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𝐌 =
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1/2 0 1/2 1/2
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w OP3@op2qrst2&'*uv[\

𝐑𝟎 =

0.25
0.25
0.25
0.25

, 𝐌𝐑! =

0.25
0.375
0.125
0.25

, 𝐌'𝐑! =

0.3125
0.3125
0.125
0.25

, 𝐌(𝐑!=

0.2813
0.3438
0.1563
0.2188

𝐌)𝐑! =

0.2813
0.3281
0.1406
0.25

, 𝐌*𝐑! =

0.2891
0.3359
0.1406
0.2344

, 𝐌+𝐑! =

0.2852
0.3320
0.1445
0.2383

, 𝐌,𝐑! =

0.2852
0.3340
0.1426
0.2383
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𝐌 = [𝑚-.]/×/

.å��𝑗!𝑘=!"æCU-ç��𝑖É´CU*L=��-Mè𝑖
�è𝑗é*êë𝑚-.*Vn

1
2
-ìM𝑚-.*Vn0�𝑖, 𝑗 = 1,2, … , 𝑛, 𝑖 ≠ 𝑗�

w ÚÛQRM*|H@

𝑚-. ≥ 0,F
-31

/
F

.31

/
𝑚-. = 1



w �níé"1𝐑&$%𝑡qrst2��*uv[\-M𝑡 + 1qrst
2��*uv[\𝐑&41îï@

𝐑&41 = 𝐌𝐑&

w ðñ±£²³ÇÈ*ÔÕ-Æ!��*PageRankVn@

𝐑 = 𝑑𝐌+ 156
/
𝐄 𝐑 = 𝑑𝐌𝐑 + 156

/
𝐙/

𝑑�0 ≤ 𝑑 ≤ 1�nòóôº-LõöV0.85- 𝑍/n[1÷n1*nn"1
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𝑃𝑅 𝑣- = 𝑑 F
7!∈9 7"

𝑃𝑅 𝑣.
𝐿 𝑣.

+
1 − 𝑑
𝑛

(𝑖 = 1, 2, … , 𝑛)

ü 𝐌 𝑣- nJ"𝑣-*��»ø

ü 𝐿 𝑣. n𝑣.*CUùA

ü 𝑃𝑅 𝑣- > 0çîï∑-31/ 𝑃𝑅 𝑣- = 1
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w :*;PageRank9-<=
𝐌, 𝑑, 𝜀, 𝐱! //	'(
𝑡 ← 0
Repeat

𝐀 ← 𝑑𝐌+ "#$
%

𝐄 // )*+,-#./0123

𝒚&'" ← 𝐀𝐱&
𝐱&'" ←

𝐲!"#
||𝐲!"#||

// 45)*6789:,;<=>

Until ||𝐱&'" − 𝐱&|| < 𝜀
𝐑 ← 𝐱& // ?@456ABCDE#FGHI
𝐑 ← 𝐑/sum(R)  // J.>PageRank236 sum(R)K23RL+MNOP
Return R

q)wx6n@𝑂(𝑡(𝜀)𝑛')
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u OP1@öòó,Ad=0.85-t=0-XYZ"1𝐱! =

1
1
1
1

u OP2@op!"#*LõÚÛQR𝐀

𝐀 = 𝑑𝐌+
1 − 𝑑
𝑛 𝐄 = 0.85×

0 1/2 0 1/2
1/2 0 1/2 1/2
1/2 0 0 0
0 1/2 1/2 0

+
0.15
4 ×

1 1 1 1
1 1 1 1
1 1 1 1
1 1 1 1

=

0.0375 0.4625 0.0375 0.4625
0.4625 0.0375 0.4625 0.4625
0.4625 0.0375 0.0375 0.0375
0.0375 0.4625 0.4625 0.0375



PageRank01 (7)

w OP3@^_opW���úZûü

𝐲" = 𝐀𝐱! =

1
1.425
0.575

1

, 𝐱" =
1

1.425

1
1.425
0.575

1

=

0.7018
1

0.4035
0.7018

𝐲* = 𝐀𝐱" =

0.8285
0.8732
0.4035
0.7018

，𝐱* =
1

0.8732

0.8285
0.8732
0.4035
0.7018

=

0.9488
1

0.4621
0.8037
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ýþ^_W���úZûü-{Ä𝐱𝒕(𝑡 = 0,1, … , 10)*"1~é@
1
1
1
1

,

0.7018
1

0.4035
0.7018

,

0.9488
1

0.4621
0.8037

, ⋯ ,

0.2781
0.3246
0.1558
0.2415

,

0.2781
0.3246
0.1557
0.2416

{Ä.;áØ[\@

𝐑 =

0.2781
0.3245
0.1557
0.2416
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/0MapReduce1PageRank'( (2)

u+FGH

DE:o2&'()*C���-WFGH<&'ID, (&'PageRankV, 
&'C�é$)>-IJ)Map�ReDuceKA��^_opG

𝑛! 𝑛" 𝑛" 𝑛#𝑛$ 𝑛#

𝑛#[𝑛$, 𝑛%] 𝑛$[𝑛&, 𝑛#] 𝑛&[𝑛%] 𝑛%[𝑛#]

Map

𝑛! 𝑛$𝑛# 𝑛# 𝑛" 𝑛"

𝑛#[𝑛$, 𝑛%] 𝑛$[𝑛&, 𝑛#] 𝑛&[𝑛%] 𝑛%[𝑛#]

Reduce

Shuffle



/0MapReduce1PageRank'( (3)

uMapIJ-KL2GH

𝑛* 𝑛+ 𝑛+ 𝑛"𝑛, 𝑛"

𝑛"[𝑛*, 𝑛+] 𝑛*[𝑛,, 𝑛"] 𝑛,[𝑛+] 𝑛+[𝑛"]

ÔÕ@opS=CU&'LM&'NO¡P*PageRankVWQH<CU
&'-PageRankO¡V>-R<&'-CU&'é$>�CUé$SØ&
'()*C��TG

?@@ðñU.<&'ID-�&'PageRankV-&'CUé$�>*V
B��WQ<¸XV��<key, value>�



w MapYZp�OP
'(R

<key, value> <=>key?@AID<value?BPR, OC<PR?keyDE@A,PageRankF<
O?keyDE@A,GH@AI#J
STR

Emit(key, O)  //KH@A,GHI#
𝑂'() ← |𝐎| // 𝑂'()?O>@AGH,LM
For i=1 To 𝑂'() Do   //Ni5GH@A

Emit(i, ⁄𝑃𝑅 𝑂'())    // OPDQ5GH@A,PageRankRSF
End For 

'UR

𝑘𝑒𝑦*+, 𝑣𝑎𝑙𝑢𝑒*+ 𝑖 = 1, 2, … , 𝑛 T<key, O>
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u ReduceIJ-KL2<=

𝑛* 𝑛,𝑛" 𝑛" 𝑛+ 𝑛+

𝑛"[𝑛*, 𝑛+] 𝑛*[𝑛,, 𝑛"] 𝑛,[𝑛+] 𝑛+[𝑛"]

Reduce

?@@opS=&'*PageRankV

ÔÕ@

Rkey[MapVU�"ÄÆ!��*XV�W{Ä<key, CU&'é$>(
Á�<key, PageRankO¡V>bch\*PageRankVG
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w ReduceYZp�OP
KUV

< 𝑘𝑒𝑦, 𝑣𝑎𝑙𝑢𝑒%& > 𝑗 = 1,2, … ,𝑀 , M(%&)*+,, < 𝑘𝑒𝑦, 𝐎 >, d, n

WXV

(𝑘𝑒𝑦, 𝐯𝐚𝐥𝐮𝐞𝐬) ← (𝑘𝑒𝑦, 𝒄𝒐𝒍𝒍𝒆𝒄𝒕𝒐𝒓({< 𝑣𝑎𝑙𝑢𝑒%& > 𝑗 = 1,2, … ,𝑀 }))

𝑃𝑅'() ← 0 //  -./01PageRank234

For value In values Do    // value(key56%&)*+%&)PageRank234

𝑃𝑅'() ← 𝑃𝑅'() + value

End for

𝑃𝑅*+, ← 𝑑(𝑃𝑅'()) + ⁄(1 − 𝑑) 𝑛 // 789:)PR4

(𝑘𝑒𝑦, 𝑣𝑎𝑙𝑢𝑒&) ← (𝑘𝑒𝑦, (𝑃𝑅*+, , 𝑂))

𝐸𝑚𝑖𝑡(𝑘𝑒𝑦, 𝑣𝑎𝑙𝑢𝑒&)

KHV

< key, 𝑣𝑎𝑙𝑢𝑒& >; 𝑣𝑎𝑙𝑢𝑒&((𝑃𝑅*+, , 𝑂)< 𝑃𝑅*+,(8)PageRank4
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2YZq)wx6[�

w >?!n=&'-]÷S=&'*CUA�CBA[^ns�u-?
MapReduce_`zaqûüm=MapbReduce?@

w Sc^_�*MapKAq)wx6n@𝑂( ⁄(𝑛×𝑠) 𝑚)

w ReduceKA*q)wx6n@ 𝑂( ⁄(𝑛×𝑢) 𝑚)

w dtc^_ij-89MapReduce*PageRankp�*q)wx6n@

𝑂( ⁄𝑡×𝑛(𝑠 + 𝑢) 𝑚)

/0MapReduce1PageRank'( (7)



!"

w !"

w #$%&'(

w PageRank)*
w +,MapReduce-PageRank)*
w ./



23

w [��Ñ�eÖC��,*EfZ-gh�C�[�p�*.v§

i6�jk|�Jl,UbI*4mG

w Ê�ýa*C�[�?@�|n4m-gh89ýaÇÈ�`��

PageRank��µ��opGÅ.-89Spark_`*PageRankp�-
[¨qrü§43¨qI/Ost*u6�LO,Ivop.vG
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