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Iteratina for a solutil Approximation at Average of approximation
iteration k+1 at iteration k

while (! converged()
for (size_t i ; 1 < N+1; ++1) /

E for (size = 1; j < N+1; ++j)
i y(i,j) = (x(i-1,3) + x(i+1,3j) + x(i,j{ At end of each outer
- swap (x,y); Only need to use two |—— iteration: new
- } arrays to do iteration: becomes old (and v.v.)
old agd new P
T I Z_I’Jl A Ti,j
N+1 II 1]

A
Zi,j ,'.__(:>

k
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class Grid

Gridisa 2D

class Grid { —4 Constructor
array /
public:
explicit Grid(size_t x, size_t y) g

xPoints(x+2), yPoints(y+2), arrayData(xPoints*yPoints) {}

double &operator() (size_t i, size_t j)
{ return arrayData[i*yPoints + jl; }
const double &operator()(size_t i, size_t j) const
{ return arrayDatal[i*yPoints + jl; }

size_t numX() const { return xPoints; } Accessor
size_t numY() const { return yPoints; }

private:
size_t xPoints, yPoints;
std: :vector<double> arrayData; | Storage

s
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. Mos 1| Decompose into P
Original I p. . Global
partitions !
problem N
Nt P
Index %
P
(P-1)%
toN PN 1

—

=

N
ke
E—
o
PN

—

ol =

Partitioned
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for (size_t i =
for (size_t j
X

ig

i < N+1; ++i)
1; j < N+1; ++3)
(i-1,3) + x(i+1,3) + x(3,j-1) + x(i,j+1))/4.0;

Local

AN

SPMD
index space

AN

All are
identical

y(i,j) = ( v
Decomposition Boundary One crucial
0
Boundary /| difference
|
; /&“ %+1
So solving . ——
this problem > as-if
r 2N 1 T
N
To the local / SPMD N.O'f pa:rt Ofbtlhe
code, the boundary oY original problem
P 0

and as-if are the same

AN

for (size_t i =
for (size_t j
X

y(i,3) = (x(

ilg

N\

i < N/P+1; ++1)
1; j < N+1; ++3)
i-1,3) + x(i+1,j) + x(i,j-1) + x(i,j+1))/4.0;
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Always This is the entire
writey |(! converged()) { / program

or (size_t i = 1; i < N+1; ++i)

or (size_t j = 1; j < N+1; ++j)

y(i,3) = (x@GE-1,3) + x(E+1,3) + x({,j-1) + x(i,j+1))/4.0;
swap (x,y);

.

}
° Always L1 Not changed [ Rows need to be
read x . r ,
Ole during an as If- only-durmg
® = iteration iteration

This changes only on
every outer iteration
(on the swap())
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Compute / Communicate :
To make as-if, we

LCOMPUTING
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need to update
the boundary cells
K% > /
K%+1 N
With their “as-
if” values
K% 0
‘> KN ! Before they are
# read at the next
I outer iteration
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Compute / Communicate
Standard terminology

while (! converged()) { for as-if boundary is
for (size_t i = 1; i < N+1; ++i) “ghost cell” or “halo”

for (size_t j = 1; j < N+1; ++j)
y(i,j) = (x(i-1,j) + x(i+1,j) + xj/,/j—n + x(i,j+1))/4.0;
swap(x,y);
make_as_if(x); // Communicate ghost cells]—-\

}
host
P1 g P1 P1,,x ..........
Compute Communicate
—m N 1 I A o B |
ghost b—_ P2 7 P2
IEEEEEEEEEEEEEEE IEEEEEEEEEEEEEEE
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Compute / Communicate “Bulk Synchronous
Parallel” (BSP)
NO | Compute | Communicate | Compute | Communicate | Compute | Communicate |
N1 | Compute | Communicate | Compute | Communicate | Compute | Communicate |
NK
NP | Compute | Communicate | Compute Communicate | Compute Communicate
/ / Time
This is an almost P'rocessors are But 'Fhe compute /
universal pattern still only loosely communicate .pattern keeps
coupled them synched in a bulk sense
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Updating Ghost Cells

ghost ghost

. P1 P1

P2 P2 7 P2
MEEEEEEEEEEEEEEEE T T I T TITITTITITT1]

Works?
MPI_Send( ); // to upper neighbor /
MPI_Send( ); // to lower neighbor
MPI_Recv( );  // from lower neighbor
MPI_Recv( ); // from upper neighbor
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Exchanging halos (updating ghost cells)| Whencan
we proceed?

» What happens with this set of
operations? ( |Proces

+ Have we seen this before? s(eye/

* Behavior depends on
implementation of Send (not its

Process Q

Send (P, ...

Recv(Q, ...

semantics)
— Size of message (use of eager vs
rendezvous protocol) When send But what if send
— System dependent returns doesn’t return
— Most MPI implementations have until message is
diagnostics for this received?
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Where do messages go when you send them?
System might not

System might System might buffer the data
buffer the data v buffer the data
Process P Process Q
\ Process P Process
Buffer Good thing or

Bufterl  bad thing?

Data |

((Network )\
Data n Data

[ Data \

some message

University of Washington by Andrew Lumsdaine
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MPI_Send

#include <mpi.h>
void Comm::Send(const void* buf, int count, const Datatype& datatype,
— int dest, int tag) const

* MPI_Send is sometimes called a “blocking send”

+ Semantics (from the standard): Send MPI_Send returns, it is safe to
reuse the buffer

» So it only blocks until buffer is safe to reuse
* (Recall we can only specify local semantics)
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MPI_Recv

#include <mpi.h>
void Comm: :Recv(void* buf, int count, const Datatype& datatype,

int source, int tag, Status& status) const

—

void Comm: :Recv(void* buf, int count, const Datatype& datatype,
— 1int source, int tag) const

* Blocking receive
« Semantics: Blocks until message is received. On return from call,
buffer will have message data
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Unbuffered Communication

Process P Process Q

+ Buffering can be avoided

 But we need to make sure it is
safe to touch message data
— Block until it is safe

— Return before transfer is complete Data |
and wait/test later \N—)\
etwork
Data

—
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Simultaneously

Some other solutions send and recv

Process Q Process P Process Q

Process P

)

» Recv(Q, ...) ) | Sendrecv(Q, ...

Sendrecv(P, ...

Send (P, ...

Process P Process Q

Properly order
sends and recvs
Difficult and
breaks spmd
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Explicitly
buffer

Bsend (P, ... Bsend(Q, ...

Recv(Q, ... Recv(Q, ...

Non-Blocking Operations

* Non-blocking operations

(send and receive) return Isend(Q) Isend(P)
A . Irecv(Q) Irecv(P)
immediately Waitall Waitall

* Return “request handles”

Process P Process Q
that can be tested or
waited on
* Where progress is made Irecv(Q) Irecv(P)
. . Isend Isend(P
(and where communication Rena(ch Rend(™)
happens) is
pp ) Process P Process Q

implementation specific

g Spring 2019 o | _univERsITY 5
g oprng / WASHINGTON
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Non-blocking (immediate) ope

Note normal
receive
| ProcessP 7~ | Process Q
Returns
immediately \; Isend(Q, ...) \Isend(P, )
What were //éecv(Q, oY) Recv(Q, ...)
semantics of Send? Waitall Waitall
N\ J \_ J
How do we know VA -
. Isend returns a That we wait on
when it is safe? ) )
request handle until buffer is safe
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Non-blocking (immediate) operations

There is also a non-

blocking receive | Process P | Process Q
~
What were Isend(Q, ...) Isend(P, ...)
semantics of Recv? :;recv(ﬂ, cee) Irecv(P, ...)
Waitall Waitall
Irecv also returns a /\ \ J 1\ J
request handle \ \
That can be waited on We can wait on all
and will return when requests together
data are ready (send and recv)
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Before
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After

NORTHWEST INSTITUTE for ADVANCED COMPUTING

e Process P

Isend(Q, )

Irecv(Q, )
Waitall

\ W,
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e Process P

Irecv(Q, )

Isend(Q, )
Waitall

\ W,

Performance
Washington
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e Process Q

Isend (P,

Irecv(P,

Waitall

.

W
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e Process Q

Irecv(P,

Isend (P,

Waitall

.

W
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After

e Process P e Process Q
Put the non-
blocking recv first [~ 1recv(a, ...) Irecv(P, ...)
Isend(Q, ...) Isend(P, ...)
Send lat / Waitall Waitall
end later L y L y
\ N
No unexpected
Posts recv
messages
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Bindings for non-blocking receive

Request Comm::Isend(const void* buf, int count, const
— Datatype& datatype, int dest, int tag) const

Request Comm::Irecv(void* buf, int count, const
— Datatype& datatype, int source, int tag) const

NORTHWEST INSTITUTE for ADVANCED COMPUTING

AMATH 483/583 High-Perfor
University of W

Pacific Northwest
N ey

Sctéhtific Computing Spring 2019 | AR B /172 20 L2 r
WASHINGTON

N by Andrew L

mputing Spring 2019
umsdaine



Communication completion: Wait

void Request::Wait(Status& status)
void Request::Wait()

static void Request::Waitall(int count, Request

— array_of_requests[], Status array_of_statuses[])
static void Request::Waitall(int count, Request

- array_of_requests[])

static int Request::Waitany(int count, Request
— array_of_requests[], Status& status)

static int Request::Waitany(int count, Request
! — array_of_requests[])

Communication completion: Test

bool Request::Test(Status& status)
bool Request: :Test()

static bool Request::Testall(int count, Request

— array_of_requests[], Status array_of_statuses[])
static bool Request::Testall(int count, Request

— array_of_requests[])

static bool Request::Testany(int count, Request
— array_of_requests[], int& index, Status& status)
static bool Request::Testany(int count, Request
! — array_of_requests[], int& index)

26




Collectives

» Collective operations are called by all processes in a communicator.

* MPI_BCAST distributes data from one process (the root) to all others in a
communicator

* MPI_REDUCE combines data from all processes in communicator and returns it to
one process

* In many numerical algorithms, SEND/RECEIVE can be replaced by
BCAST/REDUCE, improving both simplicity and efficiency
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Bcast

void MPI::Comm::Bcast(void* buffer, int count, const MPI::Datatype& datatype,
— int root) comnst = 0

P A A
P A
Py A
Ps A
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Reduce

void MPI::Intracomm: :Reduce(const void* sendbuf, void* recvbuf, int count,
— const MPI::Datatype& datatype, const MPI::0p& op, int root) const

PO A+B+C+D A

Reduce

AMATH 483/583 High-Performanct
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Allreduce

void MPI::Comm::Allreduce(const void* sendbuf, void* recvbuf, int count, const
— MPI::Datatype& datatype, const MPI::0p& op) const=0

PO A+B+C+D A

Pl A+B+C+D B
Allreduce

P2 A+B+C+D C

P3 A+B+C+D D

NORTHWEST INSTITUTE for ADVANCED COMPUTING
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Scatter/Gather

void MPI::Comm: :Scatter(const void* sendbuf, int sendcount, const MPI::Datatype& sendtype,
< void* recvbuf, int recvcount, const MPI::Datatype& recvtype, int root) const

| AB|C|D A

Scatter
Py B

P, C

—— '

c Cc S 2019 ; UNIVERSITY of
ntific C g Spring 201 JSNIvERSITY of
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Scatter/Gather

void MPI::Comm: :Gather(const void* sendbuf, int sendcount, const MPI::Datatype& sendtype,
— void* recvbuf, int recvcount, const MPI::Datatype& recvtype, int root, const = 0

| AB|C|D A

Scatter
Py B

AMATH 483/583 High-Performance Scientific Cc
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Allgather

void MPI::Comm: :Allgather(const void* sendbuf, int sendcount, const MPI::Datatype& sendtype,
< void* recvbuf, int recvcount, const MPI::Datatype& recvtype) const = 0

Pl A B

Allgather

>
@)

> > > >
w

O 0] 0] 0
o
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Alltoall

void MPI::Comm::Alltoall(const void* sendbuf, int sendcount, const MPI::Datatype& sendtype,
— voidx recvbuf, int recvcount, const MPI::Datatype& recvtype)

Po |AO|A1|A2|A3 A0 |BO |CO DO

P |BO|B1|B2|B3 A1/B1|C1|D1

P |C0|C1/C2|C3 A2 B2 |C2 D2

P3| D0O|D1/D2|D3 A3 B3 |C3 D3
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All Reduce

How many How many
All data is sent sends? receives?
to root
er@1 global_err global_err
/ Root sends
Cost? back out to all
Scalability?

NORTHWEST INSTITUTE for ADVANCED COMPUTING

All Reduce How many
ds?

~1 | back out to all

All data is sent . @ ackouttoa

BOS
to root ®/ \.
@.,. @@.,

/ / How many

. receives?
Cost? What is the
Scalability? best ordering?

Root sends
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Parallel Random Access Machine Memory shared

Sorr.1e.nt.1mber (fixed Shared Memory b?’ all processes
or infinite) number
of processors Completely UMA
AN | (O(1) read/write)
Processors all execute |/ |P1 || Pa|| Ps|| Ps| -+ M
same steps in synchrony
(but can lay out) / \ Everything interesting in
parallel computing is
At each cycle, processors Powerful tool for about data dependence
read, write, or compute analysis of parallel AN :
(one operation) algorithm Assume tasks done in

parallel are perfectly
parallelizable

NORTHWEST INSTITUTE for ADVANCED COMPUTING
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PRAM cont. Reads and writes

need to be ordered Writes need to be ordered

» Several types of P N
— EREW - Exclusive Read Exclusive Write /
— CREW - Concurrent Read Exclusive Write
— ERCW - Exclusive Read Concurrent Write
— CRCW - Concurrent Read Concurrent Write —| Nothing needs to be ordered

« Stronger models can be emulated by weaker models

Reads need to be ordered

Shared Memory

NORTHWEST INSTITUTE for A




Compute / Communicate “Bulk Synchronous
y Parallel” (BSP)

NO | Compute | Communicate | Compute | Communicate | Compute | Communicate |
N1 | Compute | Communicate | Compute | Communicate | Compute | Communicate
| J
NK e ven e |
NP | Compute | Communicate | Compute Communicate | Compute | Communicate |
/ / Time

This is an almost P'rocessors are But 'Fhe compute /

universal pattern still only loosely communicate .pattern keeps
coupled them synched in a bulk sense

NORTHWEST INSTITUTE for ADVANCED COMPUTING

Bulk Synchronous Parallel (BSP)

Series of supersteps

Compute can only use
data present at
beginning of superstep

| | |
[ \ / \ \
NO | Compute | Communicate I Compute | Communicate | Compute | Communicate |
N1 | Compute | Communicate | Compute | Communicate | Compute | Communicate |
NK
NP | Compute Communicate Compute | Communicate | Compute | Communicate |
> Processes send and

essages

WASHINGTON
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BSP cont.

| | Throughput of the
p processes [~ | | —] network is g

| | \ And there are h
messages

Compute Communicate Sync

L Superstep \

What is ! N
compute time?

What is communicate
time in terms of g and h?

Valiant, L.G. Optimally universal parallel computers. Phil. Trans.
Total length of a R. Soc. Lond. A326 (1988) 373-376.

r is L
supe Step S Leslie G. Valiant, A bridging model for parallel computation,
Communications of the ACM, v.33 n.8, p.103-111, Aug. 1990

AMATH 483/583 High-Pertormance Scientific Gomputing Spring 2019
University of Washington by Andrew Lumsdaine
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Performance Model

Teommunicate = Tlatency + Thanawiath = Tp + Thic - Size

Tse Tse
Speedup = 1= 1
Tparallel Tcompute + Tbandwidth + Tlatency
|4¢>| |<Se_nd>|
| Compute | Wait | Transfer [ Compute | | Compute | Transfer | Compute |
| Compute Transfer | Compute | | Compute | Wait | Transfer | Compute |

<] e
. Receive
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LogP

. o
» Parameters (measured in processor — s
CyCIeS) [ Compute | [ Compute

— L - upper bound on /atency for a single g7
message ]

— 0 - overhead to transmit or receive a Ve
message | Compute || | Compute

— g - minimum gap between consecutive I‘T"‘T"
messages "
— P - number of processors

9

* Finite capacity constraint

— At most | L/g| messages can be in transit
from or to any given processor at one time

— Processors that attempt to exceed this limit
stall until the message can be sent

NORTHWEST INSTITUTE for ADVANCED COMPUTING

AMATH 483/583 High-P
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LogP o,
g =
« Sending single message Compute | . L [Gompue ]
g
V'
Compute || | Compute
» Ping-pong round trip |
T = 40 -+ 2L | L Or |
= T >|
* N messages in a row
T=L+ (n— 1)max(g,o)+2o\
Why?
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LogP cont.

* More coarse grained than PRAM
— PRAM = LogP with (L=0,0=0, g =0)
* More fine grained than BSP
» Allows more precise scheduling of communication
— Reading a remote memory location
* BSP - next superstep, L cycles
* LogP - 2L + 40 cycles
* No special synchronization hardware
+ Parameters can be experimentally determined for a given
machine/architecture

* No special treatment for long messages

NORTHWEST INSTITUTE for ADVANCED COMPUTING

Applications: Reduce

+ PRAM

— EREW/CREW
 Binary tree - O(log n)
- CRCW
+ Arbitrary succeed
— Binary tree - O(log n)
* Arbitrary operation
— All procs write one memory location - O(1)

+ BSP
— O(log n) supersteps
— L = time to read two memory locations and write one

NORTHWEST INSTITUTE for ADVANCED COMPUTING
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LogP Analysis

* Linear reduce
— o for each processor to send it's value to the root
— (P-1)o + L for the root to receive them
— o+ (P-1)*max{g,o} + L

global_err
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LogP Analysis

* Binary tree
— o for each leaf proc to send its value to it's parent

— 0 + max{g,o0} + L + o for each non-leaf processor to receive values from each
of its children and send the result to its parent

— 0+ (log P)(o + max{g,o} + L + 0)

0 Jol
@% @%
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Parallel Matrix-Matrix Multiply

Use block algorithm

Partition matrix into blocks

» Assign blocks to processors

Orchestrate communication and computation
» Owner computes

NORTHWEST INSTITUTE for ADVANCED COMPUTING

f
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Block Partitioning

A
B
c PO P2
D A ] | ]
F C K
G D L
H
' Py P3
J E M
. F N
Send 4 contiguous 3 )
doubles H P Could also use

5 \ MPI::Datatype
£ /
N 1
MPI: :COMM_WORLD.Scatter (&x(0), 4, MPI::DOUBLE, &x(0), 4, MPI::DOUBLE, 0);
50




Cyclic Partitioning

A

-
o Po P2
D a S
E E s

--F-- | K

o ! :
H
| P1 P3
J B D
K E H

Send 1 contiguous :1 :,

double

for (size_t i = 0; i < 4; ++D\
MPI: :COMM_WORLD.Scatter(&x(i*4),> 1, MPI::DOUBLE, &x(i*4), 1, MPI::DOUBLE, 0);
}

Block Cyclic Partitioning

A
B
C PO P2
D A E
& | B F
F | M
G J N
H
|
- Py Py
(¢} G
K D H
. K (e}
Send 2 contiguous : .
double

for (size_t i = 0; i < 2; ++ih\
MPI: :COMM_WORLD.Scatter (&x(i*8), 2, MPI::DOUBLE, &x(i*8), 2, MPI::DOUBLE, 0);
}

52




Block Matrix-Matrix Product

Cry=Y AxBgs
K

Coo Cor Coz Cos Aoo Aot Aoz Aoz Boo Bo Boz Bos

Cro Cn Cr2 Cis Ao An Aig Az Bio B Bz B
= X

Cao Coy Ca Co3 Az Ay Agy Aaz Bao Boy Bao Bag

Cso Cs1 Cs2 Cs3 Aso Az Asz Az Bso Bz | Bs2 Bss

Co1 = Ag0Boy + A21B11 + Az By + Ax3Bsy

NORTHWEST INSTITUTE for ADVANCED COMPUTING ~ W
Pacific Northwest / L

AMATH 483/583 High-Performance Scientific Computing Spring 2019 y/ : UNIVERSITY of
/. WASHINGTON
University of Washington by Andrew Lumsdaine

Processor Grid

o Ry R, R, Rs
Ry

Ry Ry Rs Re Ry

] -

Ra Rg Ry Rio Ry

Ry

Ry Ris Ry Ris

R
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Processor Grid

Ro Py Por Poz Pys
Ry
Ry Pig Py Py Pi3
n |
Ry Py Py Py Py
Ry
Py Py Psy Ps3
R
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Matrix Block Partitioning

Aoo Ao1 Aoz Aoz
A1o An Ara Ars
Asgp Aoy Aoo Aos
Aszo Az Aszz Asz
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Matrix Block Partitioning

Ago Aor Aga Aps
By Bo1 B Bys
Ao A Atz Ars
Bio By Bia Bis
Az Aoy Ago Ass
Bayg Bo, By Bos
Asg Az Asz Ass
Bsg Bs, Bs,y Bss
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Matrix Block Partitioning

Coo Cor Co2 Co3
Aoo Ao1 Aoz Aoz
By Bo1 B Bys
Cio Cii Ci2 Ci3
Ay An Aio A
Big By Bis Bis
Cao Cn Caa Ca3
Az Aoy Aso Ass
Boyg Bay B Bas
C3o Ca C3a C33
Asp Az Aszp Ass
Bs B3 Bso Bss
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Matrix Block Partitioning

Coo Co1 Coz Cos Crs =Y _ AixBks (Owner computes)
Ago Aot Aga Ag3 %
Boo Boa Bos

Cio Cu Ci2 Ci3

A Ay Aqg Az

Bio B By Bis

CQO 022 023

[A20] A1 Agg Ass

Boyg Boy Ba» B3

C3o C C32 Css

Asg Asy Asy Assz

Bso B3y Bsa Bss

Az1 By + Ag2Ba1 + A23 B3y
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Matrix Block Partitioning

Coo Co1 Coz Cos Cr; =Y _ AixBks (Owner computes)
Ago Ap1 Aga Ag3 %
Boo Bo1 By Bos

Cio Cu Ci2 Ci3

A Ay Aqg Az

Bio B, By Bis

CQO 022 023

Asg A21 Az Ag3z

Boyg Bay Ba» Bo3

C3o C C32 Css

Asg Asy Asy Asz

Bso B3y Bsa Bss

= Az0Bo1 A22Bo1 + Az3Bsy

NORTHWEST INSTITUTE for ADVANCED COMPUTING

AMATH 483/583 High-Performance Scientific Computing Spring 2019
University of Washington by Andrew Lumsdaine

UNIVERSITY of
WASHINGTON



Matrix Block Partitioning

Coo Co1 Coz Cos Crs =Y _ AixBks (Owner computes)
Ago Ap1 Aga Ag3 %
Boo Bo1 By Bos

Cio Cu Ci2 Ci3

A Ay Aqg Az

Bio B By Bis

CQO 022 023

Az A1 Ao Ags

Boyg Bay Bas B3

C3o C C32 Css

Asg Asy Asy Assz

Bso B3y Bsa Bss

= Az Bo1 + A21B11 +(A22Ba1 I A23Bsi
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Matrix Block Partitioning

Coo Co1 Coz Cos Cr; =Y _ AixBks (Owner computes)
A()() AOl AO2 A03 K
Boo Bo1 By Bos

Cio Ci Ci2 Ci3

Aqo A Aqo Ags

Bio B By Bis

CQO 022 023

Aso Ao1 Az [Aa3]

Boyg Bay Ba» B3

C3o U3 C32 C33

Asp Asp Aso Ass

Bso Bs, Bsa Bss

(Ca1]= A20Bo1 + A21B11 + Az2Boy

NORTHWEST INSTITUTE for ADVANCED COMPUTING

AMATH 483/583 High-Performance Scientific Computing Spring 2019
University of Washington by Andrew Lumsdaine

UNIVERSITY of
WASHINGTON



Matrix Block Partitioning

Coo Co1 Coz Co3 Crs =Y _ AixBks (Owner computes)
Ago A1 Ap2 Aps 1%
Boo Bo1 By Bos

Cio Ci Ci2 Ci3

A10 A11 A12 A13

Bio B B Bis

Cao [Ca1| Cao Cas

(A2o Agy Ago Az

Boyg Bay Ba» B3

C3o U3 U3z C33

Ago A31 A32 A33

Bso Bs; Bsa Bss

= A0Bo1 + A21B11 + Az Boy + A3 B3y
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Matrix Block Partitioning

Coo Cor Coo Cos Crs =Y AixBrs (Owner computes)
Aoo Ao Aoz Aoz %
Boo Bo1 Bo2 Bos

[ ]
o o o o At each step K, arrange for
A Aqy Aqg Az AL (1+J+K) Biyitry,g
Bio By Bio B3

to be on processor |,J

Cao [Ca1| Cao Cas
(Aao Ay Aso Ass)]
Bao Boy Bay Bas
C’30 031 032 033
A3O A31 A32 A33
Bso Bs; Bsa Bss

= A0Bo1 + A21B11 + A Boy + A3 B3y
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Cannon’s Algorithm

Coo Co1 Co2 Cos Crj = ArxB
a ﬂ{ A A 17 g 1kBKJ
Boo Bo: By Bos
[ ]

o oo o o At each step K, arrange for
Aqo Ayl Aqo Ags AI,(I+J+K) B(I+J+K)’J
Bio By Bio B3

to be on processor |,J
Cao [Ca1| Cao Cas
(A2o Agy Ago Az
Boyg Bay Ba» B3 . Compute
C3o C31 C32 Cs3 Cri+= Ap(147+1) X Butivk),g
Asg Asq Aszp Asz
Bso B3y Bso Bss

= A0Bo1 + A21B11 + Az Boy + A3 B3y

AMATH 483/583 High-Perfor
University of Was

UN of
WASHINGTON

Cannon’s Algorithm: Setup (K =0)

Coo Co1 Co2 Cos Cry= Z Arx Bk g
Ago Aoy Aga Aps K
Boo Bo: Boz Bos

» At each step K, arrange for
CIO Cll 012 CIB B
AogammAn | | A || A Arr+K) (4T +K). T

B B B B
= = 12 = to be on processor |,J

Cao O Cao Cas
AQO A22 A23
Bao B Bos Bas « Compute

C30 C31 C32 C33 Cry+= Anurirr) X Butsrk).g
Asg Ass
Bso B3y B3 Bss
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Cannon’s Algorithm: Setup (K = 0)

Coo COl 002 Cog CVIJ = ZAIKBKJ
Ago Aoy Aga Ag3 K
Boo Bo: Boz Bos
» At each step K, arrange for

Cio Ci Ci2 Ci3 B
An Aio Aqs Ao Ar(1+7+K) (I+J+K),J
B B B B

= = 12 1 to be on processor |,J
Cao Co Cao Cas
Ago Ao Az Aoy
Bao By B Bos o Compute
030 031 032 ng CIJ += AI,(I+J+K) X B(I+J+K)1J
Ass Aso Az Asp
Bso B3y B3 Bss
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Cannon’s Algorithm: Setup (K =0)

Coo COl 002 Cog CVIJ = ZAIKBKJ
Ago Aoy Aga Ag3 K
Boo By, Bz Bos
» At each step K, arrange for

Cio 1 2 3 A B
Ay " N L(I+J+K) (I+J+K),J
B

L0 U : 4 to be on processor |,J
Cao Co 2 3 « Compute
Ago Ao 0 1 P
Bao B 3

= = Cri+= A 147+ X Butsyr),s

C3o U3 C32 3
A33 A30 A31 2
Bso B3y B3 33
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Cannon’s Algorithm: Setup

Coo COl 002 003 CIJ = ZAIKBKJ
Aoo Aot Aoz Ags K
Boo By Baa Bss
» At each step K, arrange for

Cho Cn Ci2 C13 A B
An Aqp Az A I+ J+K) U+J+K),J
BlO BQl B32 BO3

to be on processor |,J
Cgo 021 022 023 °
§22 223 gzo gm CompUte

20 o i o Cry+=Ar 141745 X Bussir),s

C3o Cs1 Cs2 Cs3
Ass Asg Az Asz
Bso Bo1 Bz Bos
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Cannon’s Algorithm: K=0

Coo COl 002 003 CIJ = ZAIKBKJ
Ago A1 Aga Aops %3
Boo B Bos Bss

» At each step K, arrange for
C1o Cn Ch2 C13 B
A Ao Ais Aip AI,(1+J+K) (I+J+K),J
Bio By, Bso Bos

to be on processor |,J

Cao Co Cao Cas
Agp Az Ago Aoy
Bay B3 Boa B3 o Compute
Cso Cs1 Csa Cs3 Cry+= A1 (+7+K) X Bty
Asz Asp Az Aszp
Bso By By Bos
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Cannon’s Algorithm: K =1

Cry= Z ArgBrg
%

» At each step K, arrange for

AL (1+7+K) Byiir),g

to be on processor |,J

« Compute

Cry+= A (14+7+5) X Butsyr),s
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Cannon’s Algorithm: K =1

Coo Co1 Co2 Cos Cry= Z ArxkBrg
Ao1 Ag Aps Ago K
BlO B21 B32 Bog
» At each step K, arrange for

OIO Cll 012 013 B
A1 Ais Ao Ay A (1+J+K) (I+J+K),J
B B B B

= - = . to be on processor I,J
C’20 021 022 023
Aoz Agg Ao Asgo
Bsg By By Bos . Compute

Cso Cs C3o Css Cry+= A1 (1+7+5) X Buyirx),s
Aso Az Asp Ass
Boo By Bao B33
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Cannon’s Algorithm: K = 2

Crj=Y AixBi,
K

» At each step K, arrange for

AL (1+7+K) Byiir),g

to be on processor |,J

« Compute

Cri+= Ap(147+1) X Butivk),g
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Cannon’s Algorithm: K= 2

Coo COl 002 Cog CVIJ = ZAIKBKJ
Aga Aps Ago Aoy %
Bao B3y Bz B3
» At each step K, arrange for

Cho Ci Ci2 Ci3 B
Az A An Ay Ar(1+7+K) (I+J+K),J
Bs Bo1 By Bos

to be on processor |,J
Cao Co &) Cas
ézo ém élzz §23

00 11 22 33 . Compute

030 031 032 ng CIJ += AI,(I+J+K) X B(I+J+K)1J
Az Aso Ass Asg
B By Bss Bos
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Cannon’s Algorithm: K= 3

Crj=Y AixBi,
K

» At each step K, arrange for

AL (1+7+K) Byiir),g

to be on processor |,J

« Compute
Crj+= A1 (14i+K) X Buyiir),g
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Cannon’s Algorithm: K= 3

Coo Cor Coo Cos Cry= ZAIKBKJ
Ao Ago Ao1 Aga K
Bsg Bo: By Bos
» At each step K, arrange for

C1o Cnu Cr2 Ci3 B
Aro Aqy Aga Ars AL(1+7+K) (I+J+K),J
BQO BH BZZ B33

to be on processor |,J
Cao Co Cao Cas
Aoy Az Az Agg
Bio By Bss Bos R Compute
Cso Cs1 Cs2 Cs3 Crr 4= A+ X Bur+r).s
Aszp A3z Asg Az
BQ() 331 BO2 Bl3
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Implementation

» Two-D decomposition of matrices A, B, C
* Move A and B to starting positions

Local matrix-matrix product

Shift left

Shift up

* Move A and B back to initial distributions

NORTHWEST INSTITUTE for ADVANCED COMPUTING
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Processes can query
MPI Mental Model for size and for their | | An MPI Communicator

All MPI communication own rank in group contains an MPI Group
takes place in the context H— Communicator
of an MPI Communicator ] Group
Process 0
An MPI Group translates roces/s 1 Only processes in
from rank in the group to Proce,és 2 the group cah use
actual process v / the communicator
|
We us the index (rank) of / Process ... _| | All processes in the
a process in the group to group see an identical
identify other processes Process #P-1 communicator
- e I
The size of a

Behavior is as if it were
global and shared

WASHINGTON

communicator is the
size of the group




Shifting North, East, West, South

Coo Cou Coz Cos This is a useful way to
B o a0 Ap | reason about the algorithm
By B3y By Bis g
A A A A T | Also turns out to be efficient
B 0 BOl Blg ng
C’20 021 C22 023 .
é20 Aoy éxm ézg ’ Communicator
Rl U B Process 0 LCroUP.
50 . ' MPI communicator has Process 1
Az Az Ass rocesses in an arra - |Process 2
Bio Bo Bso P | y
Process ...
Process #P-1
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Cartesian Communicator

Cartcomm Intracomm.Create_cart(int ndims, int dims[], const bool periodsl[],
< bool reorder) const

Cartesian .
- dims[0]

Communicator I
[ \

PO | P1

P5

— dims|[1]

P16
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Cartesian Communicator

void Cartcomm: :Shift(int direction, int disp, int& rank_source,
— int& rank_dest) const

Cartesian
Communicator dir

PO | P1 :
e disp
P5

rank_dest

rank_source m
I~
[ P16
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Cartesian Communicator

void Comm: :Sendrecv_replace(void* buf, int count, const Datatype& datatype,
— 1int dest, int sendtag, int source, int recvtag) const

Cartesian
Communicator

PO | P1 |-

dest |

P5

source 4
™~
. P16
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1 void cannonMultiplyMV(const Matrix& A, const Matrixé B, Matrixé C) {
2 size_t mysize = MPI::COMM_WORLD.Get_size();

=
Implementation e ot i i
5 int dims[2] = { (int) std::sqrt(mysize), (int) std::sqrt(mysize) };

bool periods[2] = { true, true };

IPI::Cartcomm gridComm = MPI::COMM_WORLD.Create_cart(2, dims, periods, true);

s
0 size_t myrank = gridComm.Get_rank();

10

n int mycoords([2];

12 gridComm.Get_coords (myrank, 2, mycoords);

1

1 int northRank, eastRank, westRank, southRank;

15 gridComm.Shift(0, -1, westRank, eastRank);

10 gridComm.Shift(1, -1, southRank, northRank);

18 // Move A and B where they need to be to start

190 int shiftSource, shiftDest;

20 gridComm.Shift (0, -mycoords[0], shiftSource, shiftDest);

« gridComm.Sendrecv_replace(const_cast<double+>(#A(0,0)), A.mumRows()+A.nunCols(),
2 MPI::DOUBLE, shiftDest, 314, shiftSource, 314);

2

21 gridComm.Shift (1, -mycoords[i], shiftSource, shiftDest);

25 gridComm.Sendrecv_replace(const_cast<double*>(%B(0,0)), B.numRows()+B.numCols(),
2 MPI::DOUBLE, shiftDest, 314, shiftSource, 315);

a7

2

20 // Main loop

20 for (int k = 0; k < dims[0]; ++k) {

@ hoistedCopyBlockedTiledMultiply2x2(A, B, C); // Local block matmat

a2

33 gridComm.Sendrecv_replace(const_cast<double*>(&A(0,0)), A.numRows()*A.numCols(),
a1 MPI::DOUBLE, westRank, 316, eastRank, 316);

35 gridComn.Sendrecv_replace(const_cast<double*>(&B(0,0)), B.numRows()*A.nunCols(),
0 MPI::DOUBLE, northRank, 317, southRank, 317);

a7 }

58

a0 // Restore A and B to initial distribution

0 gridComm.Shift (0, +mycoords(0], shiftSource, shiftDest);

" gridComm.Sendrecv_replace(const_cast<double+>(#A(0,0)), A.mumRows()+A.nunCols(),
a2 MPI::DOUBLE, shiftDest, 318, shiftSource, 318);

Y
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Implementation

1 void cannonMultiplyMV(const Matrix& A, const Matrix& B, Matrix& C) {

2 size_t mysize = MPI::COMM_WORLD.Get_size(); »

3 20 // Main loop

4 // Set up grid topology and a grid (Cartesian) communicator 2 for (int k = 0; k < dims[0]; ++k) {

s int dins[2] - { (int) std::sqre(mysize), (int) std::sqrt(mysize) }; 2 hoistedCopyBlockedTiledMultiply2x2(A, B, C); // Local block matmat
6 bool periods[2] = { true, true };

; MPI: :Cartcomn gridComm = MPI::COMM_WORLD.Create_cart(2, dims, periods, true); 33 gridComm.Sendrecv_replace(const_cast<double*>(%A(0,0)), A.numRows()*A.numCols(),
N ) - ’ ’ ’ ’ 34 MPI::DOUBLE, westRank, 316, eastRank, 316);

o size_t myrank = gridComm.Get_rank();

o 35 gridComm.Sendrecv_replace(const_cast<double*>(&B(0,0)), B.numRows()*A.numCols(),
1w int mycoords[2]; 3 MPI::DOUBLE, northRank, 317, southRank, 317);

12 gridComm.Get_coords (myrank, 2, mycoords); T }

13 a8

1 int northRank, eastRank, westRank, southRank; 0 // Restore A and B to initial distribution

;. gridConm.Shift(0, -1, westRank, eastRank); a0 gridComm.Shift(0, +mycoords[0], shiftSource, shiftDest);

16 gridComm.Shift(1, -1, southRank, northRank); a gridComm.Sendrecv_replace(const_cast<double*>(%A(0,0)), A.numRows()*A.numCols(),
fta a2 MPI::DOUBLE, shiftDest, 318, shiftSource, 318);

18 // Move A and B uwhere they need to be to start 13

10 int shiftSource, shiftDest; m gridComm.Shift(1, +mycoords[i], shiftSource, shiftDest);

20 gridComm.Shift(0, -mycoords[0], shiftSource, shiftDest); 45 gridComm.Sendrecv_replace(const_cast<double*>(&B(0,0)), B.numRows()*B.numCols(),
21 gridComn.Sendrecv_replace(const_cast<double*>(%A(0,0)), A.numRows()*A.numCols(), 6 MPI::DOUBLE, shiftDest, 319, shiftSource, 319);

22 MPI::DOUBLE, shiftDest, 314, shiftSource, 314); a

23 a8 gridComm.Free();

2 gridComm.Shift(1, -mycoords[1], shiftSource, shiftDest); a9}

25 gridComm.Sendrecv_replace(const_cast<double+>(&B(0,0)), B.numRows()+*B.numCols(),

26 MPI::DOUBLE, shiftDest, 314, shiftSource, 315);
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Implementation

1 void cannonMultiplyMV(const Matrix& A, const Matrix& B, Matrix& C) {
2 size_t mysize = MPI::COMM_WORLD.Get_size();

s oW

// Set up grid topology and a grid (Cartesian) communicator
int dims[2] = { (int) std::sqrt(mysize), (int) std::sqrt(mysize) };

=

6 bool periods[2] = { true, true };

7

s MPI::Cartcomm gridComm = MPI::COMM_WORLD.Create_cart(2, dims, periods, true);
9 size_t myrank = gridComm.Get_rank();

10

11 int mycoords[2];

12 gridComm.Get_coords(myrank, 2, mycoords);

13

14 int northRank, eastRank, westRank, southRank;
15 gridComm.Shift (0, -1, westRank, eastRank);
16 gridComm.Shift(1, -1, southRank, northRank) ;
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Implementation

17
18 // Move A and B where they need to be to start
19 int shiftSource, shiftDest;
20 gridComm.Shift (0, -mycoords[0], shiftSource, shiftDest);
21 gridComm.Sendrecv_replace(const_cast<double*>(&A(0,0)), A.numRows()*A.numCols(),
22 MPI: :DOUBLE, shiftDest, 314, shiftSource, 314);
23
24 gridComm.Shift (1, -mycoords[1], shiftSource, shiftDest);
25 gridComm.Sendrecv_replace (const_cast<double*>(&B(0,0)), B.numRows()*B.numCols(),
26 MPI::DOUBLE, shiftDest, 314, shiftSource, 315);
27
Coo Cor Co2 Cos Coo Co1 Co2
A(Jl) Al)l A02 A(13 AOD AO] A02
Boo By, Boz Bos Boo B, Boz
Cl() Cll 012 le‘) Cl(l 1
Ao Ay Aig Az Ay
Big By Biy Bis Bio 11
Cop Coy Co Cos Cap Co
Ao Az Ags Ags Aogs
BZ() BZ] BZZ 323 B20 B21

Cﬁi(] C(i 1 C’iQ C(i 3

. Cso Cs1

Aso Az A A
NORTHWES (SRR n e nay Sl COMPUTING 4as 450
- = - = 30 31
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Implementation

28

29

30

31

32

33

34

35

36

37

NORTHW.

Implementation

38

39

40

41

42

43

44

45

46

a7

48

49

A30
NORTHWES il

// Main loop
for (int k = 0; k < dims[0]; ++k) {

hoistedCopyBlockedTiledMultiply2x2(A, B, C); // Local block matmat

gridComm.Sendrecv_replace(const_cast<double*>(&A(0,0)), A.numRows()*A.numCols(),
MPI::DOUBLE, westRank,

gridComm.Sendrecv_replace(const_cast<double*>(&B(0,0)), B.numRows()*A.numCols(),
MPI: :DOUBLE, northRank, 317, southRank, 317);

// Restore A and B to initial distribution
gridComm.Shift (0, +mycoords[0], shiftSource, shiftDest);

gridComm.Sendrecv_replace(const_cast<double*>(&A(0,0)), A.numRows()*A.numCols(),
MPI::DOUBLE, shiftDest, 318, shiftSource, 318);

3 High-Performance Scientific Computing Spring 2019
ersity of Washington by Andrew Lumsdaine

gridComm.Shift (1, +mycoords[1], shiftSource, shiftDest);

gridComm.Sendrecv_replace(const_cast<double*>(&B(0,0)), B.numRows()*B.numCols(),
MPI: :DOUBLE, shiftDest, 319, shiftSource, 319);

gridComm.Free();

Coo Cor Coz Cos
Ago Aot Aoz Aoz
Boo Bo Boz Bos
Cio Cn Cha Ciz
Ao An Az A
Bio By Bz Bis
Cao Coy Ca Coy
Az Agp Ao
Bao Bay Bas Bos
Cso Cs1 Cso Csy
33

B B3> B3

316, eastRank,

COMPUTING

Coo Cor
Aoo Ao
Boo Baoy
Cl(] 1
All

Bio 11
CZU CZ]
Agz Aaz
Bag Boy
Cso Cs1
Ass Aso
Bso B
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Thank You!
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Decomposition
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And an extra row
(on some nodes) for KN
the boundary

for (size_t i = 1; i < N/P+1; ++i)
for (size_t j = 1; j < N+1; ++j)
y(l,J) = (X(l_l,J) ar X(i+1,j) + X(i,j_l) s X(1,J+1))/40;
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Decombposition Boundary
Boundary

- One crucial
/| difference

\ /Jrl E+1
. P P
So solving
N “u _ifn
this problem > as-if
_— >
r 2%4—1 $+1
N
To the local / SPMD N.O'f pa:rt Ofbtlhe
code, the boundary N original problem
. P-1)% 5
and as-if are the same
\ Is the same as solving
N NS

lots of the same
problem but smaller

. | W

for (size_t i = 1; i < N/P+1; ++i)
for (size_t j = 1; j < N+1; ++j)
y(l,J) = (X(l_l,J) ar X(i+1,j) + X(i,j_l) s X(1,J+1))/40;

Oniversity of Washington by Andrew Lumsdaine

FHHHET

This row needs
(7@ to be “as-if”

it were this
row

NORTHWEST INSTI E for ADVANCED COMPUTING

Pacific Northwest

100 AMATH 483/583 High-Performance Scientific Computing Spring 2019

rrrrrrrrrrr o
University of Washington by Andrew Lumsdaine

WASHINGTON



Compute / Communicate

it were this
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And this row needs
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To make as-if, we
need to update
the boundary cells
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Compute / Communicate

while (! converged()) {
for (size_t i = 1; i < N+1; ++1i)
for (size_t j = 1; j < N+1; ++j)

swap(x,y);

Standard terminology
for as-if boundary is
“ghost cell”

y(i,3) = (x(i-1,3) + x(i+1,j) + xf/,/j—l) + x(1,j+1))/4.0;

make_as_if(x); // Communicate ghost cells

1
ghost ghost
P1 P1
S aman
P2 P2
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while (! converged()) {
for (size_t i = 1; i < N+1; ++1i)
for (size_t j = 1; j < N+1; ++j)
swap(x,y);

}

y(i,j) = (x(i-1,j) + x(i+1,3) + x(i,j-1) + x(i,j+1))/4.0;

make_as_if(x); // Communicate ghost cell%}—\\\\
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This is an almost
universal pattern
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And an extra row
(on some nodes) for KN
the boundary

for (size_t i = 1; i < N/P+1; ++i)
for (size_t j = 1; j < N+1; ++j)
y(l,J) = (X(l_l,J) ar X(i+1,j) + X(i,j_l) s X(1,J+1))/40;
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for (size_t i = 1; i < N/P+1; ++i)
for (size_t j = 1; j < N+1; ++j)
y(l,J) = (X(l_l,J) ar X(i+1,j) + X(i,j_l) s X(1,J+1))/40;
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it were this
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And this row needs
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To make as-if, we
need to update
the boundary cells
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Compute / Communicate

while (! converged()) {
for (size_t i = 1; i < N+1; ++1i)
for (size_t j = 1; j < N+1; ++j)

swap(x,y);

Standard terminology
for as-if boundary is
“ghost cell”

y(i,3) = (x(i-1,3) + x(i+1,j) + xf/,/j—l) + x(1,j+1))/4.0;

make_as_if(x); // Communicate ghost cells

1
ghost ghost
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P2 P2
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while (! converged()) {
for (size_t i = 1; i < N+1; ++1i)
for (size_t j = 1; j < N+1; ++j)
swap(x,y);

}

y(i,j) = (x(i-1,j) + x(i+1,3) + x(i,j-1) + x(i,j+1))/4.0;

make_as_if(x); // Communicate ghost cell%}—\\\\
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Where do messages go when you send them?
System might not

System might System might buffer the data
buffer the data v buffer the data
Process P Process Q
\ Process P Process
Buffer Good thing or

Bufterl  bad thing?

Data |

((Network )\
Data n Data

[ Data \

some message
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MPI_Send

#include <mpi.h>
void Comm::Send(const void* buf, int count, const Datatype& datatype,
— int dest, int tag) const

* MPI_Send is sometimes called a “blocking send”

+ Semantics (from the standard): Send MPI_Send returns, it is safe to
reuse the buffer

» So it only blocks until buffer is safe to reuse
* (Recall we can only specify local semantics)
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MPI_Recv

#include <mpi.h>

—

— 1int source, int tag) const

void Comm: :Recv(void* buf, int count, const Datatype& datatype,
int source, int tag, Status& status) const

void Comm: :Recv(void* buf, int count, const Datatype& datatype,

* Blocking receive

« Semantics: Blocks until message is received. On return from call,

buffer will have message data

NORTHWEST INSTITUTE for ADVANCED COMPUTING

W
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Unbuffered Communication

+ Buffering can be avoided

 But we need to make sure it is
safe to touch message data
— Block until it is safe

— Return before transfer is complete
and wait/test later
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Simultaneously

Some other solutions send and recv

Process Q Process P Process Q

Process P

)

» Recv(Q, ...) ) | Sendrecv(Q, ...

Sendrecv(P, ...

Send (P, ...

Process P Process Q

Properly order
sends and recvs
Difficult and
breaks spmd
NORTHWEST INSTITUTE for ADVANCED COMPUTING
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/. WASHINGTON
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Explicitly
buffer

Bsend (P, ... Bsend(Q, ...

Recv(Q, ... Recv(Q, ...

Non-Blocking Operations

* Non-blocking operations

(send and receive) return Isend(Q) Isend(P)
A . Irecv(Q) Irecv(P)
immediately Waitall Waitall

* Return “request handles”

Process P Process Q
that can be tested or
waited on
* Where progress is made Irecv(Q) Irecv(P)
. . Isend Isend(P
(and where communication Rena(ch Rend(™)
happens) is
pp ) Process P Process Q

implementation specific

g Spring 2019 o | _univERsITY 5
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Non-blocking (immediate) ope

Note normal
receive
| ProcessP 7~ | Process Q
Returns
immediately \; Isend(Q, ...) \Isend(P, )
What were //éecv(Q, oY) Recv(Q, ...)
semantics of Send? Waitall Waitall
N\ J \_ J
How do we know VA -
. Isend returns a That we wait on
when it is safe? ) )
request handle until buffer is safe
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Non-blocking (immediate) operations

There is also a non-

blocking receive | Process P | Process Q
~
What were Isend(Q, ...) Isend(P, ...)
semantics of Recv? :;recv(ﬂ, cee) Irecv(P, ...)
Waitall Waitall
Irecv also returns a /\ \ J 1\ J
request handle \ \
That can be waited on We can wait on all
and will return when requests together
data are ready (send and recv)
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Before
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After
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e Process P

Isend(Q, )

Irecv(Q, )
Waitall
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e Process P

Irecv(Q, )

Isend(Q, )
Waitall

\ W,
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e Process Q

Isend (P,

Irecv(P,

Waitall

.
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e Process Q

Irecv(P,

Isend (P,

Waitall
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After

e Process P e Process Q
Put the non-
blocking recv first [~ 1recv(a, ...) Irecv(P, ...)
Isend(Q, ...) Isend(P, ...)
Send lat / Waitall Waitall
end later L y L y
\ N
No unexpected
Posts recv
messages
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Bindings for non-blocking receive

Request Comm::Isend(const void* buf, int count, const
— Datatype& datatype, int dest, int tag) const

Request Comm::Irecv(void* buf, int count, const
— Datatype& datatype, int source, int tag) const
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Communication completion: Wait

void Request::Wait(Status& status)
void Request::Wait()

static void Request::Waitall(int count, Request

— array_of_requests[], Status array_of_statuses[])
static void Request::Waitall(int count, Request

- array_of_requests[])

static int Request::Waitany(int count, Request
— array_of_requests[], Status& status)

static int Request::Waitany(int count, Request
! — array_of_requests[])

Communication completion: Test

bool Request::Test(Status& status)
bool Request: :Test()

static bool Request::Testall(int count, Request

— array_of_requests[], Status array_of_statuses[])
static bool Request::Testall(int count, Request

— array_of_requests[])

static bool Request::Testany(int count, Request
— array_of_requests[], int& index, Status& status)
static bool Request::Testany(int count, Request
! — array_of_requests[], int& index)
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Updating Ghost Cells

P1

mEEEEEEEEEEEEEEEEE {!FH!!FH!FFH!FH‘
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P1 P1
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P2

NORTH|

MPI_Send( ...
MPI_Send( ...
MPI_Recv(
MPI_Recv (

b

)
) .
)
)

-

-

b

// to upper meighbor
// to lower meighbor
// from lower meighbor
// from upper neighbor
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Updating Ghost Cells

P1

P2 Pzd P2

il

P1 P1

M

MPI_Irecv(
MPI_Irecv(
MPI_Isend(
MPI_Isend(
MPI_Waitall(
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// from lower meighbor
// from upper neighbor
// to upper meighbor
// to lower meighbor

); // wait for completion l




Performance Model

Tcommunicate = Tlatency + Tyhanawiath = Tp + Thic - Size

Tse Tse
Speedup = 1= 1
Tparallel Tcompute + Tbandwidth + Tlatency
|4¢>| |<Se_nd>|
| Compute | Wait | Transfer [ Compute | | Compute | Transfer | Compute |
| Compute Transfer | Compute | | Compute | Wait [ Transfer | Compute |

<] e
. Receive
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Synchronous vs Asynchronous

e Send | LN

| Compute | Wait | Transfer | Compute | | Compute | Transfer | Compute |
| Compute Transfer | Compute | | Compute | Wait [ Transfer | Compute |
Receive | Receive
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BSP Model

Compute Communicate  Sync

Superstep
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BSP Model
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BSP Model
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BSP with asynchronous communication
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LogP

* Parameters (measured in processor cycles)
— L - upper bound on latency for a single message
— 0 - overhead to transmit or receive a message
— g - minimum gap between consecutive messages
— P - number of processors
* Finite capacity constraint
— At most [ L/g | messages can be in transit from or to any given processor at one
time
— Processors that attempt to exceed this limit stall until the message can be sent

NORTHWEST INSTITUTE for ADVANCED COMPUTING

LogP cont.

* More coarse grained than PRAM
— PRAM = LogP with (L=0,0=0, g =0)
* More fine grained than BSP
» Allows more precise scheduling of communication

— Reading a remote memory location
* BSP - next superstep, L cycles
* LogP - 2L + 40 cycles
* No special synchronization hardware

» Parameters can be experimentally determined for a given
machine/architecture

* No special treatment for long messages
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LogGP

* Actual machines have special hardware to handle long messages
— DMA channel to network interface

G parameter captures the bandwidth achieved for long messages
— G = Gap per byte for long messages defined as the time per byte
— 1/G = per processor bandwidth for long messages

Implicit w parameter to define size of small messages

+ Sending a k-byte message between two processors
— LogP
« [k/w| messages
+ 0 +[(k-1)/w]* max{g,0} + L + o cycles.
— LogGP
0+ (k-1)G+L+o0

NORTHWEST INSTITUTE for ADVANCED COMPUTING

Applications: Reduce

+ PRAM

— EREW/CREW
 Binary tree - O(log n)
- CRCW
+ Arbitrary succeed
— Binary tree - O(log n)
* Arbitrary operation
— All procs write one memory location - O(1)

+ BSP
— O(log n) supersteps
— L = time to read two memory locations and write one
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Applications: Reduce

* LogP
— Linear reduce
* o for each processor to send it's value to the root
* (P-1)o + L for the root to receive them
* 0+ (P-1)*max{g,0} + L
— Binary tree
+ o for each leaf proc to send it's value to it's parent

* 0 + max{g,o} + L + o for each non-leaf processor to receive values from each of its children
and send the result to its parent

* 0+ (log P)(o + max{g,o} + L + 0)
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