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Abstract

MapReduce iz a programming model and an associ-
#ted implementation for processing and generating lange
data sets, Users spacify @ map function that procesies 4
kew/value pair to generate a st of inermediate keyv/ivalue
pairs, and & reduce function that merges all intermediate
values associated with the same intermediate key. Many
real world tazks are expressible in this model, a: shown
in the paper.

Programs writt2n in this functional sty e ar automati-
cally parallelized and executed on a large cluster of com-
madity machines. The run4ime svstem takes care of the
details of partitioning the input data, scheduling the pro-
2ram’s execution across a set of machines, handling ma-
chine failures, and managing the required inter-machina
communication. This allows programmers without any
experience with parallal and distnibuted svstems to eas-
ity utilize the resources of a large distributed system.

Cur implementation of MapReduce mns on a lange
cluster of commodity machings and is highlv scalable:
a typical MapRaduce computation processs: many tar-
abytes of data on thousands of machines. Programmers
find the system easy to use: hundred: of MapReduce pro-
grams have been implamented and upwards of ana thou-
zand MapReaduce jobs arg executed on Google's clustars

avery da}'.
1 Introduction

Ower the past five vears, the authors and many others at
Google have implemented hundrads of special-purposz
computations that process large amounts of raw data,
such as crawled documents, wab requast logs, etc., to
compute various kinds of derived data, such as inverted
indices, various represzntations of the graph structure
af web documents, summaries of the number of pages
crawled per host, the set of most frequent queries in a
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eiven day, etc. Most such computations ire conceptu-
ally straightforward. However, the input data is nsoally
large and the computations have to be distnibuted across
hundreds or thousands of machines in order to finish in
a reasonable amount of time. The issues of how to par-
allelize the computation, distribute the data, and handle
failur2s conspire to obscure the origingl simple compu-
tation with large amounts of complex code to deal with
thaze issues.

As a maction to this complexity, we designed a new
abstraction that allows us to express the simple computa-
tions we were trying to perform bat hides the messy de-
tails of parallelization, fault-tolerance, data distribution
and load balancing in a library. Our gbstraction is in-
spired by the map and redsce primitives presant in Lisp
and many other functional languages. We realized that
maost of our compatations involved applving & map op-
eration to each logical “record” in our input in order to
compute a s2t of intermediate kew'value pairs, and then
applying a reduce operation to all the values that shared
the same key, in order to combine the derived data ap-
proprigtely. Our uie of a functional model with user-
specified map and reduce operations allows us to paral-
lelize large computations easily and to use @-axecution
@ the primary mechanism for fault tol2rance.

The major contributions of this work are a simple and
powerful interface that enables automatic parallelization
and distribution of lange-scale computations, combinad
with an implementation of this imterface that achieves
high performance on large clusiers of commodity PCs.

Saction 2 describes the basic programming modeal and
pives severil examples. Section 3 describes an imple-
mentation of the MapReduce interface tailorad towards
our clustar-based computing environment. Section 4 de-
scribes several refinements of the programming maodal
that we have found useful. Section 3 has performance
measuraments of our implementation for a variety of
tasks, Saction 6 exploms the use of MapReduce within
Google including our expariences in using it as the basis



MapReduce implementationer

MapReduce
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Hadoop
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source projekt
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Parallelle Programmer

* Traditionelt specielt udviklede programmer for
hvert problem man gnsker at |gse

— mange ikke-trivielle detaljer omkring parallel
programmer

— fejl-tolerance (ved 1000’er af maskiner fejler maskiner
regelmaessigt)

— fordeling af data blandt maskiner
— balancering af arbejdet blandt maskiner

* MapReduce interfacet (Google', 2003)
— handter ovenstdende automatisk
— meget begraensede kommunikation mellem maskiner

— algoritmen udfegres i Map og Reduce faser



MapReduce

* Brugeren skal definere to funktioner
map (k1,v1) — List ( (k2,v2))
reduce (k2,List (v2)) — List (v2)

 Eksempel: Antal forekomster af ord i en tekstsamling

ma p ] (”WWW,fOO,COm”' Ilder Var en gang en...ll) % (”der”, Hll')' (”Var”' Illll), (”en”, Hll')' (Ilgangll' Illll)’ (Ilenﬂ’ Illll)."
L ("www.bar.com”, “en lang gang...” — ("en”,”1”), ("lang”, ”1”), ("gang”, "1"), ...
(Ilenll’ (Hlll' Hlll' Illll)) % (Ilen 3")
red uce 9 (Ilgangll’ (H 1”' ” 1”)) % (Ilgar1g 2")

e Qutput fra en map-reduce kan veere input til den
naeste map-reduce



Master = en maskine der

Ma pREd UCE 1. planlaegger og fordeler
opgaverne

2. genstarter dgde/haengene

e Map-opgaverne ligger spredt ud pa maskinerne . _
opgaver pa andre maskiner

(i et GFS hvor data typisk er replikleret 3 gange)
e Hver maskine udfgrer et antal uafhaengige map-opgaver

e Sorter alle parene — varetages automatisk a

@ MapReduce biblioteket
e Hver Reduce-opgave ender samlet pa en maskine

@

ma p i (”WWW,fOO,Com”' Ilder Val" en gang en..'ll) % (Ilder”, Hlll)’ ("Var”’ IIlII), (Hen”, Hlll)’ (Ilgangll’ Illll)’ (Ilenﬂ’ Illll)'"
J ("www.bar.com”, “en lang gang...” — ("en”,”1”), ("lang”, ”1"”), ("gang”, "1"), ...
(Ilen”’ (II 1”’ ” 1”’ Illll)) % (Ilen 3”)
red uce = (Ilgangll’ (II 1”’ ” 1”)) % (Ilgang 2”)

=

e En reduce-opgave Igses sekventielt pa én maskine (mulig FLASKEHALS
 Hver maskine udfgrer et antal uafhaengige reduce-opgaver
e Qutput er en delliste af det samlede output



En spgemaskines dele

Indsamling af data

e Webcrawling (gennemlgb af internet)
Indeksering data

e Parsning af dokumenter

e Leksikon: indeks (ordbog) over alle ord mgdt

* Inverteret fil: for alle ord i leksikon, angiv i
hvilke dokumenter de findes

S@gning i data
* Find alle dokumenter med sggeordene
e Rank dokumenterne



Inverteret fil

Input: List ( (URL, tekst) )
Output: List ( (Ord, URLer) )

Map
(URL, tekst) — (ord,, (ord,, URL)),..., (ord,, (ord,, URL))

Reduce
(ord, ((ord, URL,),...,(ord, URL,)) ) = ( (ord, URL,+---+ URL, ) )




Indgrad af alle siderne

Input: List ( (i, j) )
Output:  List ( (/, indgrad(i)) )

Map
() — 0, (,1))

Reduce

(7, (7, 1), (i, 1),...,(i,1))) = ( (i, k) )

k = indgrad(/)




Sum

Input: ((2, x1),...,(n, x.))
Ouput: ( sum(xy,..., x,) )

Map
(i, x;) = (random(1..R), (/, x;))

Reduce R = antal maskiner

(r, (i3, Xip)seees (o)) = ({1, X 44 X))

Map
(il Xi) —> (O; Xi)
Reduce

(0, (Xq,..-, X, ) = (X ++ X))




Afleveringsopgave: PageRank

Input: List( (i, j) )
Ouput:  List( (i, p{¥) )

p(_s—l) 1
p;?=085-> —1 _——40.15.=
=t udgrad( ) n

p@=10 pP=---=p?=0.0



