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MapReduce-MPI (MR-MPI) Library Documentation

Version info:

The MR-MPI "version" is the date when it was released, such as 1 May 2010. MR-MPI is updated continuously.
Whenever we fix a bug or add a feature, we release it immediately, and post a notice on this page of the WWW
site. Each dated copy of MR-MPI contains all the features and bug-fixes up to and including that version date.
The version date is printed to the screen every time you run a program that uses MR-MPI. It is also in the file
src/version.h and in the MR-MPI directory name created when you unpack a tarball.

¢ If you browse the HTML or PDF doc pages on the MR-MPI WWW site, they always describe the most
current version of MR-MPI.
¢ If you browse the HTML or PDF doc pages included in your tarball, they describe the version you have.

The MapReduce-MPI (MR-MPI) library is open-source software that implements the MapReduce operation
popularized by Google on top of standard MPI message passing.

The library is designed for parallel execution on distributed-memory platforms, but will also operate on a single
processor. It requires no additional software to build and run, except linking with an MPI library if you wish to
perform MapReduces in parallel. Similar to the original Google design, a user performs a MapReduce by writing
a small program that invokes the library.The user typically provides two application-specific functions,a "map()"
anda "reduce()", that are called back from the library whena MapReduce operation is executed. "Map()"and
"reduce()" are serial functions, meaning they are invoked independently on individual processors on portions of
your data when performinga MapReduce operation in parallel.

The MR-MPI library is written in C++and is callable from hi-level langauges such as C++, C, Fortran. A Python
wrapper is also included, so MapReduce programs can be written in Python, including map()and reduce() user
callback methods. A hi-level scripting interface to the MR-MPI library, called OINK, is also included which can
be used to developand chain MapReduce algorithms together in scripts with commands that simplify data
management tasks. OINK has its own manualand doc pages.

The goal of the MR-MPI library is to providea simpleand portable interface for users to create their own
MapReduce programs, which can thenbe run on any desktop or large parallel machine using MPI. See the
Background section for featuresand limitations of this implementation.

The distrubution includesa few examples of simple programs that illustrate the use of MR-MPL.
Source code for the libraryand OINK is freely available for download from the MR-MPI websiteand is licensed
under the modified Berkeley Software Distribution (BSD) License. This basically means they canbe used by

anyone for any purpose. See the LICENSE file provided with the distribution for more details.

The authors of the MR-MPI library are Steve Plimptonand Karen Devine who canbe contacted via email:
sjplimp,kddevin at sandia.gov.

The MR-MPI documentation is organized into the following sections. If you find errors or omissions in this
manual or have suggestions for useful information to add, please send an email to the developers so we can
improve the MR-MPI documentation.

Once you are familiar with MR-MPI, you may want to bookmark this page at interface_c++.html, since it gives
quick access to documentation for all the MR-MPI library methods.

PDF file of the entire manual, generated by htmldoc


http://mapreduce.sandia.gov/bug.html
http://mapreduce.sandia.gov/bug.html
http://en.wikipedia.org/wiki/Mapreduce
http://mapreduce.sandia.gov
http://en.wikipedia.org/wiki/BSD_license
http://www.sandia.gov/~sjplimp
http://www.cs.sandia.gov/~kddevin
http://www.easysw.com/htmldoc

¢ Background

¢ What isa MapReduce?

¢ Getting Started

¢ WritingaMapReduce program

® C++ Interface to the MapReduce-MPI Library
¢ CreateaMapReduce object
¢ CopyaMapReduce object
¢ DestroyaMapReduce object

¢ MapReduce:
¢ MapReduce:
¢ MapReduce:
¢ MapReduce:
¢ MapReduce:
¢ MapReduce:
¢ MapReduce:
¢ MapReduce:

:add()
:aggregate()
:broadcast()
:clone()
:close()
:collapse()
:collate()
:compress()

¢ MapReduce::multivalue_blocks()
¢ MapReduce::multivalue_block()

¢ MapReduce:
¢ MapReduce:
¢ MapReduce:
¢ MapReduce:
¢ MapReduce:
¢ MapReduce:

:convert()
:gather()
:map()
:open()
:print()
:reduce()

¢ MapReduce::multivalue_blocks()
¢ MapReduce::multivalue_block()

¢ MapReduce:
¢ MapReduce:
¢ MapReduce:
¢ MapReduce:
¢ MapReduce:
¢ MapReduce:
¢ MapReduce:
¢ MapReduce:

:scan()

:scrunch()
:sort_keys()
:sort_values()
:sort_multivalues()
kv_stats()
:kmv_stats()
:cummulative_stats()

¢ KeyValue::add()

¢ Settingsand defaults
¢ C interface to the MapReduce-MPI Library
¢ Python interface to the MapReduce-MPI Library
¢ OINK interface to the MapReduce-MPI Library

® Technical Details
¢ Examples

¢ Word frequency
¢ R-MAT matrices



MapReduce-MPI WWW Site - MapReduce-MPI Documentation

Background

MapReduce is the programming paradigmpopularized by Google researchers Deanand Ghemawat. Their
motivation was to enable analysis programs tobe rapidly developedand deployed within Google to operate on the
massive data sets residing on their large distributed clusters. Their paper introduceda novel way of thinking about
certain kinds of large-scale computations as "map" operations followed by "reduces".The power of the paradigm
is that when cast in this way,a traditionally serial algorithm now becomes two highly parallel application-specific
operations (requiring no communication) sandwiched around an intermediate operation that requires parallel
communication, but which canbe encapsulated ina library since the operationis independent of the application.

The Google implementation ofMapReduce wasa C++ library with communication between networked machines
via remote procedure calls. They allow for fault tolerance when large numbers of machines are used,and can use
disks as out-of-core memory to process huge data sets. Thousands ofMapReduce programs have since been
written by Google researchersand are part of the daily compute tasks run by the company.

While I had heard about MapReduce, I didn't appreciate its power for scientific computing ona monolithic
distributed-memory parallel machine, until readinga SC08 paper by Tu, et al of the D.E. Shaw company. They
showed how to think about tasks such as the post-processing of simulation output asMapReduce operations. In
this context it canbe useful for computations that would normallybe thought of as serial, such as reading ina
large data setand scanning it for events ofa desired kind. As before, the computation canbe formulated asa
highly parallel "map" followed bya "reduce".The encapsulated parallel operation in the middle requires all-to-all
communication to reorgnanize the data,a familiar MPI operation.

Tu's implementation ofMapReduce was in parallel Python withcommunication between processorsvia MPI,
again allowingdisks tobe used for out-of-core operations.

This MapReduce-MPI (MR-MPI) libraryisa very simpleand lightweight implementation of the
basicMapReduce functionality, borrowing ideas from both the Deanand Sanjayand Tu, et al papers. It has the
following features:

® C++ library using MPI for inter-processor communication. This allows precise control over the memory
allocated duringa large-scale MapReduce.

¢ C++and Cand Python interfaces provided. A C++ interface means that one or moreMapReduce objects

canbe instantiatedand invoked by the user's program. A C interface means that the librarycan alsobe

called from C or other hi-level languages such as Fortran. A Python interface means the librarycanbe

called froma Python script, allowing you to write serial map()and reduce() functions in Python. Ifyour

machinecan run Python in parallel, youcan also runa parallelMapReduce in that manner.

Small, portable. The entire libraryisa few thousand lines of C++ code ina handful of C++ files

whichcanbe built on anymachine witha C++ compiler. For parallel operation, you link with MPL,a

standard message passing library available on all distributed memory machines. For serial operation,a

dummy MPI librarycanbe substituted,whichis provided.The Pythonwrappercanbe installed on

anymachine witha version of Python that includes the ctypes module, typically Python 2.5 or later.

¢ [n-core or Out-of-core operation. EachMapReduce object created allocates per-processor "pages” of
memory, where the page sizeis determined by the user. TypicalMapReduceoperationscanbe performed
using justa few such pages. Ifyour data set (key/value pairs) fits ina single page, then the library
performs itsoperations in-core. Ifyour data set exceeds the page size, then processors write to temporary
disk files as neededand subsequently read from them. This allows processing of data sets that are larger
than will fit in the aggregate memory of all the processors.

This library also has thefollowing limitation:


http://mapreduce.sandia.gov

¢ No fault tolerance. Current MPI implementations do not enable easy detection ofa deadprocessor. So
like most MPI programs,aMapReduce operation will hang or crash ifa processor goes away.

Finally, I call attention to recent work by Alexander Grayand colleagues at Georgia Tech. They show that various
kinds of scientific computations such as N-body forcesvia multipole expansions, k-means

clustering,andmachine learning algorithms,canbe formulated asMapReduce operations. Thus thereis an
expanding set of data-intense or compute-intense problems that maybe amenable to solutionusingaMapReduce
library such as this.

(Dean) J. Deanand S. Ghemawat, "MapReduce: Simplified Data Processing on Large Clusters", OSDI'04
conference (2004); J. Deanand S. Ghemawat, "MapReduce: Simplified Data Processing on Large Clusters",
Communications of the ACM, 51, p 107-113 (2008).

(Tu) T. Tu, C. A. Rendleman, D. W. Borhani, R. O. Dror, J. Gullingsrud, M. O. Jensen, J. L. Kelpeis, P.
Maragakis, P. Miller, K. A. Stafford, D. E. Shaw, "A Scalable Parallel Framework for Analyzing Terascale
Molecular Dynamics Trajectories”, SCO8 proceedings (2008).

(Gray) A. Gray, Georgia Tech, http://www.cc.gatech.edu/~agray
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Whatisa MapReduce?

The canonical example ofaMapReduce operation, described in both the Deanand Sanjayand Tu, et al papers,is
counting the frequency of words ina collection of text files. Imaginealarge corpus of text comprising Gbytes or
Tbytes of data. To count how often each word appears, thefollowing algorithm would work,written in Python:

dict = {}
for file in sys.argv[l:]:
text = open(file, 'r') .read()

words = text.split ()
for word in words:

if word not in dict: dict[word] =1
else: dict[word] += 1
unique = dict.keys()

for word in unique:
print dict[word],word

Dictisa "dictionary" or associative arraywhichisa collection of key/value pairs where the keys are unique.
Inthis case, the keyisa wordand its valueis the number of times it appears inany text file.The program loops
over files,and splits the contents into words (separated by whitespace). For each word, it either adds it to the
dictionary or increments its associated value. Finally, the resultingdictionary of unique wordsand their countsis
printed.

The drawback ofthis implementationis that itis inherently serial. The files are read one by one. More importantly
thedictionary data structureis updated one word ata time.

AMapReduce formulation ofthe same taskis as follows:

array = []

for file in sys.argv[l:]:
array += map(file)

newarray = collate(array)

unique = []

for entry in newarray:
unique += reduce (entry)

for entry in unique:
print entry([l],entry[0]

Arrayis nowa linear list of key/value pairs wherea key may appear many times (nota dictionary).The map()
function readsa file, splits it into words,and generatesa key/value pair for each word ialignnthe file.The
keyisthe word itselfandthe valueisthe integer 1.The collate()function reorganizesthe (potentially very large)
list of key/value pairs intoa new array of key/value pairs where each uniquekey appears exactly onceandthe
associated valueisa concatenatedlist of allthe valuesassociated withthe samekey inthe original array. Thus,a
key/value pair inthe new array wouldbe ("dog",[1,1,1,1,1]) ifthe word "dog" appeared 5 times inthe text
corpus.The reduce()function takesa singlekey/value entry fromthe new arrayand returnsakey/value pair that
hasthe word as itskeyandthe count as its value, ("dog",5) inthis case. Finally,the elements ofthe unique array
are printed.

As written,theMapReduce algorithm couldbe executed ona singleprocessor. However, thereis now evident
parallelism.The map()function callsare independent of each otherandcanbe executed on different processors
simultaneously. Ditto forthe reduce()function calls.Inthis scenario, each processor would accumulate its own
local "array"and "unique" lists ofkey/value pairs.
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Also note that ifthe mapand reduce functionsare viewed as black boxes that producealist ofkey/value pairs
(inthe case of map) or converta singlekey/value pair intoa newkey/value pair(inthe case of reduce), then
theyarethe only part ofthe above algorithm thatis application-specific.The remaining portions (the collate
function, assignment of map or reduce tasks to processors, combining ofthe map/reduce output across
processors)canbe handled behindthe scenes in an application-independent fashion. Thatisthe portion ofthe
code thatis handled bythe MR-MPI (or other)MapReduce library.The user only needs to providea small driving
program to callthelibraryand serial functions for performingthe desired map()and reduce() operations.

(Dean) J. Deanand S. Ghemawat, "MapReduce: Simplified Data Processing on Large Clusters",
OSDI'04conference (2004); J. Deanand S. Ghemawat, "MapReduce: Simplified Data Processing on Large
Clusters",Communications ofthe ACM, 51, p 107-113 (2008).

(Tu) T. Tu, C. A. Rendleman, D. W. Borhani, R. O. Dror, J. Gullingsrud, M. O. Jensen, J. L. Kelpeis,
P.Maragakis,P. Miller, K. A. Stafford, D. E. Shaw, "A Scalable Parallel Framework for Analyzing
TerascaleMolecular Dynamics Trajectories", SCO8 proceedings (2008).
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Getting Started

Once you have downloadedtheMapReduce MPI (MR-MPI) library, you should havethe tarball mapreduce.tar.gz
onyour machine. Unpack it withthefollowing commands:

gunzip mapreduce.tar.gz
tar xvf mapreduce.tar

which should createa mapreduce directory containingthe following:

e README
e LICENSE
¢ doc

e examples
® mpistubs
® oink

¢ oinkdoc

¢ python

® src

® user

The doc directory containsthis documentation.The oinkand oinkdoc directories containthe OINK scripting
interface tothe MR-MPIlibraryand its separate documentation.The examples directory containsa few
simpleMapReduce programswhich callthe MR-MPI library. Theseare documented bya README file in that
directoryandare discussed below.The mpistubsdirectory containsadummy MPIlibrarywhichcanbe used to
buildaMapReduceprogramona serial machine.The pythondirectory containsthe Pythonwrapper files needed
to callthe MR-MPIlibrary from Python.The srcdirectory containsthe files that comprisethe MR-MPI

library. The userdirectory contains user-contributedMapReduce programs. Seethe README in thatdirectory
for further details.

Static library:
To builda staticlibrary for use bya C++ or Cprogram (*.a fileon Linux), go tothe srcdirectoryand type
make

You will seealist ofmachine names, each ofwhichhas their own Makefile.machine file inthe src/MAKE
directory. Youcan choose one of theseand attempt to buildthe MR-MPIlibrary by typing

make machine

If youare successful,this will producethe file "libmrmpi_machine.a"whichcanbe linked by other programs. If
not, you will need to createa src/MAKE/Makefile.machine file compatible withyour platform,using one ofthe
existing files asa template.

The only settings ina Makefile.machine file that need tobe specifiedare those forthe compilerandthe
MPIlibraryonyour machine. IfMPIis not already installed, youcan install one of several free versions that
workon essentially all platforms. MPICHand OpenMPIarethe most common.

Within Makefile.machine youcan either specifyvia -land -L switches wheretheMPI includeandlibrary filesare
found, or youcan usea compilerwrapper provided with MPL like mpiCC or mpic++,which will know where
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those files are.

Youcan also buildthe MR-MPIlibrary without MPI,usingthedummyMPIlibrary provided inthe mpistubs
directory.Inthis case youcan only runthelibraryona singleprocessor. To do this, first buildthedummyMPI
library, by typing "make" from withinthe mpistubsdirectory. Again, you may need to edit mpistubs/Makefile
foryour machine. Then fromthe src directory, type "make serial"which usesthe src/MAKE/Makefile.serial file.

Botha C++and Cinterfaceare part ofthe MR-MPIlibrary, so it shouldbe usable fromany hi-level language.

Shared library:

Youcan also buildthe MR-MPIlibrary asa dynamic sharedlibrary (*.so file instead of *.aon Linux). Thisis
required if you want to usethelibrary from Python. To do this, type

make —-f Makefile.shlib machine

This will createthe file libmrmpi_machine.so, as well asa soft link libmrmpi.so,whichis whatthe
Pythonwrapper will load by default. Note that if youare building multiplemachine versions ofthe
sharedlibrary,the soft linkis always set tothe most recently built version.

Additional requirement forusingashared library:

The operating system findsshared libraries to load at run-timeusingthe environment variable
LD_LIBRARY_PATH. So you may wish to copythe file src/libmrmpi.so or src/libmrmpi_g++.so (for example)
toa placethe systemcan find it by default, such as /usr/local/lib, or you may wish to addthe MR-MPI
srcdirectory to LD_LIBRARY_PATH, so thatthecurrent version ofthesharedlibraryis always available to
programs that use it.

Forthe csh or tcsh shells, you would add somethinglikethis toyour ~/.cshre file:

setenv LD_LIBRARY_PATH $LD_LIBRARY PATH:/home/sjplimp/mrmpi/src

TheMapReduceprograms inthe examplesdirectorycanbe built by typing

make —-f Makefile.machine

from withinthe examples directory, where Makefile.machineis one ofthe Makefiles inthe examples directory.
Again, you may need to modify one oftheexisting ones to createa new one foryour machine. Some ofthe
exampleprogramsare provided asa C++ program,a C program, asaPython script, or as an OINK input script.
Once you have built OINK,the lattercanbe run as, for example,

oink_linux <in.rmat

When you run one oftheexampleMapReduceprograms oryour own, if you get an immediate error aboutthe
MRMPI_BIGINT data type, you will need to editthe file src/mrtype.hand re-compilethelibrary.
Mrtype.handthe error check insures thatyourMPI willperformoperationson 8-byte unsigned integers
asrequired bythe MR-MPIlibrary. FortheMPIon most machines,thisis satisfied bytheMPI data type
MPI_UNSIGNED_LONG_LONG. But some machines do not supportthe "long long" data type,and you may
needa different setting foryourmachineand installed MPI, suchas MPI_UNSIGNED_LONG.
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WritingaMapReduceprogram

The usual way to usethe MR-MPIlibraryis to writea small mainprogram that callsthelibrary.In
C++,yourprogram includes twolibrary header filesand usestheMapReduce namespace:

#include "mapreduce.h"
#include "keyvalue.h"
using namespace MAPREDUCE_NS

Follow these links for infoonusingthelibrary froma Cprogram or froma Pythonprogram.
Arguments tothe library's map()and reduce() methods includefunction pointers to serial "mymap"and
"myreduce" functions inyourcode (named anything you wish),which willbe "called back to" fromthelibrary as

itperformsthe parallel mapand reduce operations.

A typicalsimpleMapReduceprogram involves these steps:

MapReduce *mr = new MapReduce (MPI_COMM_WORLD) ; // instantiate an MR object
mr->map (nfiles, &mymap) ; // parallel map

mr—->collate () // collate keys

mr->reduce (&myreduce) ; // parallel reduce

delete mr; // delete the MR object

The mainprogram you write maybe no more complicatedthan this. The API forthe MR-MPIlibraryisa handful
of methodswhichare componentsofaMapReduce operation. Theycanbe combined in more complex sequences
of callsthan listed above. For example, one map() maybe followed by several reduce()operations to
massageyour data ina desired way. Outputof final resultsis typically performed as partofa myreduce()function
you writewhich executeson one or more processorsand writes toa file(s) orthe screen.

The MR-MPIlibrary operateson "keys"and "values"whichare generatedand manipulated byyour mymap()and
myreduce() functions. Akeyanda valueare simply byte stringsof arbitrary lengthwhichare logicallyassociated
with each other,andcan thus represent anythingyou wish. For example,akeycanbea text string ora particle or
grid cell ID. A valuecanbe one or more numeric values ora text string ora composite data structure thatyou
create.
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C++ Interface tothe MapReduce-MPI Library

This mutiple-page section discusses how to callthe MR-MPIlibrary froma C++programand givesa
descriptionof all its methodsand variable settings. Useofthelibrary froma Cprogram (or other hi-level
language) or from Pythonis discussed in other sectionsofthe manual.

Allthelibrary methods operateon twobasic data structures stored withintheMapReduce object,a KeyValue
object (KV)anda KeyMultiValueobject (KMV). When running in parallel, these objectsare stored ina
distributed fashion across multiple processors.

A KVisa collectionofkey/value pairs.The samekey may appear many times inthe collection,associatedwith
valueswhich may or may notbethe same.

A KMVis alsoa collectionofkey/value pairs. But eachkey inthe KMVis unique, meaning it appears exactly
once (seethe clone() method fora possible exception).The valueassociatedwitha KM Vkeyisa
concatenatedlist (a multi-value)of allthevaluesassociatedwiththe samekey inthe original KV.

More details about how KVand KMV objectsare storedare given inthe Technical Details section.

Hereis an overviewof howthe variouslibrary methods operateon KVand KMV objects. Thisis useful to
understand, sincethis determines howthe variousoperationscanbe chained together inyour program.

add() KV ->KV add pairs from oneKV to another serial |2 pages
aggregate() KV ->KV pairsare aggregated onto procs parallel |7 pages
broadcast() KV ->KV sendpairs from one proc to all procs parallel |2 pages
clone() KV -> KMV eachKV pair becomesa KMV pair serial |2 pages
close() KV allows oneMapReduceobject toaddK Vpairs to serial |0 pages
another
collapse() KV -> KMV allKVpairs become one KMV pair serial |2 pages
collate() KV -> KMV aggregate + convert parallel |4+ pages
compress() KV ->KV calls back to userprogram to compress duplicate keys |[serial §;ges
convert() KV -> KMV duplicateKV keys become one KM Vkey serial  |4+pages
gather() KV ->KV collectpairson many procs to few procs parallel |2pages
map() create oradd calls back to userprogram to generatepairs serial |1 page
toaKV
reduce() KMV ->KV calls back to userprogram to process KM Vpairs serial  |3pages
open() create oradd allows oneMapReduceobject toaddK Vpairs to serial  |Opages
toaKV another
print() KV or KMV printKV or KM Vpairs to screen or file(s) serial |1 page
scan() KV or KMV (;(2113[5\});;1;;0 userprogram to processKV or serial |1 page
scrunch() KV -> KMV gather + collapse parallel [3pages
sort_keys() KV ->KV calls back to userprogram to sortpairs bykey serial  |5Spages
sort_values() KV ->KV calls back to userprogram to sortpairs by value serial  |Spages
sort_multivalues() [KMV ->KMV serial  |4pages

10
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calls back to userprogram to sort multi-values
withineach pair

kv_stats() KV print stats aboutaKV serial  |Opages

kmv_stats() KMV print stats abouta KMV serial  |Opages

Note thateachMapReduceobject containsa singleKV or KM Vobject (or neither) when its methodis called.
(Some methods operateon2 or moreMapReduce objects.) Whenthe method completes,theMapReduceobject
also containsa singleKV or KMV object. Thus ifa method createsa newKV or KMV object,the old oneis
deleted, if it existed.TheKVobjectisalso deleted ifa KM Vobjectis produced,and vice versa.

The methods flagged as "serial"perform their operationonthe portionofaKV or KMV owned by an
individualprocessor. They involve onlylocal computation (performed simultaneouslyon all processors)and
noparallel comuunication.The methods flagged as "parallel" involvecommunication between processors.

The listed page countsarethe numberof memorypages that method requires. Seethe memsize  setting fora
discussionof what memorypagesareand how their sizeis set.The methods whose page countis listed as4+
allperforma convert() operation internally. The minimum numberofpagesthis requiresis 4. Dependingonthe
page sizeandthe characteristicsoftheKVpairs being converted to KMV pairs, morepagescanbe required.
Seethe out-of-corediscussion in this section for more details.

11
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MapReduce add() method

uint64_t MapReduce: :add (MapReduce *mr2)

Thiscallsthe add() methodofaMapReduce object, toaddthe KeyValuepairs contained ina
secondMapReduceobject mr2, tothe KeyValueobjectofthe firstMapReduce object,whichis created if one
does not exist. Thisis useful if multipleMapReduce objects have been createdand
populatedwithkey/valuepairsandyou wish to combine them before performing further operations, such asa
collate()and reduce().

For example,this sequenceof calls:

MapReduce *mrl = new MapReduce (MPI_COMM_WORLD) ;
mrl->map (ntasks, &mymap, NULL) ;

MapReduce *mr2 = mrl->copy();

mr2->collate (NULL) ;

mr2->reduce (&myreduce?2, NULL) ;

mrl->add (mr2) ;

delete mr2;

mrl->collate (NULL) ;

mrl->reduce (&myreducel, NULL) ;

would generate one setofkey/valuepairs fromthe initial map() operation, then makea copyof them,whichare
then collatedand reduced toa new setofkey/value pairs.The new setofkey/valuepairsare added tothe original
set produced bythe map() operation to form an augmentedsetofkey/value pairs,which couldbe further
processed.

Related methods: copy, map()

12
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MapReduce aggregate() method

uint64_t MapReduce::aggregate (int (*myhash) (char *, int))

Thiscallsthe aggregate() methodofaMapReduce object,which reorganizesa KeyValueobject across processors
intoa new KeyValue object.Inthe original object, duplicatesofthe samekey maybe storedon many
processors.Inthe new object, all duplicatesofakeyare stored bythe sameprocessor.The method returnsthe

total numberofkey/valuepairs inthe new KeyValue object,which willbethe same asthe number inthe original
object.

A hashingfunctionis used to assign keys toprocessors. Typicallyyou will not care howthisis done, inwhich
caseyoucan specifya NULL, i.e. mr->aggregate(NULL),andthe MR-MPllibrary will use its own internal
hashfunction,which will distribute them randomlyand hopefully evenly acrossprocessors.

Onthe other had, ifyou knowthe best way to dothis foryour data, thenyou should providethe hashing function.

For example, ifyour keysare integer IDs for particles or grid cells,you might want to usethe ID (modulothe
processor count) to choosetheprocessor itis assigned to. Ideally,you wanta hashfunction that will distribute
keys to processors ina load-balanced fashion.

Inthisexamplethe userfunctioniscalled myhash()and it must havethefollowing interface:

int iproc = myhash(char *key, int keybytes)
Yourfunction willbe passedakey (byte string)and its length in bytes. Typicallyyou want to return an integer
such that0 <= iproc < P, where Pisthe numberofprocessors. Butyoucan returnany integer, sincethe
MR-MPllibrary usesthe result inthis manner to assignthekey toa processor:

int iproc = myhash (key, keybytes) % P;
Becausethe aggregate() method will, in general, reassign allkey/valuepairs to new processors, it incursalarge

volumeof all-to-all communication. However,thisis performed concurrently, taking advantageofthelarge
bisection bandwidth mostlargeparallel machines provide.

The aggregate() method should load-balancekey/valuepairs across processors if theyare initially imbalanced.

Related methods: collate()
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MapReduce broadcast() method

uint64_t MapReduce: :broadcast (int root)

Thiscallsthe broadcast() methodofaMapReduce object,which deletethekey/valuepairsofa
KeyValueobjecton all processors except root,and then broadcaststhekey/valuepairs owned bythe root
processor to allthe otherprocessors.The end resultis that all processors havea copyofthekey/valuepairs
initially owned bythe rootprocessor.

The resultingsetof distributedkey/valuepairs will have P copiesofeach entry, where P =the #ofprocessors.
This will in general notbe useful for furtherMapReduce operations, but itcanbe useful aftera gather() before
doinga final reduce() whereyou want to giveeach processor access tothe entire gathered resultand let it
makealocal copyofthe datums.

This method requiresparallelcommunication as processorssend theirkey/valuepairs to otherprocessors.

Related methods: gather()
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MapReduce clone() method

uint64_t MapReduce: :clone ()

Thiscallsthe clone() methodofaMapReduce object,which convertsaKeyValueobject directlyintoa
KeyMultiValueobject. It simply turnseachkey inKeyValueobjectintoakey inthe new KeyMultiValue
object,withthe same value.The method returnsthe total numberofkey/valuepairs inthe KeyMultiValue
object,which willbethe same asthe number intheKeyValueobject.

This method essentially enablesaKeyValueobject tobe passed directly toa reduce operation,which requiresa
KeyMultiValueobject as input. Typicallyyou would only dothis ifthekeys intheKeyValueobjectare already
unique, to avoidthe extra overheadof an aggregate() or convert() or collate(), butthisis not required. If
theyarenot, then there will alsobeduplicatekeys intheKeyMultiValueobject.

Note that oneofthe map() methods allows anexistingKeyValueobject tobe passed as input toa user
mymap()function, generatinga new Keyvalueobject inthe process. Thus thereis typicallynoneed to invoke
clone() followed by reduce().

This methodis an on-processor operation, requiringno communication. When run in
parallel,thekey/valuepairsofthe newKeyMultiValueobjectare storedonthe same processorwhich ownsthe
correspondingKeyValue pairs.

Related methods: collapse(), collate, convert()
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MapReduce collapse() method

uint64_t MapReduce::collapse (char *key, int keybytes)

Thiscallsthe collapse() methodofaMapReduce object,which
collapsesaKeyValueobjectintoaKeyMultiValueobjectwitha single new key, given as an argumentwith its
length in bytes.The single new value intheKeyMultiValueobjectisa concatentatedlistof
allthekeysandvalues intheKeyValueobject. The method returnsthe total numberofkey/valuepairs
intheKeyMultiValue object,which willbel foreach processor owning pairs.

For example, iftheKeyValueobject contains thesekey/value pairs:
("dog",3), ("me",45), ("parallel",1)

thenthe newKeyMultiValueobject will containa singlekey/value pair:
(key, ["dog", 3, "me", 45, "parallel™, 1])

This methodcanbe used tocollectasetofkey/valuepairs to use ina reduce() method so that itcan allbe passed
toa single invocationofyourmyreduce()function for output.Seethe Technical Details section for detailson
howthe collapse() method affectsthe alignmentofkeysandvalues that may eventuallybe passed
toyourmyreduce()functionviathe reduce() method.

This methodis an on-processor operation, requiringno communication. When run in parallel,each processor
collapsesthekey/valuepairs it ownsintoa singlekey/value pair. Thuseach processor will assignthe samekeyto
its new pair.Seethe gather()and scrunch() methods for waystocollect allkey/valuepairsonto one ora
fewprocessors.

Related methods: clone(), collate, convert()
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MapReduce collate() method

uint64_t MapReduce::collate(int (*myhash) (char *, int))

Thiscallsthe collate() methodofaMapReduce object,which aggregatesaKeyValueobject across processorsand
converts itintoaKeyMultiValueobject. This methodis exactlythe same as performing an aggregate() followed
bya convert().The method returnsthe total numberof uniquekey/valuepairs intheKeyMultiValueobject.

The hash argumentis usedbythe aggregate() portionofthe operationandcanbe specified as NULL.Seethe
aggregate() docpage for details.

Note that ifyour map operationdoes not produceduplicate keys,you do not typicallyneedtoperforma collate().
Insteadyoucan convertaKeyValueobjectintoaKeyMultiValueobject directlyviathe clone() method,which
requiresno communication. Oryoucan pass it directlyto another map() operation. One exception wouldbe
ifyour map operation producesaKeyValueobjectwhichishighly imbalanced acrossprocessors.The aggregate()
portionofthe operation should redistributethekey/valuepairs more evenly.

This methodisaparallel operation (aggregate()), followedby an on-processor operation (convert()).

Related methods: aggregate(), clone, collapse(), compress(), convert()
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MapReduce compress() method
MapReduce multivalue_blocks() method

MapReduce multivalue_block() method

uint64_t MapReduce::compress (void (*mycompress) (char *, int, char *, int, int *, KeyValue *, -
uint64_t MapReduce::multivalue_blocks ()

int MapReduce::multivalue_block (int iblock, char **ptr_multivalue, int **ptr_valuesizes)

Thiscallsthe compress() methodofaMapReduce object, passing itafunction pointertoa
mycompressfunctionyou write. This method compressesaKeyValueobjectwithduplicatekeysintoa
newKeyValue object, whereeachkey appears once (on that processor)andhasa single new value.The new
valueisa combinationofthevaluesassociatedwith thatkey inthe originalKeyValueobject.The
mycompress()functionyou provide generatesthe new value, once foreach uniquekey (on that processor).The
method returnsthe total numberofkey/valuepairs inthe newKeyValueobject.

Thismethodis usedto compressalargesetofkey/valuepairs producedbythe map()methodintoa smallerset
before proceedingwiththe restofaMapReduce operation, e.g.witha collate()and reduce().

Youcan givethismethoda pointer (void *ptr)which willbe returnedtoyour mycompress() function.Seethe
Technical Details section for whythiscanbe useful. Just specifya NULL ifyou don'tneed this.

Inthisexamplethe userfunctioniscalled mycompress()and it must havethefollowing interface,whichisthe
same as that usedbythe reduce() method:

void mycompress (char *key, int keybytes, char *multivalue, int nvalues, int *valuebytes, KeyV:

A single key/multi-value (KMYV) pairis passedtoyourfunction froma temporaryKeyMulti Valueobject
createdbythelibrary. Thatobject createsa multi-value foreach uniquekey intheKeyValueobjectwhich
containsalistofthe nvaluesassociatedwith that key. Note thatthisis onlythevaluesonthis processor, not
across allprocessors.

Thereare two possibilities fora KMV pair returnedtoyour function.The firstis that it fits in onepageof
memoryallocatedbytheMapReduce object,whichisthe usual case.Seethe memsize setting for detailson
memory allocation.

Inthis case,the char *multivalue argumentisa pointertothe beginningofthe multi-valuewhich contains all
nvalues, packed one afterthe other.The int *valuebytes argumentis an arraywhich storesthelengthofeach
value in bytes. If needed, itcanbe usedbyyourfunctionto compute an offsetinto char *values for
whereeachindividualvalue begins. Yourfunctionis also passeda kv pointertoa newKeyValueobject
createdand stored internallybytheMapReduceobject.

Ifthe KMV pairdoes not fit in onepageofmemory, thenthe meaningofthe arguments passedtoyourfunctionis

changed. Yourfunction must call two additionallibrary functions in orderto retrievea blockofvalues thatdoes
fit inmemory,and process them one block ata time.
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Inthis case,the char *multivalue argument willbe NULLandthe nvalues argument willbe 0. Eitherof
thesecanbe tested forwithinyour function. Ifyou know huge multi-values will not occur, thenthe testis not
needed.The meaningofthe kvand ptr argumentsisthesame as discussed above. However,the int *valuebytes
argumentis changedtobea pointertotheMapReduceobject. Thisisto allowyouto makethefollowing
twokindsofcalls backtothe library:

MapReduce *mr = (MapReduce *) valuebytes;
int nblocks;
uint64_t nvalues_total = mr->multivalue_blocks (nblocks);
for (int iblock = 0; iblock <nblocks; iblock++)
int nv = mr->multivalue_block (iblock, &multivalue, évaluebytes);
for (int i1 = 0; 1 <nv; 1i++)
process each value within the block of values

The callto multivalue_blocks() returns boththe total numberofvalues (as an unsigned 64-bit integer),andthe
numberof blocksofvalues inthe multi-value. Each callto multivalue_block() retrieves one blockof values.The
numberofvalues inthe blockis returned, as nv inthis case.The multivalueand valuebytes argumentsare
pointerstoa char *and int * (i.e.a char **and int **),which willbesetto pointtothe blockofvaluesand their
lengths respectively, so theycan thenbe used just asthe multivalueand valuebytes arguments
inthemyreduce()callback itself (whenthevalues do not exceed available memory).

The callto multivalue_blocks() returnsthenumberof blocksofvalues inthe multi-value. Each callto
multivalue_block() retrieves one blockof values.Thenumberofvalues inthe block (nv inthis case)is

returned. The multivalueand valuebytes argumentsarepointerstoa char *and int * (i.e.a char **and int
*¥),which willbesetto pointtothe blockofvaluesand theirlengths respectively, so theycan thenbe used just
asthe multivalueand valuebytes arguments inthe mycompress()callback itself (whenthevalues do not exceed
available memory).

Note that inthisexample weare re-using (and thus overwriting)the original multivalueand valuebytes arguments
aslocal variables.

Also note thatyour mycompress()functioncan callmultivalue_block() as many times as it wishesand processthe
blocksofvalues multiple times or inany order, though looping through blocks in ascending order will typically
givethe bestdisk I/O performance.

Your mycompress()function should typicaly producea singlekey/value pairwhich it
registerswiththeMapReduceobjectby callingthe add()methodoftheKeyValueobject. The syntax forthis
callis describedonthe docpage fortheKeyValue add() methd. For example, ifthesetof nvalues were
integers,the compressed value mightbethe sumofthose integers.

Seethe Settingsand Technical Details sections for detailsonthe byte-alignmentofkeysandvalues thatare
passedtoyour mycompress()functionandonthoseyou registerwiththeKeyValue add() methods. Note that
onlythe first valueofa multi-value (orofeach blockof values)passedtoyour mycompress()function willbe
alignedtothe valuealign setting.

Thismethodis an on-processor operation, requiringno communication. When run in parallel,each processor
operates onlyonthekey/valuepairs it stores. Thusyouare NOT compressing allvaluesassociatedwitha
particularkey across all processors, but onlythose currently ownedby oneprocessor.

Related methods: collate()
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MapReduce convert()method

uint64_t MapReduce: :convert ()

Thiscallsthe convert()methodofaMapReduce object,which
convertsaKeyValueobjectintoaKeyMultiValueobject. Itdoesthisby findingduplicatekeys (stored
onlybythis processor)and concatenating theirvaluesintoalistofvalueswhich it associateswiththekey
intheKeyMultiValueobject. Themethod returnsthe totalnumberofkey/valuepairsintheKeyMultiValue
object,which willbethenumberof uniquekeysintheKeyValueobject.

This operation createsa hash tableto findduplicatekeys efficiently. More detailsare given inthe Technical
Details section.

Thismethodis an on-processor operation, requiringno communication. When run in parallel,each
processorconverts onlythekey/valuepairs it ownsinto key/multi-value pairs. Thus,this operationis typically
performed only afterthe aggregate()methodhas collected allduplicatekeystothesameprocessor.The
collate()methodperforms an aggregate() followedbya convert().

Related methods: collate()
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CopyaMapReduceobject

MapReduce *MapReduce: :copy ()

Thiscallsthe copy()methodofaMapReduceobject,which createsasecondMapReduceobjectwhichis an exact
copyofthe first, including all settings,and returnsa pointertothe new copy.

Ifthe originalMapReduceobject containedaKey Value orKeyMultiValueobject, as discussed here, thenthe
newMapReduceobject will containacopyof it. This means that allthekey/value and/or key/multivaluepairs
contained inthe firstMapReduceobjectare copiedintothenewMapReduceobject. Thusthe
firstMapReduceobject couldbe subsequently deleted without affectingthenewMapReduceobject.

Thisis useful ifyou wishto retainacopyofasetofkey/valuepairs before processing it further.Seethe
add()method forhowto mergethekey/valuepairs from twoMapReduce objectsinto one. For example,this
sequenceof calls:

MapReduce *mrl = new MapReduce (MPI_COMM_WORLD) ;
mrl->map (ntasks, &mymap, NULL) ;

MapReduce *mr2 = mrl->copy();

mr2->collate (NULL) ;

mr2->reduce (&myreduce?2, NULL) ;

mrl->add (mr2) ;

delete mr2;

mrl->collate (NULL) ;

mrl->reduce (&myreducel, NULL) ;

would generate onesetofkey/valuepairs fromthe initial map() operation, then makea copyof them,whichare
then collatedand reducedtoanewsetofkey/value pairs.Thenewsetofkey/valuepairsare addedtothe

originalset producedbythe map() operationto form an augmentedsetofkey/value pairs,which couldbe
furtherprocessed.

Related methods: create, add()
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CreateaMapReduceobject

MapReduce: :MapReduce (MPI_Comm comm)
MapReduce: :MapReduce ()
MapReduce: :MapReduce (double dummy)

YoucancreateaMapReduceobject inanyofthe three ways shown, as well asviathe copy() method.The three
creation methods differ slightly inhowMPlis initializedand finalized.

Inthefirst case,you pass anMPI communicatortothe constructor. This meansyourprogram should initialize
(and finalize) MPI,which createsthe MPI_COMM_WORLD communicator (allthe processorsyouare running
on). Normallythisis whatyou passtotheMapReduce constructor, butyoucan passa communicator fora
subsetofyour processors if desired. Youcan also instantiate multipleMapReduce objects, giving themeacha
communicator for allthe processors or communicators fora subsetofprocessors.

Thesecondcasecanbe used ifyourprogramdoes not useMPI at all. Thelibrary will initializeMPI if ithas not
already been initialized. It will not finalize MPI, butthis shouldbe fine. Worst case,yourprogram may complain
when it exits ifMPIhas not been finalized.

The thirdcaseisthesame asthesecond except thatthelibrary will finalizeMPIwhenthe last
instanceofaMapReduceobjectis destructed. Note thatthis meansyourprogram cannot delete all itsMapReduce
objects ina early phaseoftheprogramand then instantiate moreMapReduce objects later. This limitationis
whythesecondcaseis provided.The thirdcaseis invokedby passinga doubletothe constructor. Ifthisis done
forany instantiatedMapReduceobject, thenthelibrary will finalize MPI.The valueofthe double doesn't matter
as it isn't used.The useofa doubleis simplyto make it differentthanthefirst case, since MPI_Commis often
implementedbyMPI librariesasa type castto an integer.

As examples,anyof these linesofcode willcreateaMapReduceobject,where "mr"is eithera
pointertotheobject ortheobject itself:

MapReduce *mr = new MapReduce (MPI_COMM_WORLD) ;
MapReduce *mr = new MapReduce () ;

MapReduce *mr = new MapReduce (0.0);

MapReduce mr (MPI_COMM_WORLD) ;

MapReduce mr () ;

MapReduce mr;

MapReduce mr (0.0);

Related methods: destroy, copy()
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DestroyaMapReduceobject

MapReduce: : ~MapReduce ()

This destroysa previously createdMapReduceobject, freeing allthememory itallocated internallyto
storekeysand values.

Ifyou createdtheMapReduceobject inthis manner:

MapReduce *mr = new MapReduce (MPI_COMM_WORLD) ;
thenyou should destroy itwith

delete mr
Ifyou createdtheMapReduceobject inthis manner:

MapReduce mr (MPI_COMM_WORLD) ;

then it willbe destroyed automaticallywhenthe "mr" variable goes outof scope.

Related methods: create
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MapReduce gather()method

uint64_t MapReduce: :gather (int nprocs)

Thiscallsthe gather()methodofaMapReduceobject,which collectsthekey/valuepairsofaKeyValueobject

spread across all processorsto formanewKeyValueobjectonasubset (nprocs)ofprocessors. Nprocscanbel
oranynumber smallerthan P,the totalnumberofprocessors. The gatheringis donetothe lowest ID processors,
fromOto nprocs-1. Processorswith ID >= nprocs end upwith an emptyKeyValueobject containingnokey/value
pairs. Themethod returnsthe totalnumberofkey/valuepairs inthenewKeyValueobject,which willbethesame

as inthe originalKeyValueobject.

Thismethodcanbe usedtocollectthe resultsofa reduce()toa single processor for output.Seethe collapse()and
scrunch() methods for related waystocollectkey/valuepairs for output. A gather() may alsobe useful beforea
reduce() ifthenumberof uniquekey/valuepairsis small enough thatyou wishtoperformthe reduce taskson

fewerprocessors.

Thismethodrequiresparallel point-to-pointcommunicationas processorssend theirkey/valuepairsto
otherprocessors.

Related methods: scrunch(), broadcast()
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KeyValue add()method

void KeyValue::add(char *key, int keybytes, char *value, int valuebytes)
void KeyValue::add(int n, char *keys, int keybytes, char *values, int valuebytes)
void KeyValue::add(int n, char *keys, int *keybytes, char *values, int *valuebytes)

The methodsarecalledbythe mymap(), mycompress(),andmyreduce() functions inyourprogramto
registerkey/valuepairswiththeKeyValueobject storedbytheMapReduceobject whose map(), compress(),or
reduce()method was invoked.Thefirst versionregistersa singlekey/value pair.Thesecond versionregisters
Nkey/value pairs,wherethekeysare allthesamelengthandthevaluesare allthesame length.The third
versionregistersasetof Nkey/valuepairswherethelengthofeachkeyandofeach valueis specified.

As explained here,fromthe perspectiveoftheMR-MPIlibrary keysandvaluesare variable-length byte strings.
To registersuch strings,you must specify theirlength in bytes. Thisis doneviathe keybytesand valuebytes
arguments, eitherasa singlelengthorasa vectorsof lengths. Note that ifyourkeyor valueisa text string, it
should typically includea trailing "0"to terminatethe string.

Seethe Settingsand Technical Details sections for detailsonthe byte-alignmentofkeysandvaluesyou
registerwith theseadd methods.
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MapReduce map()method
Variant 1:
uint64_t MapReduce: :map (int nmap, void (*mymap) (int, KeyValue *, void *), void *ptr)
uint64_t MapReduce: :map (int nmap, void (*mymap) (int, KeyValue *, void *), void *ptr,

Variant 2:

int addf.

uint64_t MapReduce::map (int nstr, char **strings, int self, int recurse, int readfile,
uint64_t MapReduce::map (int nstr, char **strings, int self, int recurse, int readfile,

Variant 3:

uint64_t MapReduce: :map (int nmap, int nstr, char **strings, int recurse, int readfile,
uint64_t MapReduce: :map (int nmap, int nstr, char **strings, int recurse, int readfile,

Variant 4:

uint64_t MapReduce: :map (int nmap, int nstr, char **strings, int recurse, int readfile,
uint64_t MapReduce: :map (int nmap, int nstr, char **strings, int recurse, int readfile,

Variant 5:
uint64_t MapReduce: :map (MapReduce *mr2, void (*mymap) (uinté4_t, char *, int, char *,
uint64_t MapReduce: :map (MapReduce *mr2, void (*mymap) (uinté4_t, char *, int, char *,

Thiscallsthe map()methodofaMapReduceobject. Afunctionpointertoa mappingfunctionyou writeis
specifiedas an argument. Thismethod either createsanewKeyValueobjectto store allthekey/valuepairs
generatedbyyour mymapfunction,or adds themto anexistingKeyValueobject.Themethod returnsthe
totalnumberofkey/valuepairs intheKeyValueobject.

Thereare several variantsofthe map() methodsto allow for different waysto process input data. This also
induces variantsofthecallbackmymap() function.

Forthefirstsetof variants (withor without addflag)you simply specifya totalnumberof map tasks
nmaptoperform across allprocessors.The indexofa map taskis passed backtoyourmymap()
function.TheMapReducelibrary assigns map tasksto processors; see more details below.

Forthesecondsetof variants,you specify nstrand stringswhichare file and/ordirectory names. Using these
strings,alistof filenamesis generated. Each filename inthelistis passed
backtoyourmymap()functionwhichcan openthe fileand process it.

If selfis 0, then only processorQO generatesthelistof filenames,andtheMapReducelibrary assigns filesto
processors; see more details below. If selfis 1, theneach processor generates its ownlistof filenamesandthose
filesare assignedto thatprocessor. Note that inthe self =0 case, itis assumed that every processorcan readany
file thatis assignedto it. Also note, thatwith self =1youcan assignfilestoa processor that
resideonadisklocaltoa processor,orwithaparalleldisk systemyoucan pass different stringsto different
processors so thateach processor readsfrom differentsetof files/directories.

Thelistof filenamesisgenerated inthefollowing manner. Eachofthe stringsis checked for whether itisa fileor
directory. If itisa file, itis addedtothelistof files. If itisa directory,thedirectoryis openedand allthefiles in
itare addedtothelistof files. Ifthe recurse flagissetto 1, then if sub-directoriesare found inthe directory,
theyare openedandthefiles in themare also addedtothelistoffiles (and so forth, recursively).

The readfile setting adds one additional wrinkle. If readfileis 1, then insteadof addingeach filenametothe
list,each fileis opened,and filenamesare readfrom that fileand addedtothe list.Inthis mode,each fileshould
containcontain one filename per line. Blank linesare not allowed. Leadingand trailing whitespace aroundeach

void (
void (

char s
char s

char *
char *:

int, Key"
int, Key"

26


http://mapreduce.sandia.gov

filenameis OK.

Thenumberoffiles thataregeneratedand processedcanbe accessed afterthe map()methodis invoked, butthe
variable mapfilecount, e.g.

MapReduce *mr = new MapReduce();
mr->map (nstr, strings, 1, 0,1, mymap, NULL) ;
int ntotalfiles = mr->mapfilecount;

The thirdand fourthsetof variants allowlarge file(s)tobe brokeninto chunksand oneor more sectionstobe
passed backtoyourmymap()functionasa string so itcan process it. Nmapisthenumberof chunksto
generatefrom allthefiles in aggregate (notnmap chunks per file). Aswiththe previous variant,you also specify
nstr, strings, recurse,and readfile. This generatesalistof filenames,thesameas inthe previous variant.The only
differenceis thatno self settingis allowed, because only processorOdoes this.The specifiednmapshouldbe
>=thenumberoffiles inthegenerated list; itis resettothenumberoffiles if thatis notthe case.

Forthe thirdsetof variantsyou specifya separation character sepchar. Forthe fourthsetof variants,you
specifya separation string sepstr.Thefiles inthegeneratedlistoffilesare splitintonmap chunkswith roughly
equal numbersof bytes ineach chunk. Thinkof allthefilesconcatenated togetherand then splitintonmap
chunks. Foreach calltoyourmymap()function,a chunkis readfroma particular
file,andpassedtoyourfunctionasa string, soyourcodedoes not readthe file.See details below aboutthe
splitting methodologyandthe delta input parameter.

Forthe fifthsetof variants,youspecify anexistingMapReduceobject mr2withkey/value pairs,whichcan
eitherbethisMapReduceobjector another one. Thekey/valuepairsfrom mr2arepassed
backtoyourmymap()function, onekey/value ata time, allowingyoutogeneratenewkey/valuepairsfrom
anexisting set.

Youcangiveanyofthe map() methodsapointer (void *ptr)which willbe returnedtoyourmymap()
function.Seethe Technical Details section for whythiscanbe useful. Justspecifya NULL ifyou don'tneed this.

The meaningofthe final addflag argumentisas follows.

For all butthe last variant, if addflagis omittedoris specifiedas 0, then map() willcreateanewKey Valueobject,
deletinganyexistingKeyValueobject. If addflagis non-zero,
thenKVpairsgeneratedbyyourmymap()functionare addedto anexistingKeyValueobject,whichis created
ifneeded.

Forthe last variant, ifthe sourceofKeyValuepairs (mr2)is differentthantheMapReduceobject mr,
thentheK'Vpairs in mr2are not alteredordeleted, regardlessofthe addflag setting. If addflagis O,
thentheKeyValueobject in mrisdeleted,and newlygeneratedKVpairsare addedtoanewKeyValueobject. If
addflagis 1,then newlygeneratedKVpairsare addedtotheexistingKeyValueobject in mr.

Forthe last variant, ifthe sourceofKeyValuepairs (mr2)isthesameasMapReduceobject mr, thereare two
possibilities. Ifaddflagis 1, then newlygeneratedKVpairsare addedtotheexistingKeyValueobject.
Ifaddflagis O, thentheexistingKeyValueobjectis effectively replacedbythe newlygeneratedKVpairs. Note
thatthe addflag=1 optionrequirestheKeyValueobjecttofirstbe copied.Ifyourmymap()function will
notgenerateanynewKYV pairs, then itis more efficientto usethe scan() method,which simply allowsyouto
iteratedovertheexistingK'Vpairs.

In these examplesthe userfunctioniscalledmymap()and ithas oneof four interfaces dependingonwhich
variantofthe map()methodis invoked:
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void mymap
void mymap
void mymap
void mymap

int itask, KeyValue *kv, void *ptr)

int itask, char *file, KeyValue *kv, void *ptr)

int itask, char *str, int size, KeyValue *kv, void *ptr)

uint64_t itask, char *key, int keybytes, char *value, int valuebytes, KeyValue *kv

In all cases,the final2 argumentspassedtoyourfunctionareapointertoaKeyValueobject (kv) stored
internallybytheMapReduceobject,andthe originalpointeryou specifiedas an argumenttothe map()
method,as void *ptr.

Inthefirstmymap() variant, itaskispassedtoyourfunctionwitha valueO <= itask <nmap,wherenmap was
specified inthe map() call. For example,you could use itaskto selecta filefromalist storedbyyour application.
Yourmymap()function could openand readthe fileorperform someother operation.

Inthesecondmymap() variant, itask will havea value0Q <= itask < nfiles,where nfilesis eitherthenumberof
filenames inthelistoffiles that was generated. Yourfunctionis alsopasseda single filename,which it will
presumably openand read.

Inthe thirdmymap() variant, itask will havea valuefrom0 <= itask <nmap,wherenmap wasspecified inthe
map() callandisthenumberof file segments generated. Itis alsopasseda stringof bytes (str)oflength size
readfrom oneofthe files. Size includesa trailing "\O' thatis appendedtothe string.

Formap() methods that takefilesanda separation criterionas arguments,you mustspecifynmap >= nfiles, so
that thereis oneor more map tasks per file. Forfilesthatare splitinto multiple chunks,the splitis done at
occurrencesofthe separation characteror string. Youspecifya deltaothow many extra bytestoreadwitheach
chunkthat will guaranteethesplitting characteror stringis foundwithinthat many bytes. Forexample
ifthefilesare linesof text,you could choosea newline character "\n'asthe sepchar,anda deltaof 80 (ifthe
longest line inyourfilesis 80 characters). Ifthefilesare snapshotsof simulation datawhereeach snapshotis
1000 lines (no morethan 80 characters per line),you could choosethefirst lineofeach snapshot (e.g.
"Snapshot")asthe sepstr,anda deltaof 80000. Note thatifthe separation characteror stringisnot foundwithin
delta bytes, an error willbe generated. Also note that thereisno harm in choosingalargedelta so longas itisnot
largerthanthechunk size fora particular file.

Ifthe separation criterionisa character (sepchar),thechunkof bytespassedtoyourmymap()function will
startwiththe character aftera sepchar,and will endwitha sepchar (followedbya \0'"). Ifthe separation
criterionisa string (sepstr),thechunkof bytespassedtoyourmymap()function will startwith sepstr,and will
endwiththe character immediately preceedinga sepstr (followedbya "\0'). Note thatthis
meansyourmymap()function willbepassed different byte strings ifyouspecify sepchar ='A' vs sepstr = "A".

Inthe fourthmymap() variant, itask will havea valuefrom0O <= itask < nkey,where nkeyisa unsigned 64-bit
intandisthenumberofkey/valuepairs inthespecifiedMapReduceobject. Keyand valuearethe byte strings
fora singlekey/value pairandareoflength keybytesand valuebytes respectively.

TheMapReducelibrary assigns map taskstoprocessors. Options forhow itdoesthiscanbe controlledby
MapReduce settings. Basically,nmap/P tasksare assignedtoeach processor,where Pisthenumberof processors
intheMPI communicatoryou instantiatedtheMapReduceobject with.

Typically,yourmymap()function will producekey/valuepairswhich itregisterswiththeMapReduceobjectby
callingthe add()methodoftheKeyValueobject.The syntax for registrationis describedonthe
docpageoftheKeyValue add() method.

Seethe Settingsand Technical Details sections for detailsonthe byte-alignmentofkeysandvaluesyou
registerwiththeKeyValue add() methodsor thatarepassedtoyourmymap() function.
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Asidefromthe assignmentof tasksto processors,thismethodis really an on-processor operation, requiringno
communication. When run in parallel,each processor generateskey/valuepairsand stores them,
independentlyofotherprocessors.

Related methods: Keyvalue add(), reduce()
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MapReduce open()method

MapReduce close()method

void MapReduce: :open ()
void MapReduce: :open (int addflag)
uint64_t MapReduce::close ()

These callthe open()and close() methodsofaMapReduceobject. Thisis only necessarywhenyou willbe
performingamap()or reduce() that generateskey/value pairs,andyou wishtoaddpairsnot
onlytotheMapReduceobjectwhichis invokingthemap()and reduce(), but alsoto oneor
moreotherMapReduce objects.In orderto do this,youneedto invokethe open()and close()
methodsontheotherMapReduce object(s), so that theycan accumulatenewkey/valuepairs properly.The
close()method returnsthe totalnumberofkey/valuepairs intheKeyValueobject.

Hereis anexampleofhowthisis done:

MapReduce *mr = new MapReduce ()
MapReduce *mr2 = new MapReduce ()
mr2->open ()

mr—>map (1000, mymap, mr2->kv) ;
mr2->close ()

void mymap (int itask, KeyValue *kv, void *ptr) {

kv->add (keyl, keylbytes,valuel,valuelbytes);

KeyValue *kv2 = (KeyValue *) ptr;

kvz2->add (key2, key2bytes, value2,value2bytes);
}

1

Themymap()functionis beingcalledfromthe "mr"MapReduceobject,andcanaddkey/valuepairsto "mr'
inthe usual way,viathe kv->add()function call. But itcan alsoaddkey/valuepairstothe
"mr2"MapReduceobjectviathe kv2->add()function call. To do this,3 things were necessary:

e callthe open()methodof mr2 beforethemap() was invoked

¢ passapointertothemap()which allowsmymap()to retrievethepointerto mr2's
internalKeyValueobject

e callthe close()methodof mr2 afterthemap() was invoked

Thesecond bullet point was accomplishsedby passing mr2->kv directlytothemap() method, butother
variationsare possible. For example,apointertoa data structure couldbe passed,which containspointersto
severalotherMapReduce objects.Inthis case,the open()and close() methods foreachoftheotherMapReduce
objects wouldneedtobecalled appropriately beforeand afterthemap() method, assuming they wouldeach
havekey/valuepairs addedto thembythemymap() function.

Youcan call open()and close()as many timesas needed, but notecallsto open()and close()should always come
inpairs. Youshouldnot call close()when an open()hasnot been invoked. Andyoushouldnot open()asecond
time without calling close() first.

Related methods: map(), reduce
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MapReduce print()method

void MapReduce: :print (int proc, int nstride, int kflag, int vflag)
void MapReduce: :print (char *file, int fflag, int proc, int nstride, int kflag, int vflag)

Thiscallsthe print()methodofaMapReduceobject. Thefirstvariant prints
outtheKeyValueorKeyMultiValuepairstothe screen.Thesecondvariant printsto oneormore files.
Thiscanbe useful for debugging purposes.

If proc < 0, then all processorsprint their information, one processor ata time. If proc >= 0,
thenonlythespecified proc prints its information.

For printingto files, if fflag = 0, then all processorsprint in successiontothe names file. If fflag = 1, theneach
processor writesto file.P,where P =0to Nprocs-1.

Each processor prints every Nthof its pairs,where N = nstride. Thus if nstride = 1, allpairsare printed.

The kflagand vflag setting controlthe formatofthe printed output. Onlya limitedsetof choicesis available. If
these choices donot matchthe formatofyourkeysand values,you willneedto passyour datatomap()or
reduce()functionyou write yourselftoprint them. Thesecanbe invokedbythe map()or reduce() methods.

Thesearethe recognized kflagand vflag settings:

e flag =0 for NULL

¢ flag =1 for 32-bit positive integer (int)

¢ flag =2 for 64-bit unsigned integer (uint64._t)

¢ flag =3 for 32-bit floating point value (float)

¢ flag =4 for 64-bit floating point value (double)

o flag = 5 fora NULL-terminated string

o flag = 6 fora pairof 32-bit positive integers (int int)

¢ flag =7 fora pairof 64-bit unsigned integers (uint64_t uint64_t)

For example,using kflag =1and vflag = 7, wouldbe appropriate forkeys thatare 32-bitintegers,andvalues
thatarea pairof 64-bit integers.

ForKeyMultiValue pairs,the vflag settingis usedto formateach output value inthe multi-value.

Related methods: collate()
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MapReduce reduce()method
MapReduce multivalue_blocks()method
MapReducemultivalue_block()method

MapReduce multivalue_block_select()method

uint64_t MapReduce::reduce (void (*myreduce) (char *, int, char *, int, int *, KeyValue *, void
uint64_t MapReduce::multivalue_blocks ()
int MapReduce::multivalue_block (int iblock, char **ptr_multivalue, int **ptr_valuesizes)

void MapReduce::multivalue_block_select (int which)

Thiscallsthe reduce()methodofaMapReduceobject, passing itafunctionpointertoa myreducefunctionyou
write. ItoperatesonaKeyMultiValueobject, callingyour myreducefunction once foreach unique
key/multi-value (KMV) pair ownedby thatprocessor. AnewKeyValueobjectis createdwhich stores
allthekey/valuepairsgeneratedbyyourmyreduce() function.Themethod returnsthe
totalnumberofnewkey/valuepairs storedbyallprocessors.

Youcangivethismethodapointer (void *ptr)which willbe returnedtoyourmyreduce() function.Seethe
Technical Details section for whythiscanbe useful. Justspecifya NULL ifyou don'tneed this.

Inthisexamplethe userfunctioniscalledmyreduce()and it must havethefollowing
interface,whichisthesameas that usedbythe compress() method:

void myreduce (char *key, int keybytes, char *multivalue, int nvalues, int *valuebytes, KeyValt

A single KMV pairispassedtoyourfunctionfromtheKeyMultiValueobject
storedbytheMapReduceobject. Thekeyis typically uniquetothis reduce taskandthe multi-valueisalistofthe
nvaluesassociatedwith thatkey intheKeyMultiValueobject.

Thereare two possibilities fora KMV pair returnedtoyour function. Thefirstis that it fits in
onepageofmemoryallocatedbytheMapReduceobject,whichisthe usual case.Seethe memsize setting for
detailsonmemory allocation.

Inthis case,the char *multivalue argumentisapointertothe beginningofthe multi-valuewhich contains
allnvalues, packed one afterthe other.The int *valuebytes argumentis an arraywhich storesthelengthofeach
value in bytes. If needed, itcanbe usedbyyourfunctionto compute an offsetinto char *values
forwhereeachindividualvalue begins. Yourfunctionis alsopasseda kvpointertoanewKey Valueobject
createdand stored internallybytheMapReduceobject.

Ifthe KMV pairdoesnotfit in onepageofmemory, thenthe meaningofthe argumentspassedtoyourfunctionis
changed. Yourfunction must call two additionallibrary functions in orderto retrievea blockofvalues

thatdoesfit inmemory,and process them one block ata time.

Inthis case,the char *multivalue argument willbe NULLandthe nvalues argument willbe 0. Eitherof
thesecanbe testedforwithinyour function. Ifyou know thatno KMV pair will overflow onepageofmemory,
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thenthe testisnotneeded. The meaningofthe kvand ptr argumentsisthesameas discussed above. However,the
int *valuebytes argumentis changedtobeapointertotheMapReduceobject. Thisisto allowyouto
makethefollowing twokindsofcalls backtothe library:

MapReduce *mr = (MapReduce *) valuebytes;
int nblocks;
uint64_t nvalues_total = mr->multivalue_blocks (nblocks);
for (int iblock = 0; iblock <nblocks; iblock++) {
int nv = mr->multivalue_block (iblock, &multivalue, &valuebytes);
for (int i = 0; i <nv; 1i++) {
process each value within the block of wvalues
}
}

The callto multivalue_blocks() returns boththetotalnumberofvalues (as an unsigned 64-bit
integer),andthenumberofblocksofvalues inthe multi-value. Each calltomultivalue_block() retrieves one
blockof values. Thenumberofvalues inthe blockis returned,as nv inthis case.The multivalueand valuebytes
argumentsarepointerstoa char *andint * (i.e.a char **andint**),which willbesetto
pointtotheblockofvaluesand theirlengths respectively, so theycanthenbe used justasthe multivalueand
valuebytesarguments inthemyreduce()callback itself (whenthevalues donot exceedavailable memory).

Note that inthisexample weare re-using (and thus overwriting)the original multivalueand valuebytes
argumentsaslocal variables.

Also note thatyourmyreduce()functioncan callmultivalue_block()as many timesas it wishesand
processtheblocksofvalues multiple timesor inany order, though looping throughblocks in ascending order will
typicallygivethe bestdisk I/O performance.

Ifyouneedto loadandprocess twoblocksofvalues simultaneously (e.g. ina double loop),thenthe
multivalue_block_select()functioncanbecalledwithwhich
=lor2tospecifyapageofmemorytoreadablockofvalues into. Thisshouldbeset just beforethe callto
multivalue_block(),to insure oneblockofvaluesisnot overwrittenby readingasecond block.

Yourmyreduce()functioncan producekey/valuepairs (thoughthisisnot required)which
itregisterswiththeMapReduceobjectby callingthe add()methodoftheKeyValueobject.The syntaxfor
registrationis describedonthe docpageoftheKeyValue add() method.
Alternatively,yourmyreduce()functioncan write informationto an output file.

Seethe Settingsand Technical Details sectionsfordetailsonthe byte-alignmentofkeysandvalues
thatarepassedtoyourmyreduce()functionandonthoseyouregisterwiththeKeyValue add() methods. Note
thatonlythefirst valueofa multi-value (orofeachblockof values)passedtoyourmyreduce()function willbe
alignedtothe valuealign setting.

Thismethodis an on-processor operation, requiringno communication. When run in parallel,each
processorperformsamyreduce()oneachofthekey/valuepairs it ownsand storesanynewkey/valuepairs it
generates.

Related methods: Keyvalue add(), map()
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MapReduce scan()method

uint64_t MapReduce::scan(void (*myscan) (char *, int, char *, int, void *), void *ptr)
uint64_t MapReduce::scan(void (*myscan) (char *, int, char *, int, int *, wvoid *), void *ptr)

Thiscallsthe scan()methodofaMapReduceobject, passing itafunctionpointertoa myscanfunctionyou write.
Dependingon whetheryou pass itafunctionfor processingkey/value (KV)orkey/multi-value (KMV) pairs, it
will callyour myscanfunction onceforeachKVor KMV pair ownedby thatprocessor.TheKVor KM Vpairs
storedbytheMapReduceobjectarenot alteredbythis operation, norareyou allowedto emitanynewKVpairs.
Thusyour myscanfunctionisnotpassedaKV pointer. Thisisa useful wayto simply

scanovertheexistingKVor KM Vpairsandprocess them in some way, e.g.for debuggingor statistics
generationor output.

Contrastthismethodwiththe map()methodvariant that takesaMapReduceobjectas inputand
returnsK'Vpairstoyourmymap() function. If thatMapReduceobjectisthesameasthe callerand iftheaddflag
parameterissetto 0,yourexistingKVpairsare deletedbythis action. Iftheaddflagparameterissetto
1,andyou emitnonewKYV pairs,thenyourexistingKVpairsare unchanged. Howeveracopyof
allyourKVpairsisfirst performedto insurethis outcome.The scan()method avoidsthis copy.

Also contrastthismethodwiththe reduce()methodwhich returns KM Vpairstoyourmyreduce() function.
Yourexisting KM Vpairsare deletedbythis action,and replacedwithnewKVpairswhichyou generate.

Youcangivethismethodapointer (void *ptr)which willbe returnedtoyour myscan() function.Seethe
Technical Details sectionfor whythiscanbe useful. Justspecifya NULL ifyou don'tneed this.

Inthisexamplethe userfunctioniscalled myscan()and it must have oneofthe twofollowing interfaces,
dependingon whethertheMapReduceobject currently containsKVor KMV pairs:

void myscan (char *key, int keybytes, char *value, int valuebytes, void *ptr)
void myscan (char *key, int keybytes, char *multivalue, int nvalues, int *valuebytes, void *pt:

Eithera singleKVor KMV pairispassedtoyourfunctionfromtheKeyValueorKeyMulti Valueobject
storedbytheMapReduceobject.Inthecaseof KMV pairs,thekeyistypically uniquetothisscan taskandthe
multi-valueisalistofthe nvaluesassociatedwith thatkey intheKeyMultiValueobject.

Thereare two possibilitiesfora KMV pair returnedtoyour function. Thefirstis that it fits in
onepageofmemoryallocatedbytheMapReduceobject,whichisthe usual case. Or itdoesnot, inwhichcasethe
meaningofthe argumentspassedtoyourfunctionischanged. This behavioris identicalto thatofthe reduce()
method, includingthemeaningofthe arguments returnedtoyour myscan()function,andthe3 additionallibrary
functionsyoucan callto retrieve additionalvalues inthe KMV pair, namely:

uint64_t MapReduce::multivalue_blocks ()
int MapReduce::multivalue_block (int iblock, char **ptr_multivalue, int **ptr_valuesizes)
void MapReduce::multivalue_block_select (int which)

Seethe reduce()method docpagefor details.
Seethe Settingsand Technical Details sectionsfordetailsonthe byte-alignmentofkeysandvalues

thatarepassedtoyour myscan() function. Notethatonlythefirst valueofa multi-value (orofeachblockof
values)passedtoyour myscan()function willbe alignedtothe valuealign setting.
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Thismethodis an on-processor operation, requiringno communication. When run in parallel,each
processorperformsa myscan()oneachoftheKVor KM Vpairs it owns.

Related methods: map(), reduce()
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MapReduce scrunch()method

uint64_t MapReduce::scrunch(int nprocs, char *key, int keybytes)

Thiscallsthe scrunch()methodofaMapReduceobject,which gathersaKeyValueobject onto nprocsand
collapses itintoaKeyMultiValueobject. Thismethodis exactlythesameasperforminga gather() followedbya
collapse().Themethod returnsthetotalnumberofkey/valuepairs intheKeyMultiValueobjectwhichshouldbe
oneforeachofthe nprocs.

The nprocs argumentis usedbythe gather() portionofthe operation.Seethe gather() docpagefor
details.Thekeyand keybytes argumentsare usedbythe collapse() portionofthe operation.Seethe collapse()

docpagefor details.

Note that if nprocs > 1,thenthesamekey willbe assignedtothe
collapsedkey/multi-valuepairsoneachprocessor.

Thismethodcanbe usedtocollectasetofkey/valuepairsto use ina reduce()method so that itcan
allbepassedtoa single invocationofyourmyreduce()functionfor output.

Thismethodisaparallel operation (gather()), followedby an on-processor operation (collapse()).

Related methods: collapse(), gather()

36


http://mapreduce.sandia.gov

MapReduce-MPI WWW Site - MapReduce-MPI Documentation

Settingsand defaults
Theseareinternallibrary variables thatcanbesetbyyour program:

¢ mapstyle =0 (chunk)or1 (stride)or2 (master/slave)

e all2all =0 (irregular communication)or1 (use MPI_Alltoallv)

¢ verbosity =0 (none)orl (summary)or2 (histogrammed)

¢ timer =0 (none)orl (summary)or2 (histogrammed)

¢ memsize = N =numberof Mbytes perpageofmemory

* minpage = N = #ofpagesto pre-allocate per processor

* maxpage = N = max #ofpages allocatable per processor

e freepage =1 ifmemorypagesare freed in between operations,0 if held
¢ outofcore =1 if even 1-page data setsare forcedto disk,0 ifnot, -1 if cannot writetodisk
¢ zeropage =1 if zero out everyallocated page,0 ifnot

¢ keyalign = N = byte-alignmentofkeys

¢ valuealign = N = byte-alignmentofvalues

o fpath = string

Allthe settings except fpathareset inthefollowing mannerfrom C++:

MapReduce *mr
mr—->verbosity

new MapReduce (MPI_COMM_WORLD) ;
1;

Because fpath takesa string argument, itissetwiththefollowing function:
mr—>set_fpath (char *string);

Seethe Cinterfaceand Pythoninterface docpagesforhowtosetthe various settingsfrom Cand Python.

As documented below, someofthese settingscanbe changed atany time. Othersonly have effect if theyare
changed beforetheMapReduceobject beginsto operateonKeyValueandKeyMultiValue objects.

The mapstyle setting determineshowthe N map tasksare assignedtothe P processorsbythe map() method.

A valueofOmeans splitthe tasksinto "chunks" so that processorQis given tasksfromOto N/P, proclis given
tasksfrom N/Pto 2N/P, etc. Proc P-1is giventasksfrom N - N/Pto N.

A valueoflmeans "strided" assignment, so procQis giventasks 0,P,2P,etcand proclis giventasks
1,P+1,2P+1,etcand so forth.

A valueof2 usesa "master/slave" paradigmfor assigning tasks. ProcO becomesthe "master";the remaining
processorsare "slaves". Eachis given an initial taskbythe masterand reports backwhen itis finished. Itisthen
assignedthe nextavailable taskwhich continues until alltasksare completed. Thisisa good choice ifthe
CPUtimerequiredby various mappingtasks varies greatly, since it will tendto load-balancethe work
acrossprocessors. Note however that procOperformsno mapping tasks.

This settingcanbe changed atany time.

The default valuefor mapstyleis 0.
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The all2all setting determineshow point-to-pointcommunicationis donewhenthe aggregate()methodis
invoked, eitherby itselforas partofa collate().

A valueofOmeans custom routinesfor irregularcommunicationare used. A valueof1meansthe
MPI_Alltoallv()functionfromtheMPIlibraryis used.The resultsshouldbe identical. Whichis faster
dependsontheMPllibrary implementationoftheMPIstandardona particular machine.

This settingcanbe changed atany time.

The default valuefor all2allis 1.

The verbosity setting determineshow much diagnostic outputeachlibrary call printstothe screen. A
valueofOmeans "none". Avalueoflmeansa "summary"ofthe resultsacross all processorsis
printed,typicallya countoftotalkey/valuepairsandthememoryrequiredto store them. Avalueof2 printsthe
summary resultsand alsoa "histogram"ofthese quantitiesby processor, so thatyoucan detectmemory usage
imbalance.

This settingcanbe changed atany time.

The default valuefor verbosityis 0.

The timer setting prints out timing informationforeach calltothelibrary. A valueofOmeans "none". A
valueofl invokes an MPI_Barrier() atthe beginningandendofthe operationand printsthe elapsed time,which
willbethesameon allprocessors. A valueof2 invokesno MPI_Barrier()callsand printsa one-line summaryof
timing resultsacross all processorsand alsoa "histogram"ofthetimeoneach processor, so thatyoucan detect
computational imbalance.

This settingcanbe changed atany time.

The defaultvaluefor timeris O.

The memsize setting determinesthepage size(in
Mbytes)ofeachpageofmemoryallocatedbytheMapReduceobjecttoperform its

operations. Thenumberofpagesrequiredby different methods varies;1to7is typical. The freepage setting (see
below) determines whetherpagesare freedornot between operations, once allocated.See this sectionfora
summaryofmemorypage requirements.

The minimum allowedvalueforthe memsize settingis 1,meaningl Mb pages.

IMPORTANT NOTE:The maximumvalueis unlimited, butyoushould insurethetotalmemory consumedby
allpagesallocatedbyalltheMapReduce objectsyou create,doesnot exceedthe physicalmemoryavailable
(which maybesharedbyseveral processors if runningona multi-core node). Ifyou do this,then many systems
will allocate virtualmemory,whichwilltypically causeMR-MPIlibraryoperationsto run very slowlyand
thrashthe disk.

Ifthe data ownedbya processor in its collectionofKeyValueorKeyMultiValuepairs fitswithin one
page,thennodisk I/Ois performed;theMR-MPIlibrary runs in-core. If data exceedsthepage size,then
itiswrittento temporarydiskfilesandread back infor subsequent operations;theMR-MPIlibrary runs
out-of-core.See this sectionformore discussionof out-of-core operations. Thesefilesare createdona
per-processor basisandare deletedwhenno longerneeded. Thus ifyou delete allMapReduce objects thatyou
have instantiated,nosuchfilesshould exist attheendofthe user program. Ifyoushouldneedto clean them up
yourselves (e.g.yourprogram crashes), seethe discussionofthe fpath settingwhich describeshow theyare
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namedandwhere they reside.
Ifyouset memsize small,then processingalarge dataset will induce many readsand writesto disk. Ifyou make
it large,thenthe readsand writes will happen inlarge chunks,which generally yields better I/O performance.

However, pastafew MBytes in size, there maybe little gain in I/O performance.

This settingcanonlybe changed beforethefirstKeyValueorKeyMultiValueobjectis
createdbytheMapReduceobject. If changed after that, it will haveno effect.

The defaultvaluefor memsizeis 64,meaning 64 Mbyte pages.

The defaultvaluecanbe changedbya compiler settingwhentheMR-MPIlibraryis built. Usingthis flagforthe
compilationofthe src/mapreduce.cpp file:

—-DMRMPI_MEMSIZE=n

where n = 16,for example, will buildthelibrarywiththe defaultsetto 16 Mbyte pages, insteadof 64.

The minpage setting determineshow manymemorypageseach processor pre-allocatesasablockof
contiguousmemorywhentheMapReduceobjectperforms itsfirst operation. Minpagecanbesettoanumber >=
0.

Note that ifthe freepage settingis1thenmemorypages willbe freed aftereachMapReduce operation. This will
includethe initial minpageblockofpages if noneof themare in use.

This settingcanonlybe changed beforethefirstKey ValueorKeyMultiValueobjectis
createdbytheMapReduceobject. If changed after that, it will haveno effect.

The defaultvaluefor minpageis 0.

The maxpage setting determinesthe maximumnumberofpagesa processorcan ever
allocatewhenperformingMapReduce operations. Normallythis willbenomorethan 7; seethe discussion in this
sectionformore details. Maxpagecanbesettoanumber >= 0. AvalueofOmeans thereisno
limit;newpagesareallocated whenever theyareneeded.

This settingcanbe changed atany time, though previously-allocatedpagesarenot deleted if maxpageissettoa
smaller number.

The defaultvaluefor maxpageis 0.

The freepage setting determines whetherornottheMapReduce ojbect frees unusedmemorypages aftereach
operationis completed. If freepageissetto 0,then once allocated,pagesare never deallocated
untiltheMapReduceobject itselfis deleted.Inthiscasepagesare reusedby successiveoperations
performedbythelibrary. If freepageissetto 1,then aftereach operation,pages usedbytheoperationare
freed,andthen reallocated (as needed)bythe next operation.

The default freepage settingoflis usefulto limitmemory use, particularly ifyourcode usesseveralMapReduce
objectsoryouare running inparallelona multi-core nodewhere allthe cores sharethesame physical memory.
Ifmemoryisnot an issue, setting freepageto0 maybe somewhat faster, sincememorypages willnotbe
repeatedlyallocatedand freed.Seethe zeropage settingfor an additional sourceof overheadwhenpagesare
repeatedly freedand allocated.
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Ifthe outofcore settingis 1,then setting freepagetolmeans that allmemorypages willbe released
aftereachMapReduce operation. If outofcoreissetto 0,and data fits ina single page,thentheMapReduceobject
will always hold ontoa singlepageofmemoryfor that data even if freepageissetto 1.

This settingcanbe changed atany time.

The defaultvaluefor freepageis 1.

The outofcore setting determines whether data that couldfit ina
singlepageofmemory,withinaKeyValueorKeyMultiValueobject, will stillbewrittento disk. Ifthe
datadoesnotfit ina single page, itis alwayswrittento disk. If outofcoreis 1,thendiskfiles willbe written. If
outofcoreis 0,thendiskfilesarenotwritten ifnotneeded. If outofcoreis -1,thendiskfiles cannotbe createdand
an error will result if theyareneeded.The latter settingisa wayto insure thatyourdataset fits in memory.

Note that ifthe freepage settingandthe outofcore settingare both 1,then allmemorypages willbe
releasedaftereachMapReduce operation. Thiscanbe usefulto insure ifyour application uses manyMapReduce
objectsand wantsto limit itsmemory use.

This settingcanbe changed atany time.

The defaultvaluefor outofcoreis 0.

The zeropage setting determines whether newlyallocatedpagesare filledwithO
byteswhenallocatedbytheMapReduceobject. Note thatthisdoesnot applyto reusedpages that werenot freed.
A settingoflmeans zeroeach page.A settingof(O leaves them uninitialized.

Normally itshouldnotbe necessaryto zero outallocatedmemory,and itonly consumes time, especially
iflargepagesare being usedandare freedandallocated often (e.g.with freepagesetto 1). But itcanbe
usefulwhen debuggingwithmemory checkers,which may flagcertain byteswithinpagesas uninitialized,
evenwhenthis doesn't matter. Thisis becausethe byte-alignment rulesforkeysandvalues (discussed below)can
skipover bytes inthepagewhen dataiswrittentothe page.

This settingcanbe changed atany time.

The defaultvaluefor zeropageis 0.

The keyalignand valuealign settings determinethe byte alignmentofkeysandvaluesgeneratedbythe
userprogramwhen theyare stored insidethelibraryandpassed backtotheuser program. A settingof Nmeans
N-byte alignment. N must alwaysbea powerof two.

As explained in this section,keysandvaluesare variable-length stringsof bytes.TheMR-MPIlibrary knows
nothingof their contentsand simply treats themascontiguous chunksof bytes. This section explains why it
maybe importantto insure proper alignmentof numeric datasuchas integersand floatingpoint values.

Becausekeysare storedfollowing integer lengths,keysare always at least 4-byte aligned. A larger
alignmentvaluecanbespecified if desired.

Because they follow keys,whichmaybeof arbitrarylength (e.g.a string),valuescanbe 1-byte aligned. Note that
if allkeysareintegers,thenvalues will alsobe 4-byte aligned. A larger alignmentvaluecanbespecifiedif
desired.

40



Whena multi-valueis returnedtothe user program, e.g.bythecallbackofa reduce() method,onlythefirstvalue
inthe multi-valueis alignedtothe valuealign setting. Subsequentvaluesare packed oneafterthe other. If
allvaluesarethesame data-type, e.g.integers,then they willall havethesame alignment. However,
ifthevaluesare mixed data types (e.g. stringsand integers),thenyoumayneedto insureeachvalueis aligned
properly beforeusing it inyourmyreduce() function.Seethe Technical Detailsformore discussionof data
alignment.

These settingscanonlybe changed beforethefirstKeyValueorKeyMultiValueobjectis
createdbytheMapReduceobject. If changedafter that, they will haveno effect.

The defaultvaluefor keyalignand valuealignis 4,meaning 4-byte alignmentofkeysand values.

The fpath setting determinesthe pathnamefor alldiskfiles createdbytheMR-MPIlibrarywhen it runs in
out-of-core mode. Note that itisnota pathnamefor user datafilesreadbythe map() method.
Thoseshouldbespecified directlyas partofthe filename.

Out-of-corediskfilesare createdwith nameslike "fpath/mrmpi.kv,N,M,P"where "kv"is an file-type string
("kv",or "kmv"or "sort"or "part"or "set"), Nisanumber uniquetoeachMapReduceobject, Misa file
counter,and Pisthe processor ID. fpath/mrmpi.kmv.N.P. Sortfilesare createdbythe sorting methods.
Partandsetfilesare createdby collate()or convert() methods.

Setting fpathmaybeusefulfor specifyingadisklocaltoeach processor,orforaparallel file system thateach
processorcan access.

This settingcanonlybe changed beforethefirstKeyValueorKeyMultiValueobjectis
createdbytheMapReduceobject. If changedafter that, it will haveno effect.

The defaultvaluefor fpathis ".",whichmeansthecurrent working directory.

The defaultvaluecanbe changedbya compiler settingwhentheMR-MPllibraryis built. Usingthis flagforthe
compilationofthe src/mapreduce.cpp file:

-DMRMPI_FPATH=foo

where fooisthe desired pathname, will buildthelibrarywiththe default fpathsetto foo, insteadofthecurrent
working directory.
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MapReduce sort_keys()method

uint64_t MapReduce::sort_keys (int (*mycompare) (char *, int, char *, int))
uint64_t MapReduce::sort_keys (int flag)

Thiscallsthe sort_keys()methodofaMapReduceobject,which sortsaKeyValueobjectby itskeysto
produceanewKeyValueobject.

Forthefirst variant,you providea mycompare()functionwhich comparespairsofkeysforthe sort,
sincetheMapReduceobjectdoesnot knowhowto interpretthe contentofyour keys.Themethod
returnsthetotalnumberofkey/valuepairs inthenewKeyValueobjectwhich willbethesameas inthe original.

Forthesecond variant,youcan select oneofseveral pre-defined compare functions, soyou donot haveto
writethe comparefunction yourself:

flag = +/-1 compare? integers

flag = +/-2 compare2 64-bit unsigned integers
flag = +/-3 compare? floats

flag = +/-4 compare?2 doubles

flag = +/- 5 compare?2 NULISl;znn;i(I;ated stringsvia
flag=+/- 6 compare? arbitrary stringsvia strncmp()

Ifthe flagis positive,the sortingis doneis ascending order; ifthe flagis negative,the sortingis doneis
descending order.

Forthe flag = +/- 6 case,the2 strings donot havetobe NULL-terminated sinceonlythefirst N charactersare
compared,where Nisthe shorterofthe2 string lengths.

Thismethodis usedto sortkey/valuepairsbykey beforeaKeyValueobjectis

transformedintoaKeyMulti Valueobject, e.g.viathe clone(), collapse(),or convert() methods. Note
thattheseoperations preservethe orderof paires intheKeyValueobjectwhen

creatingaKeyMulti Valueobject,whichcanthenbepassedtoyour applicationfor output, e.g.viathe reduce()
method. Note however, that sort_keys()does NOT sortkeysacross all processors butonly sortsthekeysoneach
processorwithintheKeyValueobject. Thus ifyou gather()or aggregate()afterperforminga sort_keys(),the
sorted order willbe lost, sincethose methods movekey/valuepairstonewprocessors.

Inthisexampleforthefirst variant,the userfunctioniscalled mycompare()and it must
havethefollowinginterface

int mycompare (char *keyl, int lenl, char *key2, int len2)

Keyland key2arepointerstothe byte stringsfor2 keys,eachoflength lenland len2.
Yourfunctionshouldcompare themand returna -1, O,orl if keylis less than,equal to,or greaterthan key2,
respectively.

Thismethodis an on-processor operation, requiringno communication. When run in parallel,each
processoroperatesonlyonthekey/valuepairs it stores.

Related methods: sort_values(), sort_multivalues()
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MapReduce sort_multivalues()method

uint64_t MapReduce::sort_multivalues (int (*mycompare) (char *, int, char *, int))
uint64_t MapReduce::sort_multivalues (int)

Thiscallsthe sort_multivalues()methodofaMapReduceobject,which
sortsthevaluesforeachkeywithinaKeyMulti Valueobjectto produceanewKeyMultiValueobject.

Forthefirst variant,you providea mycompare()functionwhich comparespairsofvaluesforthe sort,
sincetheMapReduceobjectdoesnot knowhowto interpretthe contentofyour values. Themethod
returnsthetotalnumberofkey/multi-valuepairs inthenewKeyMultiValueobjectwhich willbethesameas
inthe original.

Forthesecond variant,youcan select oneofseveral pre-definedcompare functions, soyou donot haveto
writethecomparefunction yourself:

flag =1 compare? integers

flag =2 compare2 64-bit unsigned integers

flag =3 compare? floats

flag =4 compare2 doubles

flag = 5 | compare2 NULL-terminated stringsviastrcmp()
flag=6 compare? arbitrary stringsvia strncmp()

Forthe flag = 6 case,the2 strings donot havetobe NULL-terminated sinceonlythefirst N charactersare
compared,where Nisthe shorterofthe2 string lengths.

Thismethodcanbe usedto sortasetof multi-valueswithinakey before theyarepassedtoyour application,
e.g.viathe reduce() method. Note that ittypicallyonly makes senseto use
sort_multivalues()foraKeyMultiValueobject createdbythe convert()or collate() methods,notKeyMultiValue
objects createdbythe clone()or collapse()or scrunch() methods.

Inthisexampleforthefirst variant,the userfunctioniscalled mycompare()and it must
havethefollowinginterface

int mycompare (char *valuel, int lenl, char *value2, int len2)
Valueland value2arepointerstothe byte stringsfor2 values,eachoflength lenland len2.

Yourfunctionshouldcompare themand returna -1, 0,or1 if valuelis less than,equal to,or greaterthan value?2,
respectively.

Thismethodis an on-processor operation, requiringno communication. When run in parallel,each
processoroperatesonlyonthekey/multi-valuepairs it stores.

Related methods: sort_keys(), sort_values()
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MapReduce sort_values()method

uint64_t MapReduce::sort_values (int (*mycompare) (char *, int, char *, int))
uint64_t MapReduce::sort_values (int flag)

Thiscallsthe sort_values()methodofaMapReduceobject,which sortsaKeyValueobjectby itsvaluesto
produceanewKeyValueobject.

Forthefirst variant,you providea mycompare()functionwhich comparespairsofvaluesforthe sort,
sincetheMapReduceobjectdoesnot knowhowto interpretthe contentofyour values. Themethod
returnsthetotalnumberofkey/valuepairs inthenewKeyValueobjectwhich willbethesameas inthe original.

Forthesecond variant,youcan select oneofseveral pre-definedcompare functions, soyou donot haveto
writethecomparefunction yourself:

flag =1 compare? integers

flag =2 compare2 64-bit unsigned integers

flag =3 compare? floats

flag =4 compare?2 doubles

flag = 5 | compare2 NULL-terminated stringsviastrcmp()
flag=6 compare? arbitrary stringsvia strncmp()

Forthe flag = 6 case,the2 strings donot havetobe NULL-terminated sinceonlythefirst N charactersare
compared,where Nisthe shorterofthe2 string lengths.

Thismethodis usedto sortkey/valuepairsbyvalue beforeaKeyValueobjectis

transformedintoaKeyMulti Valueobject,e.g.viathe clone(), collapse(),or convert() methods. Note
thattheseoperations preservethe orderofpairs intheKeyValueobjectwhen
creatingaKeyMultiValueobject,whichcanthenbepassedtoyour applicationfor output,e.g.viathe reduce()
method. Note however, that sort_values()does NOT sortvaluesacross all processors butonly
sortsthevaluesoneach processorwithintheKeyValueobject. Thus ifyou gather()or
aggregate()afterperforminga sort_values(),thesorted order willbe lost, sincethose methods
movekey/valuepairstonewprocessors.

Inthisexampleforthefirst variant,the userfunctioniscalled mycompare()and it must
havethefollowinginterface

int mycompare (char *valuel, int lenl, char *value2, int len2)
Valueland value2arepointerstothe byte stringsfor2 values,eachoflength lenland len2.

Yourfunctionshouldcompare themand returna -1, 0,or1 if valuelis less than,equal to,or greaterthan value?2,
respectively.

Thismethodis an on-processor operation, requiringno communication. When run in parallel,each
processoroperatesonlyonthekey/valuepairs it stores.

Related methods: sort_keys(), sort_multivalues()
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MapReduce kv_stats()method
MapReduce kmv_stats()method

MapReduce cummulative_stats()method

uint64_t MapReduce: :kv_stats (int level)
uint64_t MapReduce: :kmv_stats (int level)
void MapReduce::cummulative_stats (int level, int reset)

Callingthe kv_stats()method prints statistics abouttheKeyValueobject

storedwithintheMapReduceobject. Thetotalnumberofkey/valuepairsisreturned. If level =0is
specified,nothing elseis done. If level =lisspecified,a one-line summaryis printedfor
allthekey/valuepairsacrossallprocessors. Ifa level =2is specified, per-processor informationis also printed
ina one-line histogram format.

Callingthe kmv_stats()method prints statistics abouttheKeyMultiValueobject
storedwithintheMapReduceobject. Thetotalnumberofkey/multi-valuepairsisreturned. If level =0is
specified,nothing elseis done. If level =lisspecified,a one-line summaryis printedfor
allthekey/multi-valuepairsacross allprocessors. Ifa level =2isspecified, per-processor informationis also
printed ina one-line histogram format.

Callingthe cummulative_stats()method prints statistics aboutthe cummulativememory allocation,
inter-processorcommunication volume,and file I/Ovolume thathas been performedby
allMapReduceoperations uptothis point,byallMapReduce objectsyourprogramhas instantiated. If level =1is
specified,a brief summaryis printed. If level =2is specified, per-processor informationis alsoprinted ina
one-line histogram format.

Ifthe reset flagissetto 1,thenthe countersforthese quantitiesare resetto 0.
This cummulative_stats()methodiscalled internallywhenyourprogram destructsthe

lastMapReduceobject,usingthe verbosity settingforthe level argument. If verbosityissetto
0,thenthemethodisnot called.
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Cinterfacetothe MapReduce-MPI Library

TheMR-MPIlibrarycanbecalledfroma C program,usingtheinterface defined in src/cmapreduce.h. Thisisa C
filewhichshouldbe included inyour Cprogramto definethe APItothe library:

#include "cmapreduce.h"

Note thatthe Cinterfaceshould alsobe usableto calltheMapReduceMPIlibraryfrom Fortranorother hi-level
languages, including scripting languages.See information belowonhowto dothisfrom Python.

The Cinterface consistsofthefollowing functions. Their functionalityand argumentsare described inthe
C++interface section.

void *MR_create (MPI_Comm comm) ;
void *MR_create_mpi () ;

void *MR_create_mpi_finalize();
void *MR_copy (void *MRptr);
void MR_destroy (void *MRptr);

uint64_t MR_add(void *MRptr) ;
uint64_t MR_aggregate (void *MRptr, int (*myhash) (char *, int));
uint64_t MR_broadcast (void *MRptr, int root);
uint64_t MR_clone (void *MRptr) ;
uint64_t MR_close(void *MRptr);
uint64_t MR_collapse (void *MRptr, char *key, int keybytes);
uint64_t MR_collate(void *MRptr, int (*myhash) (char *, int));
uint64_t MR_compress (void *MRptr,
void (*mycompress) (char *, int, char *, int, int *, void *KVptr, void *Al
void *APPptr);
uint64_t MR_convert (void *MRptr);
uint64_t MR_gather (void *MRptr, int numprocs);

uint64_t MR _map(void *MRptr, int nmap,
void (*mymap) (int, void *KVptr, void *APPptr),
void *APPptr);
uint64_t MR _map_add(void *MRptr, int nmap,
void (*mymap) (int, void *KVptr, void *APPptr),
void *APPptr, int addflag);
uint64_t MR _map_file(void *MRptr, int nstr, char **strings,
int self, int recurse, int readfile,
void (*mymap) (int, char *,
void *KVptr, void *APPptr),
void *APPptr);
uint64_t MR _map_file_add(void *MRptr, int nstr, char *strings,
int self, int recurse, int readfile,
void (*mymap) (int, char *,
void *KVptr, void *APPptr),
void *APPptr, int addflag);
uint64_t MR _map_file_char (void *MRptr, int nmap, int nstr, char **strings,
int recurse, int readfile,
char sepchar, int delta,
void (*mymap) (int, char *, int, void *KVptr, void *APPptr),
void *APPptr);
uint64_t MR map_file_char_add(void *MRptr, int nmap, int nstr, char **strings,
int recurse, int readfile,
char sepchar, int delta,
void (*mymap) (int, char *, int, void *KVptr, void *APPptr),
void *APPptr, int addflagqg);
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uint64_t MR map_file_str(void *MRptr, int nmap, int files, char **files,
char *sepstr, int delta,
void (*mymap) (int, char *, int, void *KVptr, void *APPptr),
void *APPptr);
uint64_t MR map_file_str_add(void *MRptr, int nmap, int files, char **files,
char *sepstr, int delta,

void (*mymap) (int, char *, int, void *KVptr, void *APPptr),
void *APPptr, int addflag);
uint64_t MR _map_mr (void *MRptr, void *MRptr2,
void (*mymap) (uinté64_t, char *, int, char *, int *, void *KVptr, void *APP;j
void *APPptr);
uint64_t MR _map_mr_add(void *MRptr, void *MRptr2,
void (*mymap) (uint64_t, char *, int, char *, int *, void *KVptr, void *APPp!
void *APPptr, int addflag);
void MR_open (void *MRptr, int addflag);
void MR_open_add(void *MRptr) ;
void MR_print (void *MRptr, int, int, int, int);
void MR_print_file(void *MRptr, char *, int, int, int, int, int);
uint64_t MR_reduce (void *MRptr,
void (*myreduce) (char *, int, char *, int, int *, void *KVptr, void *APPpt:

void *APPptr);
uint64_t MR multivalue_blocks (void *MRptr) ;
void MR_multivalue_block_select (void *MRptr,
int MR _multivalue_block (void *MRptr,
char **ptr_multivalue,

uint64_t MR_scan_kv(void *MRptr,

int which);
int iblock,

int **ptr_valuesizes);

void (*myscan) (uint64_t, char *, int, char *, int, wvoid ¥*),
void *APPptr);
uint64_t MR_scan_kmv (void *MRptr,
void (*myscan) (char *, int, char *, int, int *, wvoid ¥*),

void *APPptr);

uint64_t MR_scrunch(void *MRptr, int numprocs,

uint64_t MR_sort_keys(void *MRptr,

int (*mycompare) (char *,
MR_sort_keys_flag(void *MRptr, int);

MR_sort_values (void *MRptr,
int
MR_sort_values_flag(void *MRptr,
MR_sort_multivalues (void *MRptr,
int

uinted_t
uinted_t

uinted_t
uinted_t

int);

uint64_t MR_sort_multivalues_flag(void *MRptr, int);

void MR_kv_stats(void *MRptr,

MR_kmv_stats (void *MRptr,

int level);
void int level);
void MR_set_mapstyle (void *MRptr, int wvalue);
MR_set_verbosity (void *MRptr, int value);
MR_set_timer (void *MRptr, int wvalue);
MR_set_memsize (void *MRptr, int wvalue);
MR_set_keyalign(void *MRptr, int value);
MR_set_valuealign(void *MRptr, int value);

void
void
void
void
void
void MR_kv_add(void *KVptr, char *key,
char *value, int wvaluebytes);

MR_kv_add_multi_static(void *KVptr, int n,

char *key,

void

(*mycompare) (char *,

(*mycompare) (char *,

char *key, int keybytes);

int, char *, int));
int, char *, int));
int, char *, int));

int keybytes,

int keybytes,
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char *value, int wvaluebytes);
void MR_kv_add_multi_dynamic (void *KVptr, int n,

char *key, int *keybytes,

char *value, int *valuebytes);

void *MR_get_kv (void *MRptr);
void *MR_get_kmv (void *MRptr) ;

These functions correspond one-to-onewiththe C++ methods described here, except thatfor C++ methodswith
multiple interfaces (e.g. map()), thereare multiple C functions,with slightly different names.The MR_set()
functionsare addedtothe Cinterfaceto enablethe correspondinglibrary variablestobe set.The final
MR_get_kv()and MR_get_kmv() functions haveon C++ counterpart; they were addedto allow
extractionoftheinternalKVand KM Vpointersfroma C-style calling program,whichcanbe done directly in

C++ sincethepointersare public members.

Note thatwhenyou call MR_create()or MR_copy(), they returna "void
*MRptr"whichisapointertotheMapReduceobject createdbythelibrary. Thispointeris usedasthefirst
argumentof alltheother MR calls. Thismeansa Cprogramcan effectively instantiate multipleMapReduce
objectsby simply keeping trackofthepointers returnedto it.

The remaining argumentsofeachfunction callarethesameasthose usedwiththe C++ methods. Theonly
exceptionsareseveralofthe MR_kv_add() functionswhich takea KVptras theirfirst argument.
ThisisapointertoaKeyValueobject. Thesecallsare madefromyour program's mymap(), myreduce(),and
mycompress() functionstoregisterkey/valuepairswiththeMR-MPIlibrary. The KVptrispassedas an
argumenttoyour functionswhen theyarecalled backfromtheMR-MPIlibrary.

Seethe Cprograms inthe examplesdirectoryfor examplesofhowthesecallsare madefroma C program.
Theyare conceptually identicaltothe C++programs inthesame directory.
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Pythoninterfacetothe MapReduce-MPI Library

APythonwrapperfortheMR-MPIlibraryis included inthe distribution.The advantageofusingPythonishow
concisethe language is, enabling rapid developmentand debuggingofMapReduce programs.The disadvantageis
speed, sincePythonis slowerthana compiled language. UsingtheMR-MPIlibraryfromPython incurs two
additional overheads, discussed inthe Technical Details section.

BeforeusingMR-MPIfromaPython script,youneedto do two things. Youneedto buildMR-MPIlasa
dynamicsharedlibrary, so itcanbe loadedby Python. Andyouneedto tellPythonhowto
findthelibraryandthePythonwrapper file python/mrmpi.py. Boththese stepsare discussed below. Ifyou
wishto run"MR-MPI inparallelfrom Python,you alsoneedto extendyourPythonwith MPI. Thisis also
discussed below.

ThePythonwrapperforMR-MPI usesthe amazingand magical (to me) "ctypes" package in Python,which
auto-generatestheinterfacecode needed betweenPythonandasetof Cinterface routinesforalibrary. Ctypesis
partofstandardPythonfor versions 2.5and later. Youcan checkwhichversionofPythonyou have installed,by
simply typing "python" ata shell prompt.

Thefollowing sub-sections coverthe restofthePython discussion:

¢ BuildingMR-MPlasasharedlibrary

¢ [nstallingthePythonwrapperintoPython

¢ ExtendingPythonwithMPIto run inparallel
® Testingthe Python/MR-MPlinterface

¢ UsingtheMR-MPIlibraryfromPython

BuildingMR-MPIlasasharedlibrary

Instructionsonhowto buildMR-MPIlasasharedlibraryare given inthe Start section. Asharedlibraryis one
thatis dynamically loadable,whichis whatPython requires. On Linuxthisisalibrary filethat ends in ".so",not

"
Fromthesrc directory, type

make —-f Makefile.shlib foo
where fooisthemachine target name,suchas linuxor g++or serial. Thisshouldcreatethe file libmrmpir_foo.so
inthesrc directory,as wellasa soft link libmrmpi.so,whichis whatthePythonwrapper will loadby default.
Note that ifyouare building multiplemachine versionsofthesharedlibrary,the soft linkis alwayssettothe most

recently built version.

Ifthis fails, seethe Start sectionformore details.

InstallingthePythonwrapperintoPython
ForPythonto invoke MR-MPI, thereare2files it needsto know about:

¢ python/mrmpi.py
¢ src/libmrmpi.so
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Mrmpi.pyisthePythonwrapperontheMR-MPllibrary interface. Libmrmpi.soisthesharedMR-MPIlibrary
thatPython loads,as described above.

Youcan insurePythoncan findthesefiles in oneof two ways:

® set two environment variables
¢ runthe python/install.py script

Ifyousetthe pathstothesefilesas environment variables,youonly haveto do it once. Forthe cshor tcsh
shells,add somethinglikethistoyour ~/.cshrc file, one lineforeachofthe two files:

setenv PYTHONPATH $PYTHONPATH:/home/sjplimp/mrmpi/python
setenv LD_LIBRARY_PATH $LD_LIBRARY _PATH:/home/sjplimp/mrmpi/src

Ifyou usethe python/install.py script,youneedto invoke it everytimeyou rebuildMR-MPI (asashared
library)or make changestothe python/mrmpi.py file.

Youcan invoke install.pyfromthe pythondirectoryas
% python install.py [libdir] [pydir]

The optional libdiriswheretocopytheMR-MPIsharedlibrary to;the defaultis /usr/local/lib.The optional
pydiriswheretocopythe mrmpi.py file to;the defaultisthe site-packagesdirectoryoftheversionofPython
thatis runningthe install script.

Note that libdir mustbea location thatis inyour default LD_ILIBRARY_PATH,like /usr/local/libor /usr/lib. And
pydir mustbea location thatPython looks inby defaultfor imported modules,like its site-packages dir. Ifyou
wanttocopythesefilesto non-standard locations,suchaswithinyour own user space,you willneedtosetyour
PYTHONPATHand LD_LIBRARY_PATH environment variables accordingly,as above.

Ifthe install.py scriptdoesnot allowyoutocopyfilesinto system directories, prefixthe python commandwith
"sudo". Ifyou do this, make sure thatthePython that root runsisthesameasthePythonyou run.
E.g.youmayneedto do somethinglike

% sudo /usr/local/bin/python install.py [libdir] [pydir]
Youcan also invoke install.pyfromthe make command inthesrcdirectoryas
% make install-python

Inthis modeyou cannot append optional arguments.Again,youmayneedto prefixthiswith "sudo".Inthis
modeyou cannot controlwhichPythonis invokedby root.

Note that ifyou wantPythontobe ableto load different versionsoftheMR-MPIsharedlibrary (see this section
below),you willneedto manuallycopyfileslike Impmrmpi_g++.sointothe appropriate system directory.
Thisisnot needed ifyousetthe LD_ILIBRARY_PATH environment variableas described above.

11.3 ExtendingPythonwithMPIto run inparallel

Ifyou wishto runMR-MPI inparallelfrom Python,youneedto extendyourPythonwith aninterfaceto MPI.
This also allowsyouto makeMPIcalls directlyfromPython inyour script, ifyou desire.
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ThereareseveralPython packagesavailable that purportto wrapMPlasalibraryand allowMPI
functionstobecalledfrom Python.

Theseinclude

* pyMPI
® maroonmpi

* mpidpy
* myMPI
® Pypar

Allofthese except pyMPI workby wrappingtheMPllibraryand exposing (some portion of)
itsinterfacetoyourPython script. ThismeansPython cannotbe used interactively in parallel, since they donot
addressthe issueof interactive inputto multiple instancesofPython runningon differentprocessors.The one
exceptionis pyMPIL which altersthePython interpreterto addressthis issue,and (I believe) createsanew
alternate executable(in placeof "python" itself)asa result.

In principleanyofthese Python/MPI packagesshould workto invokeMR-MPI inparallelandMPIcalls
themselvesfromaPython scriptwhichis itself running in parallel. However,when I downloadedand looked
atafewof them, their documentation was incompleteand I had troublewith their installation. It'snot clear if
someofthe packagesare still being actively developedand supported.

The one I recommend, since I have successfully used itwith MR-MPL,is Pypar. Pyparrequiresthe ubiquitous
Numpy packagebe installed inyour Python. After launching python, type

import numpy

to see if itis installed. Ifnot, hereishowto install it (version 1.3.0blasof April 2009). Unpackthe numpy
tarballandfrom its top-level directory, type

python setup.py build
sudo python setup.py install

The "sudo"isonly needed ifrequiredtocopy NumpyfilesintoyourPython distribution's site-packages directory.

To install Pypar (version pypar-2.1.4_94asof Aug 2012), unpack itandfrom its "source" directory, type

python setup.py build
sudo python setup.py install

Again,the "sudo"isonly needed ifrequiredtocopy PyparfilesintoyourPython distribution's site-packages
directory.

Ifyou have successully installed Pypar,youshouldbe ableto runPythonand type
import pypar

without error. Youshould alsobe ableto run python inparallelonasimple test script
% mpirun -np 4 python test.py

where test.py containsthe lines

import pypar
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print "Proc %d out of %d procs" % (pypar.rank(),pypar.size())
and see one lineof outputforeach processoryou run on.

IMPORTANT NOTE: To use PyparandMR-MPI inparallelfrom Python,you must insure
bothareusingthesameversionof MPI. Ifyouonly have oneMPI installedonyour system,thisisnot an issue,
but itcanbe ifyou have multiple MPIs. YourMR-MPI buildis explicit aboutwhichMPI itis using,
sinceyouspecifythedetails inyour lo-level src/MAKE/Makefile.foo file. Pypar usesthe "mpicc" commandto
find information abouttheMPI it usesto build against. And it triesto load
"libmpi.so"fromtheLD_LIBRARY_PATH. ThismayormaynotfindtheMPIlibrary thatMR-MPlis using.
Ifyou have problems runningboth PyparandMR-MPI together,thisis an issueyoumayneedto address,e.g.by
movingotherMPI installations so that Pypar findsthe right one.

11.4 Testingthe Python-MR-MPlinterface

To test ifMR-MPIis callablefromPython in serial, launchPython interactivelyand type:

>>> from mrmpi import mrmpi
>>> mr = mrmpi ()

Ifyou getno errors, you're readyto useMR-MPIfrom Python. Ifthe 2nd command fails,the most common
errorto seeis

OSError: Could not load MR-MPI dynamic library

whichmeansPython was unableto loadtheMR-MPIsharedlibrary. Thistypically occurs ifthe system can't
findtheMR-MPIsharedlibrary,or if something aboutthelibraryis incompatiblewithyour Python.The error
messageshouldgiveyou an indicationof what went wrong.

Youcan also testthe load directly inPythonas follows, withoutfirst importingfromthe mrmpi.py file:

>>> from ctypes import CDLL
>>> CDLL("libmrmpi.so")

If an error occurs, carefully go thruthe steps in Startand above about buildingasharedlibraryand about
insuringPythoncan findthe necessary twofiles it needs.

TestMR-MPlandPython in parallel:

To runMR-MPI in parallel, assumingyou have installedthe Pypar packageas discussed above,createa test.py
file containingthese lines:

import pypar

from mrmpi import mrmpi

mr = mrmpi ()

print "Proc %d out of %d procs has" % (pypar.rank(),pypar.size()),mr
pypar.finalize ()

Youcanthen run it inparallel as:
% mpirun -np 4 python test.py

Note that ifyou leave outthe3 linesfrom test.py thatspecify Pypar commandsyou will instantiateand
runMR-MPI independentlyoneachofthe P processorsspecified inthe mpirun command.Inthiscaseyoushould
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get4 setsof output,each showing thataMR-MPI was initializedona single processor, insteadof onesetof
output showingMR-MPI was initializedon4processors. Ifthe 1-processor outputs occur, itmeans that
Pyparisnotworking correctly.

Also note that onceyou importthe PyPar module, Pypar initializesMPIfor you,andyoucan useMPIcalls
directly inyourPython script,as described inthe Pypar documentation.Thelast lineofyourPython
scriptshouldbe pypar.finalize(),to insureMPlis shut down correctly.

RunningPython scripts:

Note thatanyPythonscript (not justfor MR-MPI)canbe invoked in oneofseveral ways:

o°

python foo.script
python -i foo.script
foo.script

o°

o°

Thelast commandrequires thatthefirst lineofthescriptbe somethinglike this:

#!/usr/local/bin/python
#!/usr/local/bin/python -i

wherethe path pointstowhereyou havePython installed,and thatyou have madethescript file executable:

)

% chmod +x foo.script

Withoutthe "-i" flag,Python will exitwhenthescript finishes. Withthe "-i" flag,you willbe left inthePython
interpreterwhenthescript finishes, soyoucan type subsequent commands. As mentioned above,youcanonly
runPython interactivelywhen runningPythonona single processor,not in parallel.

UsingtheMR-MPIlibraryfromPython

ThePythoninterfacetoMR-MPI consistsofaPython "mrmpi" module,the sourcecodeforwhichis in
python/mrmpi.py,which createsa "mrmpi"object,withasetof methods thatcanbe invokedon thatobject.The
samplePythoncode below assumesyou havefirst importedthe "mrmpi" module inyourPython script,as
follows:

from mrmpi import mrmpi

Thesearethe methods definedbythe mrmpi module. Someof them takecallback functionsas arguments,e.g.
map()and reduce(). ThesearePython functionsyou define elsewhere inyour script. Whenyouregister
"keys"and "values"withthelibrary, theycanbesimple quantitieslike stringsor intsor floats. Or
theycanbePython data structureslike listsor tuples.

Thesearethe class methods definedbythe mrmpi module. Their functionalityand argumentsare described inthe
C++interface section.

mr = mrmpi () # create a MR-MPI object using the default libmrmpi.so library
mr = mrmpi (mpi_comm) # ditto, but with a specified MPI communicator

mr = mrmpi (0.0) # ditto, and the library will finalize MPI

mr = mrmpi (None, "g++") # create a MR-MPI object using the libmrmpi_g++.so library

mr = mrmpi (mpi_comm, "g++") # ditto, but with a specified MPI communicator

mr = mrmpi (0.0, "g++") # ditto, and the library will finalize MPI

mr2 = mr.copy () # copy mr to create mr2
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mr

mr.

mr

mr

mr.
mr.
mr.

mr

mr.

mr.

mr.

mr

mr

mr

mr

mr

mr

mr

mr

.map (nmap, mymap)

.map (nmap, mymap, ptr)

.map_mr (mr2, mymap)

.destroy () #
#

.add (mr2)

aggregate ()

.aggregate (myhash) #
#
#

.broadcast (root)

clone ()

close ()

collapse (key)

.collate ()

collate (myhash) #
#

compress (mycompress) #
#
#
#
#
#
#

compress (mycompress, ptr) #
#
#

.convert ()
mr.

gather (nprocs)

#
#
#
#
#
#
#
#
#
g9

.map (nmap, mymap, ptr,addflag)

.map_file(files,self, recurse

#
#
#
#

.map_file_char (nmap, files, re

#
#
#
#

.map_file_str (nmap, files, rec

#

B e

destroy an mrmpi object, freeing its memory
this will also occur if Python garbage collects

if specified, myhash is a hash function
called back from the library as myhash (key)
myhash () should return an integer (a proc ID)

if specified, myhash is the same function
as for aggregate()

mycompress is a function called back from the
library as mycompress (key,mvalue,mr,ptr)
where mvalue is a list of values associated
with the key, mr is the MapReduce object,
and you (optionally) provide ptr (see below)

your mycompress function should typically
make calls like mr->add(key,value)

if specified, ptr is any Python datum

and is passed back to your mycompress ()
if not specified, ptr = None

mymap is a function called back from the
library as mymap (itask,mr,ptr)
where mr is the MapReduce object,
and you (optionally) provide ptr (see below)
your mymap function should typically
make calls like mr->add(key,value)
if specified, ptr is any Python datum
and is passed back to your mymap ()
if not specified, ptr = None
# if addflag is specfied as a non-zero int,
# new key/value pairs will be added to the
# existing key/value pairs

,readfile, mymap)
files is a list of filenames and dirnames
mymap is a function called back from the
library as mymap (itask, filename,mr,ptr)
as above, ptr and addflag are optional args
curse, readfile, sepchar,delta, mymap)
files is a list of filenames and dirnames
mymap is a function called back from the
library as mymap (itask, str,mr,ptr)
as above, ptr and addflag are optional args
urse, readfile, sepstr,delta, mymap)
files is a list of filenames and dirnames
mymap is a function called back from the
library as mymap (itask, str,mr,ptr)
as above, ptr and addflag are optional args
pass key/values in mr2 to mymap
mymap is a function called back from the
library as mymap (itask, key,value,mr,ptr)
as above, ptr and addflag are optional args
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mr.
mr.
mr.

mr.
mr.

mr

mr.
mr.
mr.

mr
mr
mr

mr.

mr

mr

.reduce (myreduce, ptr)

.scan_kmv (myscan, ptr)

.add_multi_static(keys,values)

.add_multi_dynamic (keys,values)

.open ()
mr.
.print_screen (proc,nstride, kflag,vflaqg)

.print_file(file, fflag,proc,nstride, kflag,vilaqg)

open (addflagqg)

reduce (myreduce) myreduce is a function called back from the
library as myreduce (key,mvalue,mr, ptr)
where mvalue is a list of values associated
with the key, mr is the MapReduce object,
and you (optionally) provide ptr (see below)
your myreduce function should typically
make calls like mr->add(key,value)
if specified, ptr is any Python datum
and 1is passed back to your myreduce ()

if not specified, ptr = None

S o S 3 S R HE 3 S o

scan_kv (myscan) myscan is a function called back from the
library as myscan (key,value, ptr)
for each key/value pair
and you (optionally) provide ptr (see below)
if specified, ptr is any Python datum
and 1is passed back to your myreduce ()

if not specified, ptr = None

scan_kv (myscan, ptr)

B

scan_kmv (myscan) myscan is a function called back from the
library as myreduce (key,mvalue, ptr)
where mvalue is a list of values associated
with the key,
and you (optionally) provide ptr (see below)
if specified, ptr is any Python datum
and 1is passed back to your myreduce ()

if not specified, ptr = None

S o o3 S o o 3 3

scrunch (nprocs, key)
sort_keys (mycompare)

sort_values (mycompare)

sort_multivalues (mycompare) # compare is a function called back from the
# library as mycompare (a,b) where
# a and b are two keys or two values
# your mycompare () should compare them
# and return a -1, 0, or 1

<b, or a == b, #r aif b

sort_keys_flag(flag)

sort_values_flag(flag)

sort_multivalues_flag(flag)

kv_stats (level)

kmv_stats (level)

.mapstyle (value) # set mapstyle to value

all2all (value) # set all2all to value

verbosity (value) # set verbosity to value

timer (value) # set timer to value

.memsize (value) # set memsize to value

.minpage (value) # set minpage to value

.maxpage (value) # set maxpage to value

add (key, value) add single key and value

add list of keys and values

all keys are assumed to be same length
all values are assumed to be same length
add list of keys and values

each key may be different length

P
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# each value may be different length

Note thatyoucancreate multipleMR-MPI objects inyourPython script,and coordinatethe data stored
ineachand moved between them, justascanfroma Cor C++ program.

The class methods above correspond one-to-onewiththe C++ methods described here, except thatfor C++
methodswith multiple interfaces (e.g. map()), thereare multiplePythonmethodswith slightly different names,
similartothe Cinterface.

Thereisnosetfunctionthethe keyalignand valuealign settings. Theseare hard-wiredto1forthePython
interface, sincenoothervalues make sense, duetothe pickling/unpickling thatis performed inkeyandvalue
data.

SeethePython scripts inthe examplesdirectoryfor examplesofhowthesecallsare madefromaPython
program. Theyare conceptually identicaltothe C++and Cprograms inthesame directory.
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OINKinterfacetothe MapReduce-MPI Library

OINKisa C++ application that provdesa hi-level scriptinginterfacetotheMR-MPIlibrarywhich it uses
internally. Theseare three goalsof OINK:

¢ (1) To allowMapReduce algorithmswhich calltheMR-MPIlibrarytobewrittenwitha minimumof
extraneous code,to workwith input/output in various forms,andtobe chained togetherand drivenviaa
simple, yet versatile scripting language.

® (2) Tocreate an archiveofmap()and reduce() functionsfor re-useby different algorithms.

¢ (3) To providea scriptedinterfacetothe lo-leveIMR-MPIlibrarycalls thatcan speed
development/debuggingofnew algortihms before coding them up in C++or another language.

OINKhas its own manualand docpages, sofurtherdetailsarenot given here.
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Technical Details

This section provides additionaldetails aboutusingtheMapReducelibraryandhow itis implemented. These
topicsare covered:

¢ Lengthand byte-alignmentofkeysandvalues

® Memory requirementsforKeyValueandKeyMultiValue objects
¢ Out-of-core operation

¢ Fundamemtallibrary limits

¢ Hash functions

¢ Callback functions

¢ Python overhead

® Error messages

Lengthand byte-alignmentofkeysandvalues

As explained in this section,keysandvaluesare variable-length stringsof bytes.TheMR-MPIlibrary
knowsnothingof their contentsand simply treats themascontiguous chunksof bytes.

Whenyouregisterakeyandvalue inyour mymap()or mycompress()or myreduce()functionviatheKeyValue
add() method,youspecify theirlengths in bytes. Keysandvaluesaretypically
returnedtoyourprogramforfurther processingor output,e.g.as
argumentspassedtoyourmyreduce()functionbythe reduce() operation,asare their lengths.

Keysandvaluesarepassedas characterpointerstoyour functionswhereyoumayneedto convertthepointerto
an appropriate data typeandthen correctly interpretthe byte string. For example, eitherofthese lines couldbe
used:

int *iptr = (int *) key;
int myvalue = *(int *) key;

Ifthekeyorvalueisa variable-length text string,youmay wantto terminate itwitha "0",andincludethe trailing
"0" inthe byte count, so that C-library-style string functionscan laterbe invokedon it. Ifakeyorvalueisa
complex data structure,yourfunction mustbe ableto decode it.

IMPORTANT NOTE: An eaay wayto encapsulateseveral datumsasakey (or value)istocreatea C struct that
includeseachof them. Thenthe sizeof()function givesthe byte countofthe structandthe compiler takes careof
data alignment issues,as described below. Ifyou dothisfor creatinga key,thenbe aware thatyourindividual
datumsmaynot use up allthe bytesreturnedbythe sizeof() function. Againthisis dueto alignment constraints
imposedbythe compiler. Normallythis isn't somethingyourcode would worry about sinceyouonly accesthe
datums, but ifthe structis usedasa key,and some bytes inthekeyare never intialized (byyou filling inthe
datums),thenwhen thatkeyis hashedbytheMR-MPllibrary.e.g.toperforma collate() operation,those
uninitialized bytes will alsobe hashed. Sincethe uninitialed bytesmay contain random
garbage,thismeans2keyswith identical datums, mightnot hash identically,and thus theirvalues wouldnotbe
combinedasyou expectintoa single KeyMultiValue.Theonly solutionforthisisforyouto initializethe struct
before setting its datums,e.g.

typedef struct
double x;
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int 1i;
Tuple;
Tuple tuple;
memset (&tuple, 0, sizeof (Tuple));
tuple.x 1.0;
tuple.i 1;

The memset()function initializesthe entire tupleto 0.Note that inthiscase sizeof(Tuple)is likely 16 bytes,
butthe xand i1 datums willonlyset 12ofthe 16 bytes, leavingthelast4 uninitialized. Also note thatthis whole
discussionis irrelevant ifthe structis usedonlyasa value, sinceonlykeysare hashed.

A related issuewithkeysandvaluesisthe byte-alignmentof integeror floatingpointvalues they include. For
example, itis usuallya bad ideato store an 8-byte doublesuch that itis mis-alignedwith respectto an 8-byte
boundary in memory.The reasonis thatusinga mis-aligned double ina computationmaybe slow.

Ifyourkeysorvaluesare homogeneous (e.g. all integers),youcan usethe keyalignand valuealign settings,
discussed here,to insure alignmentofkeysandvaluesto desired byte boundaries. Sincethismay incur
extramemory costs,youshouldnottypically makethese settings largerthanneeded.

Special caremayneedtobe taken ifyourvaluesare heterogeneous,e.g.a mixtureof stringsand integers. Thisis
becausetheMR-MPIlibrary packsvalues oneaftertheotherinto one long byte stringwhen
itisreturnedtoyourprogramasa multi-value,e.g.as an argumenttothecallbackofa reduce()method.
Onlythefirstvalue inthe multi-valueis alignedtothe valuealign setting. Similarly,the collapse()method
createsa multi-value thatissequenceof key,value.key,value,etcfroma KV. Ifthekeysare variable-length text
stringsandthevaluesareintegers,thenthevalues willnotbe alignedon 4-byte boundaries.

Hereare two ideas thatcanbe usedto insure alignmentof heterogeneous data:

(a) Sayyour "value"isa 4-byte integer followedby an 8-byte double. You might think itcanbe storedand
registeredas 12contiguous bytes. However,this would likely meanthe doubleis mis-aligned. One solutionisto
convertthe integertoa double before storing both quantities ina 16-bytevalue string. Another
solutionistocreatea structto storethe integerand doubleand usethe sizeof()functionto
determinethelengthofthe structand use thatasthelengthofyour "value".The compilershouldthen guarantee
proper alignmentofeach structure member. Ifyou usesucha structasa key,be awareofthe "IMPORTANT
NOTE" explained above.

(b) Yourcallbackfunctioncan alwayscopythe bytesofakeyorvalueintoalocal data structurewiththe proper
alignment,e.g.usingthe C memcpy() function. E.g. inthe collapseexample above,these linesof code:

int myvalue;
memcpy (&myvalue, &multivalue[offset],sizeof (int));

would loadthe4 bytesofa particularvalue (at location offset) inthe multi-valueintothelocal integer
"myvalue",where itcanthenbe usedfor computation.

Memory requirementsforKeyValueandKeyMultiValue objects
KeyValueandKeyMultiValue objectsare described in this section. AMapReduceobject contains eithera
singleKeyValueobject (KV)orasingleKeyMultiValueobject (KMV), dependingonwhich methodsyou have

invoked.

Thememory costfor storingkey/valuepairs inaKVisas follows. Thekeyandvalueeach havea byte length.
Two integersare also storedforthekeyandvalue length. Theremay alsobe additional bytes addedto
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alignthekeyandvalueon byte boundaries in memory; seethe keyalignand valuealign settings, discussed in this
section. Thusthetotal sizeofaKVisthememoryforthekey/value datums plus2 integers per pair plusany extra
alignment bytes.

A KMV containskey/multi-valuepairswherethenumberofpairsistypicallythenumberof uniquekeys inthe
original KV.Thememory costfor storingkey/multi-valuepairs ina KMVisas follows.Thekeyand
multi-valueeach havea byte length. Forthe multi-value,thisisthe sumofindividualvalue lengths. Again,
theremay alsobe additional bytes addedto alignthekeyand multi-valueon byte boundaries in memory; seethe
keyalignand valuealign settings, discussed in this section. Three integersare also stored:thekeyandmulti-value
length,andthenumberofvalues N inthe multi-value. An N-length arrayof integersis also
storedforthelengthofeachvalue inthe multi-value. Thusthetotal sizeofa

KM Visthememoryforthekey/multi-value datums plus3 integers per pair plusl integer pervalue
intheoriginalKV plusany extra alignment bytes.

Note thatmemoryforkey data ina KM Vistypically lessthan intheoriginal KV, sincethe KMVonly stores
unique keys. Thememoryfor multi-value dataisthesameasthevalue data intheoriginal KV, since
alltheoriginalK'Vvaluesare contained inthe multi-values.

Note that in parallel,foraKVor KMV ,each processor storesthe above dataforonlya fractionofkey/valuepairs
itgenerated duringa map() operationor acquired duringother operations,likea collate(). Ifthisis imbalanced,
one processormay ownandprocess datumsmorethanotherprocessors.

IfKVor KMV dataona processor exceedsthepage size determinedbythe memsize setting, discussed here,then
dataiswrittento temporarydisk files,ona per-processor basis.

Out-of-core operation

IftheKVor KM Vpairsofa dataset ownedbya processorfitwithinasinglepageofmemory, whose sizeis
determinedbythe memsize setting,thentheMR-MPIlibraryoperatesonthe data
in-core;nodiskfilesarewrittenor read.

Whenthe dataonanysingle processor exceedsthepage size, that processor will write data, onepage ata time,to
oneormore temporarydisk files,and laterread it back inas needed,againonepage ata time. Thus
alltheMR-MPI methodscanbe invokedon data sets largerthanfit inthe aggregatememoryofthe processors
being used.Theonly real limitation inthiscaseisavailabledisk space.

AlloftheMR-MPI methods, except one,perform theiroperationswithina fixednumberofmemory pages. This
includesmemory neededfor message passingcallstotheMPllibrary,e.g. buffers usedtosendand receive data.
Anylarge data exchangesare performedwith pre-posted receives (MPI_Irecv)into user-spacememory,which
donot require additionalinternalMPIlibrary memory.

Thenumberofrequiredpages rangesfrom1to 7,andis listedon thispageforeachMR-MPIlibrarymethod.

This means,for example, that even ifthepage sizeis1 Mb (smallest allowed value),andthe dataset sizeis 10 Gb
per processor,andthe sort_keys()methodisinvoked,whichrequires Spagesper processor, thatthe operation will
successfully complete,usingonly 5 Mb perprocessor. Of course, theremaybe considerabledisk I/O performed
alongthe way.

The one exceptionisthe convert() method, alsocalledbythe collate()and commpress() methods,whichperforms
an on-processor reorganizationofthe data inaKVto producea KMV. Forlarge data setsthisrequires breaking
upthelargeKV data fileintosmaller files,eachofwhich holds data that will contributeto onepageofthe

eventual KMV file. Eachsmaller filerequiresan in-memory bufferto store data thatiswrittentothe
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file. Thenumberofthesesmaller files,and hencethenumberof buffers,is hardto predict in advanceor even
bound. It dependsonthepage sizeandthe characteristicsoftheKV pairs,e.g.how many uniquekeys there
are.Thenumberof extraallocatedpages neededto storethese buffers dependsofthenumberof

smallfilesandthe minimum buffer size,whichis currentlyset at 16K bytesfor reasonabledisk I/O performance.
Ifa verylargenumberof smallfilesare neededto partitiontheKV dataandthepage sizeis small,thenseveral
extramemorypagesmayneedtobe allocated. Thisisnot normallythe case, butthenumberof
smallfilesandnumberofallocatedpagescanbe monitored ifthe verbosity settingis non-zero.Note thata
largerpage size will reducethenumberofextrapagesthe convert()method needsto allocate.

IMPORTANT NOTE: Youshould choosea memsize setting that insuresthetotalmemory consumedby
allpagesallocatedbyalltheMapReduce objectsyou create,doesnot exceedthe
physicalmemoryavailable(whichmaybesharedbyseveral processors if runningona multi-core node). Ifyou

do this,then many systems will allocate virtualmemory,which willtypically causeMR-MPIlibraryoperationsto
run very slowlyand thrashthe disk.

Also note that in additionto "pages", thereare numerous additionalsmall allocationsofmemory
madebytheMR-MPIlibrary. Hereare two examples.The aggregate()method allocates vectorsoflength P
=thenumberofprocessors. Out-of-corediskfilesare storedas "pages”of data. Eachpagerequires some
in-memory bookkeeping so itcanbewrittenand read. Thus ifa file growsto 1000sof pages,the corresponding
in-memory bookkeeping structure will also become larger. For normalpage sizesasdeterminedbythe memsize
setting,e.g.the 64 Mbyte default,these additionalin-memory allocationsshouldbesmall comparedtothe
sizeofasingle page.

Fundamemtallibrary limits

Even in out-of-core mode,theMR-MPIlibraryhas limitationsonthe dataset sizes itcan process.In
practice,theseare hopefullynot restrictive limits.

Define:

¢ INTMAX = 2731 -1 = largest 32-bit signedint
o UINT64MAX = 2764 -1 = largest 64-bit unsignedint
® pagesize = size(in bytes)of1pageofmemory

Internal storage limitswithin library:
KV = KeyValue, KMV =KeyMultiValue

¢ UINT64MAX = max byte countofKVor KMV dataacross all procs

e UINT64MAX = max #ofKVor KM Vpairsacross all procs

e UINT64MAX = max #ofvalues inasingle KMV pair

e UINT64MAX = max pagesize

¢ min(pagesize, INTMAX) = max sizeof 1KV pair

¢ INTMAX = maxnumberofKVor KM Vpairs in onepage (ona processor)

¢ INTMAX = max #ofvalues insingle KMV pair, before splitacrosspages

¢ INTMAX = max summedvalue size insingle KMV pair, before splitacrosspages

Additional notes:

The user setsthe "pagesize'"viathe memsize setting, in Mbytes. The pagesizecan exceed INTMAX, though
itshouldnot exceedthephysicalmemory available.Seethe discussion aboveformore details.
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Sincethe dataset sizeiswrittento disk,whenthelibraryoperates in out-of-core mode,the data size cannot
exceedavailabledisk space, eitherona per-processor basis (ifeach processoris writingto its ownlocal disk),or
in aggregate (e.g.foraparallel file system). SomeMR-MPIoperationsconvert datafrom one formto another
(e.g.KVto KMV)or make intermediate copiesof data(e.g.for sorting). Ata minimumthistypicallyrequires
2xthedisk spaceofthe dataset itself.

As discussed here,aKeyValue pairrequires2 integers plusthekeyand value, plus alignment space. Fora
1-bytekeyanda 0-byte value,thisisa minimumof 12 bytes. By storingnomorethan
INTMAXKeyValuepairsona page,this still allowsfor pagesizesof nearly 24 Gb,more ifKeyValue pair
sizesare larger.

The variousINTMAX limits mean that usercallstothelibrary,andlibrary callbacksto user functionscan useint
parameters ratherthan uint64 parameters. It also reduces storage
requirementsforindividualKeyValueandKeyMultiValuepairs. One exceptionis that allthelibrary methods
returna uint64forthe finalnumberofKeyValueorKeyMultiValuepairs storedbythelibrary. Another
exceptionisthe uint64 "itask" variablepassed backto one flavorofthe usermymap()functionviathe
map()method.

TheINTMAX limitsonthenumberofKeyMultiValuevalues stored in one page, mean
thatindividualKeyMultiValuepairsthat exceedthis willbe splitacross multiple pages.The usercallback
functions accessthesepagesviathe multivalue_blocks()andmultivalue_block() methods, described withtthe
reduce()method.

Hash functions

The convert()and collate() methods usea hashfunctionto organizekeysand find

duplicates. TheMR-MPIlibrary usesthe hashlittle()functionfrom lookup3.c,writtenby Bob
Jenkinsandavailable freelyonthe WWW. Itoperateson arbitrary-length byte strings (a key)and producesa
32-bit integer hash value,a portionofwhichis usedasa bucket indexintoa hash table.

Callback functions

Severalofthelibrary methods takeacallbackfunctionas an argument,meaning thatfunctioniscalled
backtofromthelibrarywhenthemethodis invoked. These functionsare
partofyourMapReduceprogramandcanperformany operationyou wishonyour data (oronno data), so longas
they producethe appropriate information. E.g.theygeneratekey/valuepairs inthecaseof map()or compress()or
reduce(),or they hashakeytoa processor inthecaseof aggregate()or collate(),or theycompare
twokeysorvalues inthecaseof sort_keys()or sort_values().

Themymap()andmyreduce() functionscanperformsimpleoperationsor very complex, compute-intensive
operations. For example, ifyourparallelmachine supports it, they could invoke anotherprogramorscriptto
read/parse an input fileor calculate some result.

Note that inyour program,acallbackfunction CANNOTbea classmethod unless itis declaredtobe "static".
Itcan alsobea non-class method, i.e. justa stand-alone function.In either case,suchafunction cannot access
class data.

One wayto get aroundthis restrictionisto define global variables that allowyourfunctionto access information
it needs.



Another way aroundthis restrictionisto usethe feature providedbyseveralofthelibrary
methodswithcallbackfunction argumentswhich allowyouto pass inapointerto whatever datayou wish.
Thispointerisreturnedas an argumentwhenthecallbackis made.Thispointershouldbe castto (void
*)whenpassed in,andyourcallbackfunctioncan later cast it backtothe appropriate data type. For example,a
class couldsetthepointerto an arrayor aninternal data structureorthe class itselfas "(void*) this". Specifya
NULL ifyourfunction doesn'tneedthe pointer.

Python overhead

UsingtheMR-MPllibraryfromPython incurs two not-so-obvious overheads beyondthe usual slowdown
duetousing an interpreted language. First,Python objects usedaskeysandvaluesare "pickled"and
"unpickled"usingthe cPicklePythonlibrarywhenpassedintoand outofthe C++library. Thisis
becausethelibrary stores themas byte strings.The picklingprocess serializesaPythonobject (e.g. an integer,a
string,a tuple,ora list)intoa byte stream ina way that itcanbe unpickledintothesamePythonobject.

Thesecond overheadis duetothe complexityof makinga double callbacks betweenthelibraryandyourPython
script. I.e.thelibrarycalls back oncetothe userprogramwhichthencalls backintothelibrary. Consider what
happens duringamap() operationwhenthelibraryiscalledfroma C++ program.

¢ theprogramcallsthelibrarymap()method
e thelibrarymap()calls backtothe usermap()callbackfunction
¢ the usermap()callsthelibrary add()methodtoregisterakey/value pair

WhendoingthisfromPython thereare3 additional layers
betweenthePythonprogramandthelibrary,thePython mrmpi class, an invisible C layer (createdby
ctypes),andthe Cinterfaceonthe C++library itself. Thusthecallback operation proceedsas follows:

¢ theprogramcallsthe mrmpiclassmap()method

¢ the mrmpiclassmap()callsthe invisible Cmap()function

¢ the invisiblemap()callsthe Cinterfacemap()function

¢ the Cinterfacemap()callsthelibrarymap()method

e thelibrarymap()calls backtothe invisible Ccallbackfunction
¢ the invisiblecallbackcallsthe mrmpiclasscallbackmethod

¢ the mrmpicallbackcallsthe usermap()callbackfunction

¢ the usermap()callsthe mrmpiclass add()methodtoregisterakey/value pair
¢ the mrmpiclass add()callsthe invisible C add()function

¢ the invisible add()callsthe Cinterface add()function

¢ the Cinterface add()callsthelibrary add()method

Thus3calls have become 11 duetothe3 additional layers data must pass through. Someofthese pass

throughsare very simple, but others require massagingand copyingof data,likethe pickling/unpickling described
above,which occurs inthe mrmpiclass methods. I was somewhat surprisedthis double-callbacksequence
worksas wellandas transparentlyas itdoes -Python ctypesis amazing!

Error messages

The error messagesprinted outbytheMR-MPIllibraryare hopefully self-explanatory. At somepoint they willbe
listed inthese doc pages.
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Examples
This section describestheMapReduceprograms provided inthe examplesdirectoryofthe distribution:

e wordfreq
® rmat

Eachare provided in3 formats:asa C++ program, C program,andPython script.Note thatthePython scripts
usethe PyPar packagewhich providesa Python/MPI interface,as discussed above inthe Python Interface section,
soyou must have PyPar installed inyourPythontorun them.

The C++and Cprogramscanbe built (assumingyou have already builttheMR-MPI library)by typing
make —-f Makefile.foo

fromwithinthe examples directory,using oneofthe provided Makefiles. Aswiththelibrary
itself,youmayneedto edit oneofthe Makefilestocreateanewversion appropriatetoyour machine.

The examplesdirectory also includes input scriptsforthe scriptinginterfacetoMR-MPIcalled OINK. Thereare
scriptsfor word frequency (in.wordfreq), R-MAT generation (in.rmat)and various graph algorithms (in.cc, in.tri,

in.luby, in.sssp, in.pagerank), described inthe paperby Plimptonand Devine.

OINKhas its own manualand docpages. Torunthese scriptsyou willneedto build OINK,andthenrun
oneofthe scriptsas follows:

oink_machine <in.rmat

Word frequencyexample

The wordfreqprograms implementthe word frequency counting algorithm described above in this section.The
wordfreqprogramsarerunby givingalistof textfilesas arguments,e.g.

wordfreq ~/mydir/*.cpp

mpirun -np 8 wordfreq ~/mydir/*.cpp

cwordfreq ~/mydir/*.cpp

mpirun -np 8 cwordfreq ~/mydir/*.cpp

python wordfreq.py ~/mydir/*.cpp

mpirun -np 8 python wordfreq.py ~/mydir/*.cpp

Total word countsandalistofthe top 10 wordsshouldbeprintedtothe screen,
alongwiththetimetoperformthe operation.

The3 different versionsofthe wordfreqprogramshouldgivethesame answers, although if non-textfilesare
used,the parsingofthe contentsinto wordscanbe done differentlybythe Clibrary
strtok()functionandthePython string "split"method.
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R-MAT matricesexample

The rmatprogramsgeneratea particular formof randomized sparse matrix knownas an R-MAT
matrix.Dependingonthe parameters chosen,the sparsity pattern inthe resultingmatrixcanbehighly
non-uniform,anda good modelfor irregular graphs,suchas ones representinga networkof computersor
WWWpage links.

The rmatprogramsarerunby specifyingafew parameters,e.g.

rmat N Nz a b ¢ d frac outfile

mpirun -np 8 rmat N Nz a b ¢ d frac outfile

crmat N Nz a b ¢ d frac outfile

mpirun -np 8 crmat N Nz a b ¢ d frac outfile

python rmat.py N Nz a b ¢ d frac outfile

mpirun -np 8 python rmat.py N Nz a b ¢ d frac outfile

Themeaningofthe parametersisas follows.Note thatonly matriceswitha power-of-2numberof rowscanbe
generated, so specifying N=20createsa matrixwithovera million rows.

¢ 2N = #of rows in matrix

¢ Nz = average #of non-zeroes per row

¢ a,b,c,d = generation paramsfor matrix entries, must sumtol
¢ frac = randomization parameter betweenOand1

¢ seed = random # seed, positive integer

¢ outfile = optional output file

A fulldescriptionofthe R-MAT generation algorithmis beyondthe scopeofthis doc page, but here'sthe brief
version.The a,b,c,d parametersare effectively weightsonthe4 quadrantsofthe matrix. Togenerateasinglenew
matrix element, one quadrantis chosen,witha probability proportionalto its weight. This operationis repeated
recursivelywithinthe chosen quadrant, applyingthe frac parameterto randomizethe weightsa bit. After N
iterations,asingle I,Jmatrix locationhas been identifiedand itsvalueisset (tol inthis case).

Thetotalnumberof matrix entriesgeneratedis Nx * 2”N. This procedurecangenerate duplicates, sothoseare
removed,andnew elementsgenerated untilthe desirednumberis reached.

When completed,the matrix statisticsareprintedtothe screen, alongwiththetimetogeneratethe matrix. Ifthe
optional outfile parameteris specified,thenthe matrix entriesarewrittentofiles (one per processor). Each
lineofany filehasthe form

I J value

where I,Jarethe matrix row,columnandvalueisthe matrix entry (allarel inthis case).
Ifthefilesareconcatenated together,the fullsetof matrix entriesshould result.

The3 different versionsofthe rmatprogramsshouldgivethesame answers ina statistical sense.The answers
willnotbe identical becausethesame randomnumber generation schemeisnot used in all3 programs.

(RMAT) D. Chakrabarti, Y. Zhan, C. Faloutsos, R-MAT: A Recursive Modelfor Graph Mining", if
Proceedingsofthe SIAM Conferenceon Data Mining (2004 ),available at
http://www.cs.cmu.edu/~deepay/mywww/papers/siam04.pdf.
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(Plimpton) Plimptonand Devine, "MapReduce inMPIfor Large-Scale Graph Algorithms",to appear in Parallel
Computing (2011).
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