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While"Moore’s"law"is"s1ll"valid"today"(and"is"project"to"remain"valid"un1l"at"least"
2020),"the"power"of"a"single"CPU"chip"has"progressed"mainly"by"incorpora1ng"more"
and"more"CPU"cores,"rather"than"increasing"the"speed"of"a"single"core."
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In"past"15"years,"we’ve"seen"an"exponen1al"growth"in"the"performance"of"high"
performance"compu1ng"systems.""For"example,"the"Titan"–"Cray"XK7"is"currently"
ranked"the"number"1"supercomputer"in"the"world"(list"of"November"2012,"see"
www.top500.org"for"more"recent"updates)"and"has"a"measured"Linpack"(linear"
algebra"package)"peak"performance"of"17,59"PFlops/s.""The"system"contains"560640"
cores;"a"combina1on"of"16"core"AMD"Opteron"6274"CPUs"and"Nvidia"Tesla"K20x"
GPUs."
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The"different"colors"represent"different"applica1on"areas"over"1me.""A"big"por1on"of"
the"supercomputers"are"used"for"scien1fic"research.""Other"applica1on"areas"are"
weather"and"climate"simula1on,"financial"models,"aerospace,"geophysics,"etc.""Note"
that"in"the"last"update"in"November"2012,"it"was"unknown"for"over"60%"over"the"top"
500"supercomputers"for"what"kind"of"purpose"they"are"intended."
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Note"that"the"use"of"the"Linux"opera1ng"system"is"dominant"on"the"High"Performance"
Compu1ng"market."
"
Other"interes1ng"evolu1ons"can"be"observed"at"www.top500.org.""For"instance,"
there"is"recent"trend"to"create"hybrid"CPU"/"GPU"systems"(roughly"10%"of"the"current"
performance"is"delivered"by"incorpora1ng"GPUs).""Also,"Infiniband"interconnect"
technology"is"predominantly"used"as"in"interconnect"(~"45%),"next"to"Gigabit"Ethernet"
(~38%)."
"
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SETI"@"home"="Search"for"Extraterrestrial"Intelligence"
Folding"@"home"="Predict"protein"folding"
GIMPS"="Great"Internet"Mersenne"Prime"Search"(Mersenne"prime"="prime"of"the"
form"2p"–"1)"
R&D"="Research"&"Development"
CFD"="Computa1onal"Fluid"Dynamics"
CEM"="Computa1onal"Electromagne1cs"
Algorithmic"trading"="buying"and"selling"of"financial"stock"by"computers."
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In"the"next"chapters,"we"will"focus"our"ahen1on"on"parallel"compu1ng.""We"start"by"
considering"distributedimemory"systems,"consis1ng"of"a"number"of"machines"
connected"by"an"interconnec1on"network.""In"its"most"simple"form,"each"machine"
runs"a"single"process.""This"process"has"direct"access"only"to"the"local"memory"of"that"
machine.""In"order"to"access"data"stored"in"the"memory"of"another"machine,"the"data"
must"be"communicated"through"the"interconnec1on"network"using!message'passing.""
For"this,"each"machine"has"at"least"one"network!interface"(NI)"or"network!interface!
controller"(NIC)"(these"are"the"same"things)."
"
In"High"Performance"Compu1ng,"the"de"facto"standard"for"messageipassing"is"the"
Message"Passing"Interface"(MPI)."""
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Source"code"“helloworld.cpp”"on"Minerva."
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MPI!standard:""
"
MPI"programs"require"that"library"rou1nes"that"are"part"of"the"basic"language"
environment"(such"as"prinm"and"malloc"in"ISO"C)"and"are"executed"aner"MPI_Init"and"
before"MPI_Finalize."All"MPI"programs"must"contain"exactly"one"call"to"an"MPI"
ini1aliza1on"rou1ne"(MPI_Init)."
"
MPI_Finalize"cleans"up"all"MPI"state."If"an"MPI"program"terminates"normally"(i.e.,"not"
due"to"a"call"to"MPI_ABORT"or"an"unrecoverable"error)"then"each"process"must"call"
MPI_Finalize"before"it"exits."Before"an"MPI"process"invokes"MPI_Finalize,"the"process"
must"perform"all"MPI"calls"needed"to"complete"its"involvement"in"MPI"
communica1ons."
"
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Source"code"“ptpcomm.cpp”"on"Minerva."
"
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MPI!Standard:"The"send"buffer"specified"by"the"MPI_Send"opera1on"consists"of"count"
successive"entries"of"the"type"indicated"by"datatype,"star1ng"with"the"entry"at"
address"buf."Note"that"we"specify"the"message"length"in"terms"of"number"of"
elements,"not"number"of"bytes.""Note"that"count"may"be"zero,"in"which"case"the"data"
part"of"the"message"is"empty."
"
In"addi1on"to"the"data"part,"messages"carry"informa1on"that"can"be"used"to"
dis1nguish"messages"and"selec1vely"receive"them."This"informa1on"consists"of"a"
fixed"number"of"fields,"which"we"collec1vely"call"the"message"envelope."These"fields"
are""
"
•  source""
•  des1na1on"
•  tag"
•  communicator"
"
The"message"source"is"implicitly"determined"by"the"iden1ty"of"the"message"sender."
The"other"fields"are"specified"by"arguments"in"the"send"opera1on."The"message"
des1na1on"is"specified"by"the"dest"argument.""The"integerivalued"message"tag"is"
specified"by"the"tag"argument."This"integer"can"be"used"by"the"program"to"dis1nguish"
different"types"of"messages."
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See"previous"slide."
"



MPI!Standard:""
"
One"can"think"of"message"transfer"as"consis1ng"of"the"following"three"phases."

"1."Data"is"pulled"out"of"the"send"buffer"and"a"message"is"assembled."
"2."A"message"is"transferred"from"sender"to"receiver."
"3."Data"is"pulled"from"the"incoming"message"and"disassembled"into"

the"receive"buer."
Type"matching"has"to"be"observed"at"each"of"these"three"phases:""(1)"The"type"of"
each"variable"in"the"sender"buffer"has"to"match"the"type"specified"for"that"entry"by"
the"send"opera1on;"(2)"the"type"specified"by"the"send"opera1on"has"to"match"the"
type"specified"by"the"receive"opera1on;"(3)"and"the"type"of"each"variable"in"the"
receive"buffer"has"to"match"the"type"specified"for"that"entry"by"the"receive"opera1on."
A"program"that"fails"to"observe"these"three"rules"is"erroneous."
"
One"of"the"goals"of"MPI"is"to"support"parallel"computa1ons"across"heterogeneous"
environments.""Communica1on"in"a"heterogeneous"environment"may"require"data"
conversions."MPI"requires"that"a"representa1on"conversion"be"performed"when"a"
typed"value"is"transferred"across"environments"that"use"different"representa1ons"for"
the"datatype"of"this"value."MPI"does"not"specify"rules"for"representa1on"conversion."
Such"conversion"is"expected"to"preserve"integer,"logical"and"character"values,"and"to"
convert"a"floa1ng"point"value"to"the"nearest"value"that"can"be"represented"on"the""
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MPI!Standard:!The"source"or"tag"of"a"received"message"may"not"be"known"if"wildcard"
values"were"used"in"the"receive"opera1on."Also,"if"mul1ple"requests"are"completed"
by"a"single"MPI"func1on"(see"Sec1on"3.7.5),"a"dis1nct"error"code"may"need"to"be"
returned"for"each"request."The"informa1on"is"returned"by"the"status"argument"of"
MPI_RECV."The"type"of"status"is"MPIidefined."Status"variables"need"to"be"explicitly"
allocated"by"the"user,"that"is,"they"are"not"system"objects.""
"
In"C,"status"is"a"structure"that"contains"three"fields"named"MPI_SOURCE,"MPI_TAG,"
and"MPI_ERROR;"the"structure"may"contain"addi1onal"fields."Thus,"
status.MPI_SOURCE,"status.MPI_TAG"and"status.MPI_ERROR"contain"the"source,"tag,"
and"error"code,"respec1vely,"of"the"received"message."
"
MPI_Get_count"returns"the"number"of"entries"received."(Again,"we"count"entries,"
each"of"type"datatype,"not"bytes.)"The"datatype"argument"should"match"the"
argument"provided"by"the"receive"call"that"set"the"status"variable."



MPI!Standard:"The"send"call"described"before"is"blocking:"it"does"not"return"un1l"the"
message"data"and"envelope"have"been"safely"stored"away"so"that"the"sender"is"free"
to"modify"the"send"buffer.""The"message"might"be"copied"directly"into"the"matching"
receive"buffer,"or"it"might"be"copied"into"a"temporary"system"buffer."In"standard"
mode,"it"is"up"to"MPI"to"decide"whether"outgoing"messages"will"be"buffered."MPI"may"
buffer"outgoing"messages."In"such"a"case,"the"send"call"may"complete"before"a"
matching"receive"is"invoked."On"the"other"hand,"buffer"space"may"be"unavailable,"or"
MPI"may"choose"not"to"buffer"outgoing"messages,"for"performance"reasons."In"this"
case,"the"send"call"will"not"complete"un1l"a"matching"receive"has"been"posted,"and"
the"data"has"been"moved"to"the"receiver.""(end!of!standard!cita<on)"This"
corresponds"to"(a)"in"the"slide."
"
In"case"the"send"and"receive"opera1on"are"posted"(almost)"simultaneous,"idling"is"
guaranteed"to"be"minimized"(b)."
"
In"case"a"(blocking)"receive"opera1on"is"posted"before"a"matching"send"is"posted"(c),"
the"receiver"side"will"block"un1l"the"message"is"received."
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See"deadlock.cpp"example"on"Minerva."
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Note"that"in"the"most"general"case,"αλπηα"and"beta"depend"on"the"message"size."
"
In"case"alpha"and"beta"are"constant"(this"is"the"most"simple"model),"the"effec1ve"
bandwidth"is"only"a"func1on"of"the"message"size"n.""Note"that"when"the"latency"i>"0"
or"n"i>"infinity,"the"effec1ve"bandwidth"is"equal"to"the"satura1on"bandwidth"B."
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A"Gengar"machine"consists"of"two"quadicore"CPUs"(Intel"Xeon"L5420),"hence"8"cores"
in"total.""Each"core"has"32"Kbyte"L1"cache"memory;"6"Mbyte"of"L2"cache"is"shared"by"
two"cores"only.""In"fact,"this"is"one"the"earliest"quadicore"models"that"was"introduced"
by"Intel,"and"in"fact"consists"of"two"dualicore"CPUs"that"are"packed"together.""
Because"e.g."core"1"and"core"3"inside"a"single"CPU"do"not"share"any"cache"memory,"
the"exchange"of"data"will"always"occur"by"reading"/"wri1ng"to"the"main"memory.""On"
the"other"hand,"core"1"and"core"2"share"L2"cache,"therefore,"exchange"of"data"
between"these"cores"can"happen"at"a"faster"rate,"by"reading"/"wri1ng"to"the"shared"
L2"cache."
"
Each"machine"has"16"Gbyte"of"RAM"(2"Gbyte"/"core).""The"machines"are"connected"by"
a"highispeed"Infiniband"network"(fully"noniblocking,"see"further).""Addi1onally,"the"
machines"are"connected"by"a"Gigabit"Ethernet"network"(not"shown"on"the"slide).""This"
network"is"used"for"console"login"and"noniHPC"related"access"(e.g."maintenance)."
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MPI!standard!

MPI_W1me"returns"a"floa1ngipoint"number"of"seconds,"represen1ng"elapsed"walli
clock"1me"since"some"1me"in"the"past."""The""1me"in"the"past""is"guaranteed"not"to"
change"during"the"life"of"the"process."The"user"is"responsible"for"conver1ng"large"
numbers"of"seconds"to"other"units"if"they"are"preferred."""The"1mes"returned"are"
local"to"the"node"that"called"them."There"is"no"requirement"that"different"nodes"
return""the"same"1me.“"
"
MPI_W1ck"returns"the"resolu1on"of"MPI_W1me"in"seconds."That"is,"it"returns,"as"a"
double"precision"value,"the"number"of"seconds"between"successive"clock"1cks."For"
example,"if"the"clock"is"implemented"by"the"hardware"as"a"counter"that"is"
incremented"every"millisecond,"the"value"returned"by"MPI_W1ck"should"be"10ei3."
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Measured"effec1ve"bandwidth"(unidirec1onal)"using"the"ringtest"example"for"both"
the"Gigabit"Ethernet"network"and"Infiniband"network.""Measurements"were"done"on"
the"Gengar"cluster"(each"machine"has"both"an"Infiniband"and"a"Gigabit"Ethernet"
interface).""The"effec1ve"bandwidth"increases"for"larger"message"size,"in"both"cases,"
consistent"with"the"formulas"from"earlier"slides."
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We"observed"a"big"difference"in"available"bandwidth"between"the"two"networks"
(previous"slide).""A"second"major"difference"is"the"fact"that"the"Gigabit"Ethernet"
requires"quite"a"lot"of"CPU"cycles"when"communica1on"at"full"speed.""These"CPU"
cycles"are"needed"to"constantly"pack"small"por1ons"of"data"into"packets"and"copy"
them"across"memory"loca1ons"(tcp/ip"stack"protocol"overhead).""These"CPU"
instruc1ons"are"encoded"in"the"Gigabit"Ethernet"device"driver.""The"CPU"is"constantly"
signaled"by"means"of"interrupt"requests"to"prepare"the"next"por1on"of"data"to"send"
or"receive.""This"gives"rise"to"a"combined"frac1on"of"over"80%"of"the"CPU"cycles"that"
are"spent"in"“system"1me"(="device"driver)”""(sy:"78,3%)"and"handling"sonware"
interrupt"requests"(si:"1,8%).""Only"19.8%"of"the"cycles"can"be"spent"in"user"space"
(actual"program)."
"
The"Infiniband"network"on"the"other"hand"can"transmit"at"full"speed,"with"very"lihle"
CPU"interac1on,"leaving"99%"of"the"CPU"cycles"to"the"user"space.""Therefore,"
Infiniband"networks"are"much"more"suited"to"overlap"computa1ons"and"
communica1ons"(see"further:"noniblocking"send"/"receive"+"asynchronous"progress)."
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MPI!standard:!
"
Execute"a"blocking"send"and"receive"opera1on."Both"send"and"receive"use"the"same"
communicator,"but"possibly"different"tags."The"send"buffer"and"receive"buffers"must"
be"disjoint,"and"may"have"different"lengths"and"datatypes."
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MPI_Sendrecv"can"help"prevent"deadlocks,"because"from"a"programmer’s"point"of"
view,"the"send"and"receive"opera1on"are"posted"simultaneously.""It"is"safe"to"mix"
MPI_Send"and"MPI_Recv"on"one"process"with"MPI_Sendrecv"on"another"process."
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MPI!Standard:!One"can"improve"performance"on"many"systems"by"overlapping"
communica1on"and"computa1on."This"is"especially"true"on"systems"where"
communica1on"can"be"executed"autonomously"by"an"intelligent"communica1on"
controller."Lightiweight"threads"are"one"mechanism"for"achieving"such"overlap."An"
alterna1ve"mechanism"that"onen"leads"to"beher"performance"is"to"use"nonblocking"
communica1on."A"nonblocking"send"start"call"ini1ates"the"send"opera1on,"but"does"
not"complete"it."The"send"start"call"can"return"before"the"message"was"copied"out"of"
the"send"buffer."A"separate"send"complete"call"is"needed"to"complete"the"
communica1on,"i.e.,"to"verify"that"the"data"has"been"copied"out"of"the"send"buffer."
With"suitable"hardware,"the"transfer"of"data"out"of"the"sender"memory"may"proceed"
concurrently"with"computa1ons"done"at"the"sender"aner"the"send"was"ini1ated"and"
before"it"completed."Similarly,"a"nonblocking"receive"start"call"ini1ates"the"receive"
opera1on,"but"does"not"complete"it."The"call"can"return"before"a"message"is"stored"
into"the"receive"buffer."A"separate"receive"complete"call"is"needed"to"complete"the"
receive"opera1on"and"verify"that"the"data"has"been"received"into"the"receive"buffer."
With"suitable"hardware,"the"transfer"of"data"into"the"receiver"memory"may"proceed"
concurrently"with"computa1ons"done"aner"the"receive"was"ini1ated"and"before"it"
completed."The"use"of"nonblocking"receives"may"also"avoid"system"buffering"and"
memoryitoimemory"copying,"as"informa1on"is"provided"early"on"the"loca1on"of"the"
receive"buffer."
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Asynchronous!progress"is"the"ability"of"a"parallel"architecture"to"overlap"
communica1ons"and"calcula1ons.""When"performing"data"transfer"over"a"Gigabit"
Ethernet"network,"the"CPU"is"ac1vely"involved"in"copying"memory"from"the"source"
buffer"to"the"buffers"that"can"be"directly"accessed"by"the"network"interface"(NIC)."""
This"is"handled"by"the"device"driver"sonware"of"the"network"(usually"a"module"of"the"
OS"kernel)"."At"high"data"transfer"rates"(i.e."close"to"the"maximum"bandwidth"of"one"
Gigabit"per"second),"the"CPU"is"flooded"with"interrupt"requests,"in"order"to"copy"a"
new"segment"of"data"into"the"buffer.""This"means"that"the"CPU"has"rela1vely"few"
cycles"len"to"perform"actual"computa1ons"and"the"abili1es"for"asynchronous"
progress"are"very"limited."
"
Inifiniband"on"the"other"hand,"implements"a"soicalled"zero'copy!protocol,"in"which"
the"Inifiniband"hardware"can"directly"access"a"certain"memory"block"(direct!memory!
access"or"DMA).""This"greatly"improves"performance,"as"the"CPU"is"greatly"offloaded"
by"this"protocol.""Nowadays,"Open"MPI"has"very"good"support"for"Infiniband.""On"the"
UGent"HPC,"vendorispecific"implementa1ons"are"used,"e.g."the"Intel"MPI"and"Qlogic"
MPI"implementa1ons"of"MPI.""These"have"full"support"for"all"hardware"features"
available."
"
The"eager!protocol!is"a"data"transfer"protocol"where"the"data"is"immediately"
transmihed"to"the"receiver"side,"without"any"prior"acknowledgement"from"the""



Len:"Gray"boxes"denote"useful"computa1ons.""Almost"no"CPU"cycles"are"needed"to"
transfer"a"message"between"two"nodes.""The"network"interface"uses"e.g."direct"
memory"access"(DMA)"to"access"the"send/receive"buffers,"largely"bypassing"the"CPU."
"
Right:"Blue"means"that"the"CPU"is"ac1vely"involved"in"the"data"transfer"(e.g."by"
copying"data"from"memory"to"the"network"interface).""CPU"cycles"that"are"spent"
during"communica1ons"cannot"be"used"for"asynchronous"progress.""Therefore,"
overlapping"communica1ons"and"computa1ons"possibili1es"are"very"limited"in"this"
case."
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MPI!Standard:!Noniblocking"communica1ons"use"opaque"request"objects"to"iden1fy"
communica1on"opera1ons"and"match"the"opera1on"that"ini1ates"the"communica1on"
with"the"opera1on"that"terminates"it."These"are"system"objects"that"are"accessed"via"
a"handle."A"request"object"iden1fies"various"proper1es"of"a"communica1on"
opera1on,"such"as"the"send"mode,"the"communica1on"buffer"that"is"associated"with"
it,"its"context,"the"tag"and"des1na1on"arguments"to"be"used"for"a"send,"or"the"tag"and"
source"arguments"to"be"used"for"a"receive."In"addi1on,"this"object"stores"informa1on"
about"the"status"of"the"pending"communica1on"opera1on."
"
The"func1ons"MPI_Wait"and"MPI_Test"are"used"to"complete"a"nonblocking"
communica1on.""The"comple1on"of"a"send"opera1on"indicates"that"the"sender"is"now"
free"to"update"the"loca1ons"in"the"send"buffer"(the"send"opera1on"itself"leaves"the"
content"of"the"send"buffer"unchanged)."It"does"not"indicate"that"the"message"has"
been"received,"rather,"it"may"have"been"buffered"by"the""communica1on"subsystem.""
The"comple1on"of"a"receive"opera1on"indicates"that"the"receive"buffer"contains"the"
received"message,"the"receiver"is"now"free"to"access"it,"and"that"the"status"object"is"
set."It"does"not"indicate"that"the"matching"send"opera1on"has"completed"(but"
indicates,"of"course,"that"the"send"was"ini1ated)."
"
It"is"convenient"to"be"able"to"wait"for"the"comple1on"of"any,"some,"or"all"the"
opera1ons"in"a"list,"rather"than"having"to"wait"for"a"specific"message."A"call"to""
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Source"code"“clientserver2.cpp”"is"available"on"Minerva."
"
In"this"simple"example,"all"processes"produce"data"of"some"sort"(assume"producing"
data"is"1meiconsuming).""In"a"simple"while(true)"loop,"data"is"produced"and"sent"to"
the"process"with"rank"0."""
"
A"single"process"(rank"=="0)"collects"all"the"data"and"consumes"it"(assume"consuming"
this"data"is"fast).""This"process"should"be"able"to"receive"data"from"any"(other)"
process.""This"could"be"implemented"using"e.g."a"blocking"receive"opera1on"with"the"
MPI_ANY_SOURCE"specifica1on,"however,"in"this"example,"we"choose"to"use"noni
blocking"receive"opera1ons.""We"post"a"noniblocking"receive"opera1on"for"each"of"
the"other"processes.""These"noniblocking"receive"opera1ons"return"immediately"
(before"data"is"actually"received).""Next,"in"a"while(true)"loop,"the"root"process"
accepts"waits"for"exactly"one"message"to"be"received.""This"data"is"then"consumed"
and"a"new"receive"opera1on"is"posted"for"that"process.""The"root"process"knows"
which"of"the"pending"receive"requests"was"sa1sfied"by"the"iiindex.""In"this"simple"
example,"this"index"corresponds"to"the"source"rank.""However,"this"rank"can"also"be"
retrieved"from"the"status"structure"(status.MPI_SOURCE)."
"
A"problem"with"this"example"is"that"MPI_Waitany"does"not"guarantee"fairness.""
Because"MPI_Waitany"waits"for"exactly"one"request"to"be"received,"MPI_Waitany"can""
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MPI_Waitall"blocks"un1l"all"communica1on"opera1ons"associated"with"ac1ve"handles"
in"the"list"complete,"and"returns"the"status"of"all"these"opera1ons"(this"includes"the"
case"where"no"handle"in"the"list"is"ac1ve).""MPI_Testall"returns"flag"="true"if"all"
communica1ons"associated"with"ac1ve"handles"in"the"array"have"completed.""
"
MPI_Waitsome"waits"un<l!at!least!one!of"the"opera1ons"associated"with"ac1ve"
handles"in"the"list"have"completed."Returns"in"outcount"the"number"of"requests"from"
the"list"array_of_requests"that"have"completed."Returns"in"the"first"outcount"
loca1ons"of"the"array"array_of_indices"the"indices"of"these"opera1ons."
"
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Source"code"“clientserver3.cpp”"is"available"on"Minerva."
"
Same"clientiserver"example.""This"1me"however,"MPI_Waitsome"is"used"instead"of"
MPI_Waitany.""This"guarantees"that"every"client"will"eventually"be"provided"by"the"
server"side"(fairness)."
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Blocks"the"caller"un1l"all"processes"in"the"communicator"have"called"it;"that"is,"the"call"
returns"at"any"process"only"aner"all"members"of"the"communicator"have"entered"the"
call.""

51"



MPI_Bcast"broadcasts"“count”"elements"of"type"“datatype”"from"root"to"all"other"
processes"in"comm.""All!processes!in!comm!have!to!call!this!func<on"(both"root"and"
noniroot"processes).""Before"calling"the"func1on,"the"buffer"at"the"root"process"must"
contain"useful"data."""Hence,"at"the"root"process,"this"buffer"acts"as"a"send"buffer."This"
data"will"be"transmihed"to"the"other"processes"and"will"remain"unchanged.""The"
buffers"at"the"other"processes"acts"as"a"receive"buffer;"it"needs"to"be"preiallocated,"
any"contents"will"be"overwrihen"by"the"data"at"the"root"process."""
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MPI_Bcast"broadcasts"a"message"from"the"process"with"rank"root"to"all"processes"of"
the"group."It"is"called"by"all"members"of"group"using"the"same"arguments"for"comm"
and"root."On"return,"the"contents"of"root's"communica1on"buffer"has"been"copied"to"
all"processes."
"
General,"derived"datatypes"are"allowed"for"datatype."The"type"signature"of"count,"
datatype"on"any"process"must"be"equal"to"the"type"signature"of"count,"datatype"at"
the"root."This"implies"that"the"amount"of"data"sent"must"be"equal"to"the"amount"
received,"pairwise"between"each"process"and"the"root."MPI_Bcast"and"all"other"datai
movement"collec1ve"rou1nes"make"this"restric1on."Dis1nct"type"maps"between"
sender"and"receiver"are"s1ll"allowed.""
"

54"



MPI_Scaher"is"the"inverse"opera1on"to"MPI_Gather.""
"
The"outcome"is"as#if"the"root"executed"n"send"opera1ons:"
"
MPI_Send(sendbuf"+"i"*"sendcount"*"extent(sendType),"sendcount,"sendType,"i,"…)"
"
and"each"process"executed"a"receive:"
"
MPI_Recv(recvbuf,"recvcount,"recvType,"i,"…)"
"
The"send"buffer"is"ignored"for"all"noniroot"processes.""
"
The"type"signature"associated"with"sendcount,"sendtype"at"the"root"must"be"equal"to"
the"type"signature"associated"with"recvcount,"recvtype"at"all"processes"(however,"the"
type"maps"may"be"different)."This"implies"that"the"amount"of"data"sent"must"be"equal"
to"the"amount"of"data"received,"pairwise"between"each"process"and"the"root."Dis1nct"
type"maps"between"sender"and"receiver"are"s1ll"allowed.""
"
All"arguments"to"the"func1on"are"significant"on"process"root,"while"on"other"
processes,"only"arguments"recvbuf,"recvcount,"recvtype,"root,"comm"are"significant."
The"arguments"root"and"comm"must"have"iden1cal"values"on"all"processes.""
"
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See"scaher.cpp"on"Minerva."
"
The"code"shown"in"this"slide"is"a"simplifica1on"of"scaher.cpp"and"will"fail"when"
running"it"with"more"than"4"processes,"because"the"send"buffer"is"too"small.""The"
example"on"Minerva"is"more"generic"in"that"sense."
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Note"that"the"binary"algorithm"does"not"reduce"the"amount"of"data"sent"from"the"
root"process,"compared"to"the"linear"algorithm.""It"does"however,"reduce"the"number"
of"communica1on"rounds"from"(Pi1)"to"log2P.""Note"however"that"certain"data"need"
to"be"buffered"by"certain"noniroot"processes.""This"buffer"is"not"provided"by"the"used"
and"must"therefore"be"allocated"by"the"MPI"implementa1on"itself."
"
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MPI_Scaherv"extends"the"func1onality"of"MPI_Scaher"by"allowing"a"varying"count"of"
data"to"be"sent"to"each"process,"since"sendcnts"is"now"an"array."It"also"allows"more"
flexibility"as"to"where"the"data"is"taken"from"on"the"root,"by"providing"the"new"
argument,"displs.""
"
The"outcome"is"as"if"the"root"executed"P"send"opera1ons"
"
MPI_Send(sendbuf"+"displs[i]"*"extent(sendType),"sendcnts[i],"sendType,"i,"…)"
"
and"each"process"executed"a"receive"
"
MPI_Recv(recvbuf,"recvcnt,"recvType,"i,"…)"
"
The"send"buffer"is"ignored"for"all"noniroot"processes.""
"
The"type"signature"implied"by"sendcnt[i],"sendType"at"the"root"must"be"equal"to"the"
type"signature"implied"by"recvcnt,"recvType"at"process"i"(however,"the"type"maps"
may"be"different)."This"implies"that"the"amount"of"data"sent"must"be"equal"to"the"
amount"of"data"received,"pairwise"between"each"process"and"the"root."Dis1nct"type"
maps"between"sender"and"receiver"are"s1ll"allowed.""
All"arguments"to"the"func1on"are"significant"on"process"root,"while"on"other""
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Each"process"(root"process"included)"sends"the"contents"of"its"send"buffer"to"the"root"
process."The"root"process"receives"the"messages"and"stores"them"in"rank"order."The"
outcome"is"as"if"each"of"the"P"processes"in"the"group"(including"the"root"process)"had"
executed"a"call"to""
"
MPI_Send(sendbuf,"sendcount,"sendtype,"root,"…)"
"
and"the"root"had"executed"P"calls"to""
"
MPI_Recv(recvbuf"+"i"*"recvcount"*"extent(recvType),"recvcount,"recvType,"i,"…)"
"
where"extent(recvType)"is"the"type"extent"obtained"from"a"call"to"MPI_Type_extent()."""
"
The"receive"buffer"is"ignored"for"all"noniroot"processes.""
"
General,"derived"datatypes"are"allowed"for"both"sendtype"and"recvtype."The"type"
signature"of"sendcnt,"sendtype"on"process"i"must"be"equal"to"the"type"signature"of"
recvcnt,"recvtype"at"the"root."This"implies"that"the"amount"of"data"sent"must"be"equal"
to"the"amount"of"data"received,"pairwise"between"each"process"and"the"root."Dis1nct"
type"maps"between"sender"and"receiver"are"s1ll"allowed.""All"arguments"to"the"
func1on"are"significant"on"process"root,"while"on"other"processes,"only"arguments""
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See"gather.cpp"on"Minerva."
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Note"that"the"binary"algorithm"does"not"reduce"the"amount"of"data"sent"to"the"root"
process"(this"is"dominant"for"large"messages).""It"does"however,"reduce"the"number"
of"communica1on"rounds"from"(Pi1)"to"log2P.""Note"however"that"certain"data"need"
to"be"buffered"by"certain"noniroot"processes.""This"buffer"is"not"provided"by"the"used"
and"must"therefore"be"allocated"by"the"MPI"implementa1on"itself."
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MPI_Allgather"can"be"thought"of"as"MPI_Gather,"but"where"all"processes"receive"the"
result,"instead"of"just"the"root."The"jth"block"of"data"sent"from"each"process"is"received"
by"every"process"and"placed"in"the"jth"block"of"the"buffer"recvbuf.""
"
The"type"signature"associated"with"sendcount,"sendtype,"at"a"process"must"be"equal"
to"the"type"signature"associated"with"recvcount,"recvtype"at"any"other"process.""
The"outcome"of"a"call"to"MPI_Allgather(...)"is"as"if"all"processes"executed"P"calls"to""
"
MPI_Gather(sendbuf,"sendcnt,"sendtype,"recvbuf,"recvcnt,"recvtype,"root,"comm)"
"
for"root"="0,"…,"P"–"1."
""
The"rules"for"correct"usage"of"MPI_Allgather"are"easily"found"from"the"corresponding"
rules"for"MPI_Gather."
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There"are"several"ways"to"implement"an"allgather"algorithm.""A"naïve"solu1on"would"
be"to"call"the"gather"rou1ne"P"1mes,"each"1me"with"a"different"process"as"root.""This"
is"very"inefficient"as"this"leads"to"a"dominant"term"of"n*P*P."
"
An"improvement"is"to"perform"a"single"gather"opera1on,"followed"by"a"broadcast"
from"the"root.""This"lead"to"a"dominant"term"of"n*P*log"P."
"
However,"a"dedicated"algorithm,"based"on"a"buherfly"communica1on"pahern"leads"
to"a"domina1on"term"of"only"n*P."
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MPI_Alltoall"is"an"extension"of"MPI_Allgather"to"the"case"where"each"process"sends"
dis1nct"data"to"each"of"the"receivers."The"jth"block"sent"from"process"i"is"received"by"
process"j"and"is"placed"in"the"ith"block"of"recvbuf.""
"
The"type"signature"associated"with"sendcount,"sendtype,"at"a"process"must"be"equal"
to"the"type"signature"associated"with"recvcount,"recvtype"at"any"other"process."This"
implies"that"the"amount"of"data"sent"must"be"equal"to"the"amount"of"data"received,"
pairwise"between"every"pair"of"processes."As"usual,"however,"the"type"maps"may"be"
different.""
"
The"outcome"is"as"if"each"process"executed"a"send"to"each"process"(itself"included)"
with"a"call"to"
"
MPI_Send(sendbuf"+"i"*"sendcnt"*"extent"(sendType),"sendcnt,"sendType,"i,"…)"
"
and"a"receive"from"every"other"process"with"a"call"to"
"
MPI_Recv(recvbuf"+"i"*"recvcnt"*"extent"(recvType),"recvcnt,"recvType,"i,"…)"
"
All"arguments"on"all"processes"are"significant."The"argument"comm"must"have"
iden1cal"values"on"all"processes.""
"
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MPI_Reduce"combines"the"elements"provided"in"the"input"buffer"of"each"process"in"
the"group,"using"the"opera1on"op,"and"returns"the"combined"value"in"the"output"
buffer"of"the"process"with"rank"root."The"input"buffer"is"defined"by"the"arguments"
sendbuf,"count"and"datatype;"the"output"buffer"is"defined"by"the"arguments"recvbuf,"
count"and"datatype;"both"have"the"same"number"of"elements,"with"the"same"type.""
"
The"rou1ne"is"called"by"all"group"members"using"the"same"arguments"for"count,"
datatype,"op,"root"and"comm."Thus,"all!processes!provide"input"buffers"and!output!
buffers!of"the"same"length,"with"elements"of"the"same"type.""Each"process"can"
provide"one"element,"or"a"sequence"of"elements,"in"which"case"the"combine"
opera1on"is"executed"elementiwise"on"each"entry"of"the"sequence."For"example,"if"
the"opera1on"is"MPI_MAX"and"the"send"buffer"contains"two"elements"that"are"
floa1ng"point"numbers"("count"="2"and"datatype"="MPI_FLOAT),"then""
"
recvbuf[0]"="global_maximum(sendbuf[0])""
"
and"
"
recvbuf[1]"="global_maximum(sendbuf[1])"
"
The"opera1on"op"is"always"assumed"to"be"associa<ve."All"predefined"opera1ons"are""
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Same"as"MPI_Reduce"except"that"the"result"appears"in"the"receive"buffer"of"all"the"
group"members."
"
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MPI_SCAN"is"used"to"perform"a"prefix"reduc1on"on"data"distributed"across"the"group."
The"opera1on"returns,"in"the"receive"buffer"of"the"process"with"rank"i,"the"reduc1on"
of"the"values"in"the"send"buffers"of"processes"with"ranks"[0,...,i]."The"type"of"
opera1ons"supported,"their"seman1cs,"and"the"constraints"on"send"and"receive"
buffers"are"as"for"MPI_REDUCE.""
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We"have"created"simple"model"for"pointitoipoint"communica1on"bandwidth"in"
earlier"slides.""However,"this"model"is"not"always"valid"in"case"several"devices"are"
communica1on"mutually.""For"example,"consider"4"machines"and"two"scenarios:"
"
a)  Machine"0"is"communica1ng"with"machine"1,"while"machine"2"and"3"are"not"

communica1ng."
b)  Machine"0"is"communica1ng"with"machine"1,"and"simultaneously,"machine"2"is"

communica1ng"with"machine"3."

In"scenario"a),"machine"0"and"1"can"communicate"at"their"full"(effec1ve)"bandwidth.""
However,"in"scenario"b),"this"bandwidth"might"be"lower,"because"two"
communica1ons"are"occurring"simultaneously,"and"they"might"share"a"common"
communica1on"path"in"the"network.""Therefore,"we"need"to"study"and"understand"
the"network"topology"which"is"connec1ng"the"different"machines.""Note"that"not"only"
the"bandwidth"might"be"influenced"by"the"network,"also"the"latency"depends"on"the"
network,"as"a"different"number"of"“hops”"might"be"required,"depending"on"which"
two"machines"are"communica1ng."Therefore,"two"measurements"are"important:"
"
Bisec<on!bandwidth:"Given"an"interconnec1on"network"connec1ng"N"machines"
represented"as"a"graph,"the"bisec1on"bandwidth"is"defined"as"the"sum"of"the"
bandwidths"corresponding"to"the"minimum"number"of"edges"(i.e."communica1on""
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A"crossbar"switch"divides"the"communica1ng"devices"into"two"groups:"“input"
devices”"and"“output"devices”,"even"though"in"the"general"case,"the"links"are"
bidirec1onal"and"communica1on"can"flow"in"both"direc1ons"between"any"“input”"/"
“output”"pair.""For"example,"suppose"that"the"input"devices"are"processors,"and"the"
output"devices"are"memory"modules.""Each"processor"can"then"have"bidirec1onal"
communica1on"with"any"memory"module.""Note"that"using"this"topology,"processors"
cannot"mutually"communicate.""The"same"is"true"for"the"memory"modules."
"
An"important"property"of"the"crossbar"switch"is"that,"as"long"as"an"output"device"is"
not"accessed"by"two"processors"simultaneously,""any"input"device"can"communicate"
at"full"speed"with"any"output"device,"regardless"of"other"ongoing"communica1on.""
This"is"a"very"beneficial"property"of"a"network.""The"network"is"said"to"be"fully"non'
blocking.""The"bisec1on"bandwidth"is"then"BP/2,"where"B"is"the"pointitoipoint"
satura1on"bandwidth"and"P"is"the"number"of"connected"devices."
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In"a"crossbar"switch,"the"rou1ng"process"is"sta1c,"that"is,"a"given"input"/"output"
communica1on"is"always"routed"over"the"same"physical"wires,"regardless"of"the"other"
communica1ng"processes."
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In"a"distributed"memory"environment,"the"separa1on"of"devices"into"“input”"and"
“output”"devices"is"not"desirable.""A"crossbar"switching"network"however,"can"easily"
be"modified.""Note"that"the"directed"arrows"now"denote"unidirec1onal"
communica1on"links.""The"network"is"again"fully"noniblocking.""Note"that"in"reality,"
the"switching"network"is"usually"contained"in"a"soicalled"switch.""The"switch"then"has"
a"number"of"ports"(typically"24"to"96)"to"which"machines"can"be"connected"by"means"
of"a"cable"interconnect"(copper"or"op1cal"cable)."
"
Note"that"even"though"a"crossbar"switch"has"ahrac1ve"proper1es,"because"P2"
switches"are"required"(and"the"same"order"of"magnitude"of"cables"connec1ng"these"
switches)"crossbar"switches"are"not"directly"used"when"dealing"with"a"high"number"of"
devices.""They"do"however"serve"as"building"blocks"for"other,"fully"noniblocking"
switching"networks"(see"next"slide)."
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Clos"networks"have"three"stages:"the"input"stage,"middle"stage,"and"the"output"stage."
Each"stage"is"made"up"of"a"number"of"crossbar"switches"(see"diagram"below),"onen"
just"called"crossbars."Each"call"entering"an"ingress"crossbar"switch"can"be"routed"
through"any"of"the"available"middle"stage"crossbar"switches,"to"the"relevant"egress"
crossbar"switch."A"middle"stage"crossbar"is"available"for"a"par1cular"new"call"if"both"
the"link"connec1ng"the"ingress"switch"to"the"middle"stage"switch,"and"the"link"
connec1ng"the"middle"stage"switch"to"the"egress"switch,"are"free."
"
"
"
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Do"not"confuse"the"alpha"and"beta"from"the"matriximatrix"mul1plica1on"formula"
with"the"alpha"and"beta"from"the"communica1on"cost"model"(latency"and"1me"per"
element)."
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Note"that"when"r"is"not"equal"to"c"(as"in"this"case:"r"="3;"c"="4),"the"summa1on"has"to"
be"performed"over"individual"elements,"rather"than"over"blocks"(blocks"of"A"and"B"are"
incompa1ble"in"general)."
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We"again"ignore"the"contribu1on"of"the"log"factor"in"the"isoefficiency"discussion."
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Aner"P"=="n"phases,"all"elements"are"sorted"
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Note"that"sor1ng"networks"can"only"be"used"for"sor1ng"algorithms"for"which"the"
order"of"comparisons"is"fixed"and"set"in"advance."
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For"the"parallel"run1me,"we"assume"that"comparators"can"be"indepently""
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The"end"
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