . s > 3000 [
L ox i
L W
2000 N 2000 - N
¢ « " & x
E = ] *
1000 ‘g 1000 * x
o4 %5
0 0
0 1000 2000 3000 4000 5000 6000 0 1000 2000 3000 4000 5000 6000

X X
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HYFILD—K (1/2)

k = 3 # k clusters
re = /7 (\d+)\s+(\d+)/
INFINITY = Ox7fffffff

# read data
nodes = Array.new # array of array for data points: [x, y, cluster_index]
centroids = Array.new # array of array for centroids: [x, y]
ARGF.each_line do |linel
if re.match(line)
¢ = rand(k) # randomly assign initial cluster
nodes.push [$1.to_i, $2.to_i, c]
end
end

round = 0
begin
updated = false

# assignment step: assign each node to the closest centroid
if round !'= 0 # skip assignment for the 1st round
nodes.each do |nodel|
dist2 = INFINITY # square of dsistance to the closest centroid
cluster = 0 # closest cluster index
for i in (0 .. k - 1)
d2 = (node[0] - centroids[i][0])#*2 + (node[1] - centroids[i] [1])x*2
if d2 < dist2
dist2 = d2
cluster = i
end
end
node[2] = cluster
end
end
28
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HYFILD—K (2/2)

# update step: compute new centroids
sums = Array.new (k)
clsize = Array.new(k)
for i in (0 .. k - 1)
sums[i] = [0, 0]
clsize[i] = 0

end
nodes.each do |nodel
i = node([2]

sums [i] [0] += node[0]
sums [i] [1] += node[1]
clsize[i] += 1

end

for i in (0 .. k - 1)
newcenter = [Float(sums[i][0]) / clsize[i], Float(sums[i][1]) / clsize[il]
if round == 0 || newcenter[0] != centroids[i]l[0] || newcenter[1] !'= centroids[il[1]
centroids[i] = newcenter
updated = true
end
end

round += 1
end while updated == true
# print the results

nodes.each do |nodel

puts "#{node[0]}\t#{node [1]}\t#{node[2]}"
end
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gnuplot script

set key left

set xrange [0:6000]
set yrange [0:6000]
set xlabel "X"

set ylabel "Y"

plot "km-results.txt" using 1:($3==07$2:1/0) title "cluster 1" with points, \
"km-results.txt" using 1:($3==17$2:1/0) title "cluster 2" with points, \
"km-results.txt" using 1:($3==27$2:1/0) title "cluster 3" with points
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» A-2-1 PageRank Z5tE L. BEDF—T—REZET~v 7 30
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28 A D FRT 4 PBARERD PageRank 518
T—=5: D4 FRT 4 PEEABROT—F (170 AR—I'57)
» wikipedia DM T BT —HETICHNILIZBD
» BER-IHNST—5%F0V0—-KI D
» JTTT —H1E: http://ja.wikipedia.org/wiki/Wikipedia:T—%
N—2RFov0—k
> links.txt: YUY 97 —% (219MB)
» BRI, B id THRR
from: to_{1} to_{2} ... to_{n}

> title-cat-list.txt: ¥4 ML - ATTUDU R b (143MB)

id "title" ### category category2 ...

% head -n 5 links.txt
1:

2:

5: 17432 3377 6932 90949 16771 13663 18665 ...

6:

10: 49215 17432 3041 911783 155813 1034127 9721 ...

%

% head -n 5 title-cat-list.txt

1 "Wikipedia: 7y O—RO%Y 2004 F4 A" ###

2 "Wikipedia:HIBRECER/3B®FEOY 2002 F 12 A" #i#
5 "PYIRHYRY st 99 ST VEBODBES

6 "Wikipedia:Sandbox" #i#
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R A-1 R—I DR

A-1 R—=I DREHDHRE
> A-1-1 ER—I DR (outdegree) DN % CDF & CCDF
TO0Ov k93
» REO0BHIVRTBRZE
A-1-2 Wikipedia DR (CRIT D ER
» ATV IV TZDMDBIFGE
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278 A-2 PageRank DEtE

A-2 PageRank D51&
» A-2-1 PageRank Z5tB L. 91 KNI - AT TV EE =8
OChv 730 DRERZERICTD
» 74— bk B X— ID PageRank fE XR—3I %1 kL
» SEBRARO VYT RZERIABINELL
» damping factor:0.85 thresh:0.000001 Z={#FR9d I &
> A-2-2 Z DD ERERDER
» ATV I3V TEDOMDERGRE
> ZOMDOF—D—RTSIVFVIERAND
> NBOSERIEOIR
> PageRank DREZEEL THD
> BROER
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$2%8 A-2 PageRank DR

A-2-1 PageRank Z5t8 L. 1 KL - AT TV EE" Z80
b 30 DFERZERICT D

# rank id pagerank title
[655] 2758569 0.000093 "EERRARE"
[3312] 8777 0.000022 RES "

[3767] 28727 0.000020 "ZRESA"
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514 @ RT—ILI BEHRIE R (7/10)
> RAREEHA
» D570 il
» MapReduce
» ;8% MapReduce

> 7/17 (7K) 4 BR (14:45-16:15) €12
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