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Laplace’s Equation on a Regular Grid _, ..
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Jacpbi lteration o
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Jacpbi lteration o
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Jacobi lteration Ao — b e
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Still a stencil
application
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class Grid

class Grid { —

Gridisa 2D
array

public:

private:

};

size_t xPoints, yPoints;
std: :vector<double> arrayData;
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Constructor

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

double &operator() (size_t i, size_t j)
{ return arrayDatali*yPoints + jl; }
const double &operator() (size_t i, size_t j) const
{ return arrayDatali*yPoints + jl; }
size_t numX() const { return xPoints; } \\\\\\
size_t numY() const { return yPoints; }

Accessor

— Storage
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Iterating for a solution Claim: We only ever
n need two grids

while (! converged()) {
for (size_t k = 0; k < max_k; ++k) {
i < N+1; ++i)
1; j < N+1; ++j
(x[k] (i-1,3) + x[k]@GE+1,3) + x[k]1(@E,j-1) + x[k]1(i,j+1))/4.0;

= 1;

for (size_t i
for (size_t j

x[k+1] (i,5) =
}
|
] i1, g% zi
N-+1 II \\, //
i _Ore]
ey o | [ T3 j 41
|

W
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Iterating for a solution Claim: We only ever

—

need two grids

while (! converged()) {
for (size_t i = 1; i < N+1; ++i) {
for (size_t j = 1; j < N+1; ++j) {
xp(i,j) = (x(i-1,j) + x(i+1,j) + x(i,j-1) + x(i,j+1))/4.0;

t
+ Make current Could copy
) swap(xp, X); | the previous | | instead, but...
Zi,; Pl :
31 o | Tigtl

/ ||

k
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Sequential

void jacobi(Grid& x, Grid& xp) {
while (! converged()) {
for (size_t 1 = 1; i < x.num_x()-1; ++i) {
for (size_t j = 1; j < x.num_y(O-1; ++j) {
xp(i,j) = (x(@i-1,3) + x(i+1,3j) + x(i,j-1) + x(i,j+1))/4.0;
+
+
swap (xp, X);
+
t
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Boundary ~. One crucial

/] difference

Boundary

| N N
. /$+1 ~\\ $+1
So solving
—
N

. N o _' ”
o promem‘ ' B
N
2= N
P 275 +1 LI 5+1

‘Not part of the

original problem
\Qi)% 0

Is the same as solving
N\

To the local / SPMD
code, the boundary
and as-if are the same

for (size_t i
for (size_t j
X

y(i,j) = (x(

lots of the same
1; i < N/P+1; ++i)

15§ < N+1; ++§) problem but smaller
i-1,3) + x(i+1,§) + x(i,§-1) + x(i,j+1))/4.0;

rrrrrrrrrrr
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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”

B for (size_t j = 1; j < N+1; ++3j) /
y(i,j) = (x(i-1,j) + x(i+1,j) + x4,j-1) + x(i,j+1))/4.0;

| swap(x,y);
make_as_if(x); // Communicate ghost cellzf}-\

t
ghost
= I P1
Vi
Compute /

ghost p—_ PZC

NORT.
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SPMD

void jacobi(Grid& x, Griif/fEl/{//’
while (! converged())

for (size_t i = 1; 1 < x.num_x()-1; ++i) {
for (size_t j = 1; j < x.num_y(O-1; ++j) {
xp(i,j) = (x(i-1,j) + x(i+1,j) + x(i,j-1) + x(i,j+1))/4.0;
+

Or here

¥
swap (xp, X); Communicate

here

+

+
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Decomposition
MPI::COMM_WORLD.Send(to myrank + 1)

MPI: :COMM_WORLD.Send(to myrank - 1)
MPI::COMM_WORLD.Regv(from myrank - 1)

MPI::COMI\}ZWORLD.Rec (from%ya\nk + 1)
N

/
Which Message Received
match? sent “up” from below

“myrank”

MPI::COMM_WORLD.Send(to myrank + 1, uptag)
MPI::COMM_WORLD.Send(to myrank - %, downtag)
MPI::COMM_WORLD.Recv(from myrankK - 1, uptag)
MPI::COMM_WORLD.Recv(from mypdnk + 14 downtag)

Tags really

Message Received
V24 >acific Nortt

P ”
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Detalils

MPI::COMM_WORLD.Send(to myrank + 1)
MPI::COMM_WORLD.Send(to myrank - 1)
MPI: :COMM_WORLD.Recv(from myrank - 1)
MPI: :COMM_WORLD.Recv(from myrank + 1)

void Comm: :Send(const void* buf, int count, const Datatype&
datatype, int dest, vnt tag) ;

\
What are these
actually?
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Detalils

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

datatype, int dest, intxkégQi\

SN We want to send \ Address in memory of the
EESSEEmEsswmmiy this row “up” data we want to send
Tir%ren{\_ Next element [ Why?

is here is here

—

Important!

We want to send
this row “down”
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Details How many? / What type?
/ ™
void Comm: :Send(const void* buf, in€\count, const Datatype&

datatype, int dest, intxkégQi\
x.num_y () MPI : : DOUBLE
T \ Address in memory of the

RS o data we want to send
- First element P
_ ~] Whatis its [ How do we
is here address? -
access it?
gx(1,1) x(1,1)
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Details How many?

/ What type?

N\

void Comm: :Send(const void#* buf, int‘count,

/

const Datatype&

datatype, int dest, intxkégQi\

x.num_y () -2

MPI: :DOUBLE

; N

Address in memory of the
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SanEm data we want to send
- First element e
_ ~] Whatis its [ How do we
is here address? :
access it?
gx(1,1) x(1,1)
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Alternatively

How many? /| What type?

< /

void Comm: :Send(const void* buf, int‘count, const Datatype&

datatype, int dest, intxkégQi\
x.num_y () MPI: :DOUBLE

First element
is here

~/ Whatis its

&x(1,0)

\ Address in memory of the

data we want to send

~/ How do we

2 .
address: access it?

x(1,0)
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Sending uupu e May need / What is correspondmg
— const cast |— receive?
[ MPI: :COMM_WORLD.Send(&x (1, 0)), x.num_y(), MPI::DOUBLE, myrank+1, uptag);

MPI: :COMM_WORLD.Recv(&x(x.num_x()-1, 0)), x.num_y(), MPI::DOUBLE, myrank-1, uptag);
|

|
Send down : First Ves?
element is here
Receive “down”: First Need to handle top
element is here and bottom correctly

And not deadlock

First element N Same size and N
NORTHWEST INSTITUTE for AD |S here type
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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 ,
P e v

AMATH 483/583 High-Performance Scientific Computing Spring 2019 : Sl L | _UNIVERSITY,
University of Washington by Andrew Lumsdaine ! S D —




Block Partitioning

A
B
C PO
D A
E B
- C
G D
H
I
J E P]'
. F
Send 4 contiguous G
doubles H

N

P
|
J
K
L
Ps
M
N
0]
P

Could also use
MPI::Datatype

/

Ao

A
MPI: :COMM_WORLD.Scatter(&x(0), 4, MPI::DOUBLE, &x(0), 4, MPI::DOUBLE, 0);

23

/




Cyclic Partitioning

A

B

2 P() PZ

- A | _C__|

- E | G |

F I -

G M 0

H

| P Ps

J B ‘ D

K E | H
Send 1 contiguous ,j FL,

double

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

24




Block Cyclic Partitioning

A
B
C PO P2
D A E
E B F
= | M
G J N
H
|
J Py Ps
C G
K D H
. K

Send 2 contiguous . >

double
for (size_t i = 0; i < 2; ++i\
MPT : : COMM_WORLD . Scatter (4x(i*8), 2, MPI::DOUBLE, &x(i*8), 2, MPI::DOUBLE, 0);

}

25




Block Matrix-Matrix Product

Crj= Z ArxkBi g
K

Coo Co1 Co2 Cos Apo Aot Ap2 Aps Boo By Bz Bos

Cio Cn Ci2 Ci3 Aqp A Aia Ars Bio By Bia Bis
= X

Cao Con Cao Cas As Az Az Aos Bao Boy Bas B3

Cso Cs1 Cso Cs3 Asp Az Asp Ass Bso Bs; | Bs2 Bss

Co1 = A20Bo1 + A21B11 + A2 Bay + A3 B3y
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Processor Grid

i

Ry

Ri2 Ry3 R4 Ris
R
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Processor Grid

i

Ry

R
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Matrix Block Partitioning

AOO AOl AOQ AOB
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Matrix Block Partitioning

Aoo Aor Ao2 Aos
Boo Bo1 Boo Bos
Aqo A Ajo Ais
B B By Bis
Asp Ao Aao Ass
Bag By Bas Bas
A30 A31 A32 A33
Bsg B3, B3 B33
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Matrix Block Partitioning

NORTHWEST INSTITUTE for ADVANCED COMPUTING

31

Coo Co1 Coz2 Cos
Aoo Aor Ao2 Aos
Boo By Bo2 Bos
Cho C11 C12 Ci3
Aio A Ajo Ais
Bio B By B3
Cao Co1 Casg Cas
Asp Ao Aao Ass
Bag By Bao Bas
Cso Cs1 Cs2 Cs3
Asp Az Aso Ass
1330 1331 1332 1333
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Matrix Block Partitioning

Coo Cor Co Cos Cr; =) AixBks (Owner computes)
Ao Aor Aoa Aos K
Boo Bo1 Boo Bos

Cio C11 Cia Ci3

Aio A Ajo Ais

Bio B4 Bis B3

Cao Co1 Coa Cas

Ago | Aoy Ago Ass

Bayg By Bas Bas

Cs0 Cs1 Csa Css

Aso Az Asa Ass

Bgo Bgl BS2 BS3

Co1|= A20Bo1 H- A21B11 + Az Ba1 + A3 B3y

NORTHWEST INSTITUTE for ADVANCED COMPUTING

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

W

UNIVERSITY of
WASHINGTON

32



Matrix Block Partitioning

Coo Cor Co Cos Cr; =) AixBks (Owner computes)
Ao Ao Aoa Aos K
Boo Bo1 Boo Bos

Cio C11 Cia Ci3

Aio A Ajo Ais

Bio (514 Bis B3

Cao Co1 Cas Coas

Aso Ao Aso Ass

Bayg By Bas Bas

Cs0 Cs1 Csa Css

Aso Az Asa Ass

Bgo Bgl BS2 BS3

Ca1|= A20Bo1 Ag2Boy + A23 B3y
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Matrix Block Partitioning

Coo Cor Co Cos Cr; =) AixBks (Owner computes)
Ao Ao Aoa Aos K
Boo Bo1 Boo Bos

Cio C11 Cia Ci3

Aio A Ajo Ais

Bio B4 Bis B3

Cao Co1 Coa Coas

Aso Ao 429 Ao

Bayg ( Bo] Bas Bas

Cs0 Cs1 Csa Css

Aso Az Asa Ass

Bgo Bgl BS2 BS3

Co1]= A20Bo1 + A1 Bi1 +[A22Bo1 I A23 By
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Matrix Block Partitioning

Coo Cor Co Cos Cr; =) AixBks (Owner computes)
Ao Ao Aoa Aos K
Boo Bo1 Boo Bos

Cio C11 Cia Ci3

Aio A Ajo Ais

Bio B4 Bis B3

Cao Co1 Cas Coas

Aso Ao Aso Ags |

Bayg By Bas Bas

Cs0 Cs1 Csa Css

Aso Az Asa Ass

Bgo |B31I BS2 BS3

Ca1|= A20Bo1 + A21B11 + A2 Boy
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Matrix Block Partitioning

Coo Cor Co Cos Cr; =) AixBks (Owner computes)
Ao Aor Aoa Aos K
Boo Bo1 Boo Bos

Cio C11 Cia Ci3

Aio A Ajo Ais

Bio B4 Bis B3

Cao Co1 Cas Cas

1420 Ay Aaa Aas |

Bayg By Bas Bas

Cs0 Cs1 Csa Css

Aso Az Asa Ass

Bgo Bgl BS2 BS3

Co1|= A20Bo1 + A21B11 + Aa2Bo1 + A3 B3y
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Matrix Block Partitioning

C()O 001 002 003
Aoo Ao Aoa Aos
Boo Bo1 Boo Bos
[ )
Cio Ci1 Cia Ci3
Aio A Ajo Ais
Bio B4 Bis B3
Cao Ca1 Caa Coas
[A2g Aoy Aao Aaz |
Bayg By Bas Bas
030 031 032 033
Aso Az Asa Ass
Bsg B3 B3 B33

Co1|= A20Bo1 + A21B11 + Aa2Bo1 + A3 B3y

NORTHWEST INSTITUTE for ADVANCED COMPUTING

Crs =Y AxBk; (Owner computes)
K

At each step K, arrange for

Aq (T4+J+K) B(r1y+5),7

to be on processor |,J
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Cannon’s Algorithm

C()O 001 002 003
Aoo Ao Aoa Aos
Boo Bo1 Boo Bos
[ )
Cio Ci1 Cia Ci3
Aio A Ajo Ais
Bio B4 Bis B3
Cao Ca1 Caa Coas
[A2g Aoy Aao Aaz |
Bayg By Bas Bas .
030 031 032 033
Aso Az Asa Ass
Bsg B3 B3 B33

Co1|= A20Bo1 + A21B11 + Aa2Bo1 + A3 B3y

NORTHWEST INSTITUTE for ADVANCED COMPUTING

Cry = Z ArxBr
K

At each step K, arrange for

Af (14+7+K) Bryi+K),7

to be on processor |,J

Compute

Crj+=Ar(1+7+r) X Bati+k),J
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Cannon’s Algorithm: Setup (K = 0)

C()O 001 002 003 CIJ — ZAIKBKJ
Apo Ao1 Ap2 Aoz K
Boo Bo1 Boo Bos
« At each step K, arrange for

Cho Ci1 Ch2 Ci3 A B
Aqp _ Aqq Ay Aqs I,(I+J+K) (I+J+K),J
B B B B

h . L2 L to be on processor |,J
Cao Ca1 Cas Cas
Az (i Az Azs
Bag By Bag Bas « Compute
C30 C31 C32 C33 Cry+= Aravi+r) X Bativr),g
Az (i — 33
Bso Bz, Bsa B33
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Cannon’s Algorithm: Setup (K = 0)

C()O 001 C()Q 003 CIJ — ZAIKBKJ
AOO AOl A02 A()g K
Boo Bo1 Boo Bos
« At each step K, arrange for

Cho Ci1 Ch2 Ci3 B
Ay Aqs Ais A1o Aq (1+7+K) (I+J+K),J
B B B B

h . L2 L to be on processor |,J
Cao Ca1 Cas Cas
Ags Aas Aag Aoy
Bag By Bag Bas « Compute
Cag Ca Cas Clas Crj+=Ar(1+7+r) X Bati+k),J
Ass Asp A3z Asz
Bso B3y B3 B33
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Cannon’s Algorithm: Setup (K = 0)

C()O 001 002 003 CIJ — ZAIKBKJ
Aoo Ao Ap2 Aps K
Boo By, By Bos
« At each step K, arrange for
C
Aﬂ) 1 ; 0 Ara+ivr)y  Butivk)s
B
10 1 2 3 to be on processor |,J
Cao Coy 2 3 ° Com ute
Aso Aas 0 1 P
Bayg By 22 3
Crs+=Ar(a+i+rx) X Busivk),g
C'sp Cs1 Csa 3
Ass Aszo Az >
B3 B3 B3 33
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Cannon’s Algorithm: Setup

C()O 001 C()Q 003 CIJ — ZAIKBKJ
Aoo Ao1 Aoz Aoz K
Boo By Bao B33
« At each step K, arrange for
Cho Cn Ci2 Ci3 A B
Aqy Aqs Ais 10 I,(I+J+K) (I+J+K),J
Bl() B21 B32 BO3
to be on processor |,J

020 021 022 023 °
A || A || A || Compute

- - - o Crs+= A1, (1+7+K) X Busi+r),7
C3o Cs1 Cs2 Cs3

33 30 Az 32
Bsg Bo1 B2 23
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Cannon’s Algorithm: K=0

C()O 001 C()Q 003 CIJ — ZAIKBKJ
Aoo Ao1 Aoz Aoz K
Boo By Bao B33
« At each step K, arrange for
Cho C1 Ci2 Ci3 B
A Ais Als 10 A (1+7+K) (I+J+K),J
Bl() B21 B32 BO3
to be on processor |,J

Cao Ca1 Cas Cas
Ago 23 Aso Aoy
Bag B3y Bo2 B3 . Compute
Cao Cay Clao Clas Crj+=Ar(1+5+K5) X Biti+r),7

33 30 31 32
Bsg Bo1 B2 23
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Cannon’s Algorithm: K = 1

goo 301 202 203 Cry= ZAIKBKJ

00 01 02 03 K

Boo ol By -322 g Bss

J C" ’ J « At each step K, arrange for
10 11 12 13 4 B

A G Az dan A1z G Ao I,(I+J+K) (I+J+K),J

Bf Bf ‘BiL ‘%L to be on processor |,J

Boz | | Bis . Compute

AJ?’O J?)l + (!2 % Cry+= Aru+s+r) X Bu+s+k),
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Cannon’s Algorithm: K = 1

000 001 002 003 Cry= ZAIKBKJ
Aot Ap2 Aoz Aoo K
Bio Bay Bss Bos
« At each step K, arrange for
C1o C1 Ci2 C13 B
Aro Axs A1 An Ar 4741 (I+T+K), 7
B B B B
= 3 = 23 to be on processor |,J
C2o C21 Cao Ca3
23 20 Aoy Ago
Bsg By B2 Bos . Compute
Clag Clay Clas Clas Crj+=Ar(1+7+r) X Bati+k),J
30 31 RED 33
Boo B Bas Bss
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Cannon’s Algorithm: K = 2

goo - 501 502 503 Cry= ZAIKBKJ
01 02 03 00 K
B 0 B 1 -B 2 - B 3
! i j j « At each step K, arrange for
10 C11 12 13 n B
Ajo - A13 - A10 - Aqq I,(I+J+K) (I+J+K),J
B B Byo B t b | J
Cf Cf Ci Cf O D€ ON pProcessor |,
20 21 292 23
23 €E Agg Ay €@ Ay
Bs Bo1 B2 Bos « Compute
A30 - A31 ﬁ!z 1%3 Cry+= AI,(I+J~|—K) X B(I+J+K),J
30 31 32 <mm Ass
Boo B Bas Bss
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Cannon’s Algorithm: K = 2

C()O 001 C()Q 003 CIJ — ZAIKBKJ

02 03 Ago Ap1 K
Bag Bs Boz B3

« At each step K, arrange for
C1o C11 C12 C13 B
A3 Aqg Aqq Aqo AL (1474 K) (I+J+K),J
Bsg By, B2 23
to be on processor |,J

Cao Ca Ca2 Ca3
B20 21 élm 523

00 11 22 33 . Compute
Cso Cs1 Cso Css3 Cry+= Arutrvr) X Bt

31 32 A3z 30

10 Ba1 Bss Bos
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Cannon’s Algorithm: K= 3

goo 201 202 203 Cry= ZAIKBKJ
02 03 00 01 K
Bao \mi Bs; ot Bz s B3
J c‘ ’ J . At each step K, arrange for
AlO All A12 A13 A B(I—|—J~|—K) J
B 7 B 150 17 Ba S |
ci ct ct ct to be on processor |,J

20 21 22 23
ézo = ém ébz ) ézs

00 11 22 33 o Compute
Jgo J31 (!2 % Crj+=Ar(1+7+r) X Bati+k),J
A31 A32 A33 A30

10 = Bay Bsa - Bos
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Cannon’s Algorithm: K= 3

CO() 001 002 003 CIJ — ZAIKBKJ
Aps Aoo Ao1 Ap2 K
Bsg Bo1 B Bas
« At each step K, arrange for

Cho C1 Ci2 Ci3 B
A1 A Aio Aqs Ap(147+K) (I+J+K),J
Boo By Bao B33

to be on processor |,J
Coo Co1 Cao Co3
Agy Ago Az As
Bio Ba1 Bss Bos .+ Compute
Clao Clay Clay Clas Crj+=Ar(1+7+r) X Bati+k),J
Az Ass A3 Az
Bag B3 Boo B3
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Implementation

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

* Local matrix-matrix product
o Shift left
« Shiftup

Move A and B back to initial distributions
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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 ) 4
of an MPI Communicator 7 Group/
Process 0
An MPI Group translates roceg/s 1 Only processes in
from rank in the group to Proce,és > the group can use
actual process vd / 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
. / [
The size of a e

Behavior is as if it were
global and shared

WASHINGTON

communicator is the
m size of the group
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Shifting North, East, West, South

AMATH 483/583 High-Performance Scientific Computing Spring 2019
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Coo Cor Cos Cos | — This is a useful way to
Ap2 Aoz Aoo Ap1— .
jio ot P o -31? reason about the algorithm
AiS &= Allé = Aﬁ = Alls +— | Also turns out to be efficient
il el i
Cao Ca1 Cao Cas )
Ay Cmm Ay sy € Ass Communicator
Boo B11 Baa Bss Group
Process 0
% ng 2!2 | MPI communicator has Process 1
Az Asa Asy rocesses in an arra Process 2
Bio = By Bsa - pl y
Process ...
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Cartesian Communicator

Cartcomm Intracomm.Create_cart(int ndims, int dims[], const bool periods[],
— bool reorder) const

Cartesian ims[0]
Communicator A
[ |
PO | P1
P5
— dims[1]
P16
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Cartesian Communicator

void Cartcomm::Shift(int direction, int disp, int& rank_source,
— 1int& rank_dest) const

Cartesian
Communicator dir

PO | PT |- |

e disp

rank_dest -

P5

rank_source m
\
T~ 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 | PT |- |

dest |

P5

source m
~
T~ P16
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1 void cannonMultiplyMV(const Matrix& A, const Matrix& B, Matrix& C) {

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

] 3

Im Ieme ntatl On 4 // Set up grid topology and a grid (Cartesian) communicator

5 int dims[2] = { (int) std::sqrt(mysize), (int) std::sqrt(mysize) };
6 bool periods[2] = { true, true };
7
8 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);

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);

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

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

32

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

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

37 }

38

39 // Restore A and B to initial distribution

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

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

43
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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();

27

28

. // Set id topol d id (Cartesian) icat 0 7/ Main Toop
. int dins(2] - { (int) std::sqre(aysize), (int) std::sqrt (nysize) 33 o for nt k = 0; k < dins(0]; k) ¢
oo intadmstal = L olAnt) Std:isqrtimysize), int) std:isqriimysize) i a1 hoistedCopyBlockedTiledMultiply2x2(A, B, C); // Local block matmat
6 bool periods[2] = { true, true };
32
7 .
8 MPI::Cartcomm gridComm = MPI::COMM_WORLD.Create_cart(2, dims, periods, true); 33 gridComn.Sendrecv_replace(const_cast<double*>(&A(0,0)), A.numRows()*A.nunCols(),
. - . . 34 MPI::DOUBLE, westRank, 316, eastRank, 316);
9 size_t myrank = gridComm.Get_rank();
1 35 gridComm.Sendrecv_replace (const_cast<double*>(&B(0,0)), B.numRows()*A.numCols(),
n int mycoords[2]; 36 MPI::DOUBLE, northRank, 317, southRank, 317);
12 gridComm.Get_coords (myrank, 2, mycoords); 37 3
13 38
14 int northRank, eastRank, westRank, southRank; 30 // Restore A and B to initial distribution
15 gridComm.Shift(0, -1, westRank, eastRank); 10 gridComm.Shift (0, +mycoords[0], shiftSource, shiftDest);
16 gridComm.Shift(1, -1, southRank, northRank); 41 gridComm.Sendrecv_replace(const_cast<double*>(&A(0,0)), A.numRows()*A.numCols(),
17 42 MPI: :DOUBLE, shiftDest, 318, shiftSource, 318);
18 // Move A and B where they need to be to start 43
19 int shiftSource, shiftDest; 44 gridComm.Shift (1, +mycoords[1], shiftSource, shiftDest);
20 gridComm.Shift(0, -mycoords[0], shiftSource, shiftDest); 15 gridComm.Sendrecv_replace(const_cast<double*>(&B(0,0)), B.numRows()*B.numCols(),
21 gridComm.Sendrecv_replace(const_cast<double*>(&A(0,0)), A.numRows()*A.numCols(), 46 MPI: :DOUBLE, shiftDest, 319, shiftSource, 319);
22 MPI: :DOUBLE, shiftDest, 314, shiftSource, 314); 47
23 8 gridComm.Free();
24 gridComm.Shift (1, -mycoords[1], shiftSource, shiftDest); o}
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();

3

4 // Set up grid topology and a grid (Cartesian) communicator

5 int dims[2] = { (int) std::sqrt(mysize), (int) std::sqrt(mysize) };
6 bool periods[2] = { true, true };

7

8 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 CO 1 C(02 COS COO CO 1 CO 2 COS
AOO AOl AOZ A03 AOO AO] A02 A03
Boo Boi By Bos Boo By Bz Bos
Cho Cu Ci2 Ci3 Cho 1 2 3
Ao An Arg Az Aqq 3
Big By Bio B3 Big 11 2 3
CQQ 021 C’22 023 C C
Ao A Az A22(2) A22; X X
Boy Boy Baa Bas By By 22
51'30 Cs1 C32 233 Cso Cs1 C32
30 33 A A
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Implementation

28

29

30

31

32

33

34

35

36

37

// 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, 316, eastRank, 316);

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

Cos

Aoz €@ Aos

33

!12 13

AlO

:Bis:

C’23

A21

B B Bis
NORTHWE ;!30 331 132 33 , o
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Implementation

38

39

40

41

42

43

44

45

46

47

48

49

Coo Co1 Co2 Cos Coo Co1 Co2 Cos
Aoo Ao1 Ap2 Aps Aoo Ao Ap2 Ap3
Boo Bo1 B2 Bos Boo B, Byo Bos
Cio Ci Ci2 Ci3 Cho 1 2 3
Ao Aqq Aio A A 3
Big By B B3 B 11 2 3
Cao Coy Ca2 Cas Cao Ca1 2 3
Asg A Az Az Ao
Bsg By By Bas Boyg By 22
C3o Cs1 C32 Cs3 Cso Cs1 Cso

NORTHWE MPUTIN 33 30

Bso Bs, Bso i (O U g Bs B3y w

// 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);

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() ;
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Where do we go from here?
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Clouds = Services

Amazon Web Services

Compute Developer Teols Intemet of Things
‘ EC2 ‘ CodeCommit AWS loT =7
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Services: On Demand Access

« Data Storage (blob, file, unstructured, SQL, &c)
« Computing (VM, cluster, GPU)

. o0 m
i

@ : N e
_— @ st O !
A On-board & schedule Command, control Receive data Process & distribute
AWS Ground Station Register and on-board & downlink Receive satellite Process data
Fully managed grqund satellites. Identify Command, control and data into Amazon in AWS Cloud and
station as a service contact windows and downlink data using VPC distribute with AWS
schedule a satellite AWS Ground Station Global Infrastructure
contact during scheduled times
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What’s Next

« Machine learning
* Quantum computing
¢ 5G

loT / edge computing
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Thank You!

 Be well
* Do good work
« Stay in touch
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