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1. Matrix Multiplication with
MapReduce

REVISION AND EXAMPLE
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MapReduce — Matrix Multiplication

A (ﬂu 12 ﬂla) B (g;l g;j) 1.8 — (aubn + a12b21 + aizb3r  aiibiz + aiabas + a13532)

(o) Ay Qo3 ba bay az1bi1 + azab2r + az3bz1  a21biz + azebaz + azzba:

Can be writtenas A= (1,J.V), B=(J, K.W) where [0] = row, [1] = column and [2] = values

Steps

‘ 1 Map (li'!j?ﬂ'?:j) _}.{ja(flai-:aij)) (j!kabjk) — (jﬁ(Bak:bjk))
* 2. Join (7, (A, 4, aij)) > (4, (B, k, b)) — (4, [(A, 1, aij), (B, k, bji.)])
* 3. Map (7, [(A. i, ai;), (B, k,bji)]) — ((4, k), (aijbjr))

* 4, ReduceByKey ((i,k), [(aijb;r)]) — ((i, k), > (aijbjr))



Matrix Multiplication - Example

b11 b1 T 8
_f(air a2 a3\ (1 2 3 . B o~ [enn a2 _ 58 64
O P I (R B () B ) IR By G B Gy

b3 b3

1. Mﬂp: ('.*;,j, ﬂ,}j) — (j', (A.,Er,ﬂz'j)): (.}1 kvbjk) — (ja (Bnkv bjk))
row col col ID row row col row ID col
Vo youd vy Vi
A: (1:111) — (1:({11131)) B : (1:1:7) — (13 (bzlr?))
(1,2,2) — (2,(a,1,2)) (1,2,8) — (1,(,2.8))

(1,3,3) — (3,(a,1,3)) (2,1,9) —s (2, (b, 1,9))

(2,1,4) — (1,(a,2,4)) (2,2,10) — (2, (b, 2,10))
(2,2,5) — (2,(a,2,5))

(2:131 6) — (3, ({1, 2,6)) (3’ 1" 11) — (33 (bj 1:' 11))

(3,2,12) — (3,(b,2,12))




2. Join: (7. (A., i) 54 (J. (B, K, b)) — (. [(A. 7, ), (B. k. b)) Wy
A: B : j J-
Col j Row i Rowj Colk v v
\ v v v (15. [(Gj 1,1),(b, 1,7)]) (1: [({1, 111)1(b12:8)])
(1, (a,1,1)) i (1,(b,1,7))
(2, (a,1,2)) (1,(b,2,8))
(3,(a,1,3)) (2,(6,1,9)) —
(1,(a,2,4)) (2,(0,2,10))
(2,(a,2,5)) (3,(b,1,11))
(3, (a,2,6)) (3,(0,2,12))

“Join over j“




2. Join: [j} (Aj 1, ﬂij)) > (jj (B, k, bjk:)) — [J: [(Aa i}ﬂ'ij)'.l (81 k. b.?k)])

A B :

Cil j RiW| Rc\lw, Cfl k
(1,(a,1,1)) (1,(b,1,7))
(2:, (ﬂ'& 1, 2)) / (13 (ba 2, 8))
(3,(a,1,3)) (2,(b,1,9))
(1,(a,2,4)) (2,(b,2,10))
(2, (a,2,5)) (3,(b,1,11))
(3, (a,2,6)) (3,(b,2,12))

“Join over j“

;
(15 [(a'j 1? 1)‘1 (b'.'r 1? 7)])
(1, [(a,2,4), (b,1,7))

(]2 3

;
(1, [(a, 1, 1), (b,2,8)))

(1,[(a,2,4),(b,2,8)])

9 10
11 12



2. Join: [j} (Aj 1, ﬂij)) > (jj (B, k, bjk:)) — [J: [(Aa i}ﬂ'ij)'.l (81 k. b.?k)])

A: B : j J-

. . . 2 2
VO - (L[(a. 1,0, (0. 1,7)])  (L[@1,1),0.2.8)
(1,(a,1,1)) (1, (b,1,7)) (1,[(a,2.4), (b, 1,7)])  (1,[(a,2,4),(b,2,8)])
2, (a,1,2)) (1, (b,2,8)) | | |
3 (a.1.3) x ©2.(b.1.9)) 2,[(a,1,2),(5,1,9])  (2,[(a,1,2), (b,2,10)])
(1, (a,2,4)) (2, (b, 2,10))
(2, (a,2,5)) (3, (b,1,11))
(3, (a,2,6)) (3, (b,2,12))

“Join over j“
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2. Join: (7, (A, 4, a;;)) >a (J, (B, k,bjr)) — (4, [(A, 7, a55), (B, k, bjr)]) (s 5] o) (
A B : j J-
lj Rowi Rowj Colk v _ _ v
Cij v \ \ (1, _(EI, 1, 1), (b, 1, 7)) (1: _(a: L, 1)1 (b&ZES)D
(1,(a, 1,1)) (1, (0,1, 7)) (1,[(a,2,4), (b, 1,7)])  (1,[(a,2,4),(b,2,8)])
(2, (a,1,2)) (1, (b,2,8)) | | |
(3,(a,1,3)) (2,(b,1,9)) , (2 0(e.1.2),(0,1L9])  (2,[(e,1,2),(b,2,10)])
(1, (a,2,4)) / (2, (b,2.10)) (2,[(a,2,5),(b,1,9)]) (2,[(a,2,5), (b, 2,10)])
(2, (a,2,5)) (3,(b,1,11))
(3,(a,2,6)) (3,(b,2,12))

“Join over j“




2. Join: (.?1 (Aa , ﬂij)) > (ja (Ba k, bjk)) — (J! [(Aﬂ i?ﬂ'ij)ﬂ (B? k. b.?k)]) (11} E % (ilgl 18(2))
A B: j j
Col j Row i Rowj Colk v ) . v -

\ v v v (15. _(a'j 1;1),(5-,, 1,7)_) (13 _({1, 111)1('512:8)])
(1: ({111:1)) (1’ (b’ 1"7)) (1: :(632?4)1(b11:7):) (1’ :(a’2’4)’(b’2’8)])
(2: (ﬂ':r 1:l 2)) (13 (b? 2? 8)) ' ; i ;
(3.(a,1,3)) 2,(,1,9)) o & :(a: 1,2),(b,1, 9):) (2,[(a,1,2), (b,2,10)])
(1, ({I.l, 2, 4}) (2, (b, 2, ID)) (2? -(a'? 25‘ 5)’ (b’ 15‘ Q)) (23 :(a: 21 5)1 (b'.r 2: 10):)
2.(@25) \ ((b1,11) ” ” |
(3:‘ ({11 2:‘ 6}) (35 (bj 2? 12)) (3: ( , 1 3)1 (b, L, 11}]) (33 ( 1, 3)1 (b‘.r 2, 12)_)

“Join over j“




2. Join: (.?1 (Aa , ﬂij)) > (ja (Ba k, bjk)) — (J! [(Aﬂ i?ﬂ'ij)ﬂ (B? k. b.?k)]) (11} E (ilgl 18(2))

A B : j j

: : : \Z \Z
o e I (1,[(a,1,1),6,1,7)]) (L [(a,1,1), (0. 2,8)])
(1: ({111:1)) (1’ (b’ 1"7)) (1, [(a,2,4),(b,1,7)]) (1, [(a,2,4),(b,2,8)])
(2: (ﬂ'& 1:l 2)) (13 (b? 2? 8)) ' ; i ;
(3:' (ﬂ-, 1:‘ 3)) (2, (b, 1} g)) (2: _((1:, 1:' 2)1 (b& 1:' 9)) (2: _((1, 1} 2)} (b& 2:I 10))
(]_j (ﬂ} 2, 4}) (2jl (b, 2, 1[])) (2: :({1, 2, 5)& (b& 1, 9)) (2: :((‘1, 2, 5)1 (b*.r 2, 10):)
(2, (a,2,5)) (3, (b,1,11)) (3,0(a,1,3), (5, ,11)])  (3,[(a,1,3), (b,2,12)])
(3, (a,2,6)) (3, (b,2,12)) (3,0(a,2,6),(6,1,11)])  (3,[(a,2,6), (b,2,12)])

“Join over j“

Number of key-value pairs: i-j-k
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3. Map: (. [(A, 2, ai;), (B, k. bjr)|) — ((2, k), (ai;01))

oo e b o

(1, {a,l,l) (b,1,7)]) (1,[(a,1,1),(b,2,8)]) ((1,1),1-7)) ((1,2),1-8))
(1,[(a,2,4), (b,1,7)]) (1,[(a,2,4), (b,2,8)]) ((2,1),4-7)) ((2,2),4-8))
(2,[(a,1,2),(b,1,9)]) (2,[(a,1,2), (b, 2,10)]) S ((1,1),2-9)) ((1,2),2-10))
(2, (a,2,5),(b,1,9)]) (2, [(a,2,5), (,2,10)]) ((2,1),5-9)) ((2,2),5-10))
(3: :{(1, 1: 3)1 (b'.r 1:I 11}]) (3: :({1, ]-'.r 3)1 (b'.r 2:' 12):) ((11 1): 3- 11)) ((1? 2)? 3 12))
(3,[(a,2,6),(b,1,11)]) (3,[(a,2,6),(b,2,12)]) ((2,1),6-11)) ((2,2),6-12))




4. ReduceByKey: (lambda z,y: z +y)

L '
— ((111): L. 7)) ((112)3 1. 8))

((1,1), 1-74+2-9+43-11))

((211):4' 7)) ((212):4' 8))

— ((111):2' 9)) ((112):2' 10))

((211):5' 9)) ((2&2):5' 10))
H((1?1):3' 11)) ((112):3' 12))
((21 1):6 11)) ((21 2):6' 12))




4. ReduceByKey: (lambda z,y: z +y)

Vi -
((1,1),1:7)) —> ((1,2),1-8)) (L1), 1-7+2:943-11))  ((1,2), 1-842-1043-12)
((21 1): 4- 7)) ((21 2): 4- 8))
((1,1),2-9)) —>((1,2),2-10))

((211):5' 9)) ((2&2):5' 10))

 ————

((11 1):3 ’ 11)) — ((112)33 ' 12))
((21 1):6 11)) ((21 2):6' 12))




4. ReduceByKey: (lambda z,y: z +y)

- v
((L1),1-7) ((1,2),1-8) (1,1), 1-7+2:94+3-11))  ((1,2), 1-8+2.10+3-12)
— ((211):4'7)) ((212):4'8))
((2,1), 4-7+5-9+6-11))
((11 1): 2 9)) ((112)3 2. 10)) - 5
— ((211):5'9)) ((2&2):5'10))

((111):3' 11)) ((112):3' 12))
_>((21 1):6 11)) ((21 2):6' 12))




4. ReduceByKey: (lambda x.y: x +y)

L Vi
((11 1): L. 7)) ((11 2): 1. 8))

((2,1),4-7)) —>((2,2),4-8)) (1L,1), 1-742-9+3-11))  ((1,2), 1-8+2-10+3-12)

((2,1), 4-74+5-946-11))  ((2,2), 4-84+5-10+6-12)

((11 1): 2- 9)) ((11 2): 2- 10))
((21 1): 5 - 9)) —> ((2& 2): 5 - 10))

—>

((11 1): 3- 11)) ((11 2): 3- 12))
((21 1): 6 11)) - ((21 2): 6 - 12))




4. ReduceByKey: (lambda x.y: x +y)

L Vi
((11 1): L. 7)) ((11 2): 1. 8))

L1), 1-7+2-94+3-11)) 1,2), 1-842-10+3-12)
(2,1),4-7)  ((2.2),4-8)) (4, 1) (1,2)

((2,1), 4-74+5-9+6-11))  ((2,2), 4-8+5-10+6-12)
((11 1): 2- 9)) ((11 2): 2- 10))

((21 1): 5 - 9)) ((2& 2): 5 - 10))

c c 58 64
(1,1),3-11))  ((1,2),3-12)) o= () = ([ 1)
((21 1): 6 11)) ((21 2): 6 - 12))

Number of elements: i-k
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2. KMeans with MapReduce

Revision




MapReduce - KMeans

Randomly initialize k centers:

0 0
.u({l)=.u£ )l""lﬁi]

Classify: Assign each point j € {1,...,m}o nearest centre:

#/  argmin||u; — 27|

Recenter: “ibecomes centroid of its points:

ptY)  argmin 3 ||u— 29|
B fizd=i

Map

Reduce

(a) Initialization

ﬂ:u '.%
e?® o o
-

5
®e

ib) First lteration

P L
*
‘3

*e

() Convergence

st 5.

o

*e




