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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



Collectives

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

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

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

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

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

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

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

Axr =b A1

/
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class Grid

class Grid { — | Gridis a 2D Constructor
array

public:
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; }

T~

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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lterating for a solution

Claim: We only ever
need two grids

while (! converged()) {
for (size_t k = 0; k < max_k; ++k) {

for (size_t i = 1; i < N+1; ++i)
for (size_t j = 1; j < N+1; ++j

x[k+1]1(1,j) = (x[k](i-1,j) + x[k](i+1,7) + x[k](i,j-1) + x[k](i,j+1))/4.0;

}
Ay ~NE
k k41
, ﬁ Li-1,j | Zij
N+1 /
L L~
Ti,j
= k
ff'_1’//’ T+
»J ‘ ‘

Lit1,j
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lterating for a solution

Claim: We only ever

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

for (size_t j =
xp(i,j) = (x(i-1,j) + x({i+1,j) + x(i,j-1) + x(i,j+1))/4.0;

}

1; j < N+1; ++j) {

}

swap(xp, x); — |

need two grids

/

Make current

the previous instead, but...

}

Could copy

i, g

k
L 541

13



Sequential

void jacobi(Grid& x, Grid& xp) A
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(1,j-1) + x(1,j+1))/4.0;

}
+

swap (xp, X);
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Decombosition | Boundary

Boundary
\.

So solving

this problem

N
P

N

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

i

N

( One crucial

0
/| difference
4
11 . AN
N “as-if”
P
N
2= +1 - 11

P

Not part of the
original problem

N
P 0
|s the same as solving

for (size_t i =
for (size_t j
X

N\

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

lots of the same
problem but smaller
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Compute / Communicate

Standard terminology

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

for as-if boundary is
“ehost cell” or “halo”

&ff;il) + x(i,j+1))/4.0;

make_as_if(x); // Communicate ghost cellé}—\\\\

AN

IIIIIIIIIIIIIII

Communicate

+
ghost
P1 3 P1
Compute //
H+ A
ghost b P2

) -
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SPMD

void jacobi(Grid& x, Gr
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) {

W

Or here

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

}

}

swap (xp, X); Communicate

here
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DeCco

mposition | wpr:

MPI:

MPI:

MPI:

: COMM_WORLD. Send (to myrank
: COMM_WORLD. Send (to myrank
: COMM_WORLD.Re¢v(from myrank - 1)

+ 1)
- 1)

myrank + 1)

:CDM%/WORLD.ReC (from\\yr\\\

/

“myrank”

Which Message
match? sent "up”

Received
from below

MPI::COMM_WORLD.Send(to myrank + 1,

MPI::COMM_WORLD.Send(to myrank -
MPI: :COMM_WORLD.Recv(from myra
MPI: :COMM_WORLD.Recv(from myrdéank +‘}4/downtag)

Tags really
Necessary?

uptag)
, downtag)

- 1, uptag)

Message
sent “up”

Received
from below

~




Details

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, fint tag);

What are these
actually?

19



Details

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

2) ;
I ENNN We want to send Address in memory of the
SunEns=sunn this row “up” data we want to send
First element| Next element [ Why?

is here is here

Important!

We want to send
this row “down”

20



Details

How many? | :| What type?

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

datatype, int dest, int tag);
x.num_y () | ‘ MPI : : DOUBLE

T Address in memory of the
= data we want to send

First element | \What is its

. —~| How do we
is here address?

access it?

| gx(1,1) I x(1,1)

Address

21



Details

How many? | :| What type?

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

datatype, int dest, int tag);
x.num_y () 2 ]__[ MPI : : DOUBLE

T Address in memory of the
= data we want to send

First element | \What is its

. —~| How do we
is here address?

access it?

| gx(1,1) I x(1,1)

Address
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Alternativel

How many? | :| What type?

void Comm: :Send(const voidx* buf,
datatype, int dest, int tag);

int “count, const Datatype&

x.num_y () I ‘ MPI: :DOUBLE

Address in memory of the
data we want to send

First element
is here

What is its
address?

~/ How do we
access it?

Address

23



May need
const cast

Sending “up” @ —

/

MPI: :COMM_WORLD.Send (&x(1, 0)), x.num_y(), MPI::DOUBLE, myrank+l, uptag);

What is corresponding

receive?

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

/

Send “down”: First
element is here

|

Yes?

Receive “down”: First

Need to handle top
and bottom correctly

# Fementiner

And not deadlock

is here

First element N Same size and

type

Same tag
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Distributed Matrix-Matrix Multiply

* Use block algorithm

 Partition matrix into blocks

* Assign blocks to ranks

* Orchestrate communication and computation

* Owner rank computes



Block Partitioning

A
B
C PO
D A
E B
- C
G D
H
I
J Pl
E
. F
Send 4 contiguous S
doubles H

P
|
J
K
L
Ps
M
N
@)
P

Could also use
MPI:.:Datatype

/

HRN

/

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




Cyclic Partitioning

P() PZ
A | _Cc__
E | G
| K
M O
P1 PS
| B | D
E | _H__
Send 1 contiguous ; FL,
double

for (size_t i = 0; i < 4; +;§§:k;\\
MPI: :COMM_WORLD.Scatter (&x(i*4),> 1, MPI::DOUBLE, &x(i*4), 1, MPI::DOUBLE, O);
+
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Block Cyclic Partitioning

Send 2 contiguous
double

Fo P
A E
‘ B F
| M
J N
P Ps
C G
= :
K @)
L P

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

}

, MPI::DOUBLE, &x(i*8), 2, MPI::DOUBLE, 0);

28




Block Matrix-Matrix Product

Coo | Co1 | Co2 | Cos
C1o Cu C12 Ci3
Cao Co1 Cao Cas
Cs | Cs Csa Cs3

Co1 = Ao Bo1 + A21B11 + A2 Bo1 + A3 Bsy

Cry = Z ArkBr
K

Ao | Aor | Aoz | Aos 2 Bor | Bo2 | Bos
Aqg Ay | A Ais Big B By B3
Az Az Agp | Aoz Bag Bay Baa Bas
Aso Asr | Asg Ass Bao B31 | Bs2 B33




Processor Grid

—)

Ry R, Rs R3
Ry Rs Rg R7
Rs Ry R R11
R Ri3 Ry Rys
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Processor Grid

—)

Poo Por Poa Fos
Py P11 Py Pr3
Py P P Po3
Psg Ps; Ps Ps3
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Matrix Block Partitioning

Aoo Ao Aoz Aps
Aqg Ay Aqg A3
Aao Aoy Ao Aas
Aso A3 Asa Ass

32



Matrix Block Partitioning

Aoo Ao1 Ao Aos
Boo By Bos Bos
Ajo Aqq Aqo Ajs
Bio By Bis B3
Asp Aoy Aos Aas
Bsg By Bos B3
Asp A3y Aso Ass
BgQ B31 BSQ B33
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Matrix Block Partitioning

Coo Co1 Coz2 Cos
Aoo Ao1 Aoa Aos
Boo Bo1 Bos2 Bos
C1o C11 C12 C13
Ajp A Ajo Ajs
Bio Bi1 Bio B3
Cao Coq Cag Cas
Aso Ao Ao Aas
Bsg By Basg B3
C30 Csq Cs2 Cs3
Aso A3 Aszo Aszs
B B3 B3 Bss
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Matrix Block Partitioning
Coo Cor Coz Cos Cr;=)» AixBxks (Owner computes)
Aoo Ao1 Aoa Aos %
Boo Bo Bo2 Bos
Cho C11 C12 C13
Ajo A Ajo Ais
Bio B Bis B3
Cao Ca Cag Cas
Asp Aoy Ao Ass
Bag By B Bas
Cso Csq Cs2 Cs3
Asp A3y Aso Ass
B3y B3 B3 B33

Co1|= A20Bo1 H A21B11 + A22B21 + A3 B3

35



Matrix Block Partitioning
Coo Cor Coz Cos Cr;=)» AixBxks (Owner computes)
Aoo Ao1 Aoa Aos %
Boo Bo1 Bo2 Bos
Cho C11 C12 C13
Ajo A Ajo Ais
Big [ B11 By B3
Cao Cai] Ca2 Cas
Asp Aoy Ao Ass
Bag By B Bas
Cso Csq Cs2 Cs3
Asp A3y Aso Ass
B3y B3 B3 B33

Ca1|= A20Bo1 H A21[B11 H A22B21 + A3 B3
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Matrix Block Partitioning
Coo Cor Coz Cos Cr;=)» AixBxks (Owner computes)
Aoo Ao1 Aoa Aos %
Boo Bo1 Bo2 Bos
Cho C11 C12 C13
Ajo A Ajo Ais
Bio B Bis B3
Cao Ca Cag Cas
Asp Aoy Ao Ass
Bag By B Bas
Cso Csq Cs2 Cs3
Asp A3y Aso Ass
B3y B3 B3 B33

Co1|= A20Bo1 + A21B11 +|A22 821 + A3 B3
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Matrix Block Partitioning
Coo Cor Coz Cos Cr;=)» AixBxks (Owner computes)
Aoo Ao1 Aoa Aos %
Boo Bo1 Bo2 Bos
Cho C11 C12 C13
Ajo A Ajo Ais
Bio B Bis B3
Cao Ca Cag Cas
Asp Aoy Ao Aos
Bag By B Bas
Cso Csq Cs2 Cs3
Asp A3y Aso Ass
Bso | | [Bs1 B B33

Co1|= A0 Bo1 + A21B11 + A22B21 H Aa3 B3
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Matrix Block Partitioning

Coo Cor Coz Cos Cr;=)» AixBxks (Owner computes)
Ago Ao1 Ap2 Ap3 K
Boo || Boi Boa Bos

C1o IR C12 C1s

Aig A1 A1 Ay3

Big || B11 By B3

C2o | Ca1 Ca2 Ca3

Ao Aoy Ao Ags

By | || Ba Baa Bas

Cso [ Ca Cs2 Cs3

Aso Az Asa Ass

B3y | || Bs1 B B33

Co1|= Ag0Bo1 + A21B11 + A22B21 + A3 B3
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Matri

x Block Partitioning
Coo Cor Coz Cos Cr;=)» AixBxks (Owner computes)
AOO AOl AOQ AOB K
Boo || Boi Boa Bos
_ * At each step K, arrange for
Cho Cii Ci2 Ci3
Aig A Aqg Ais Ar (1+7+K) Brys+k),g
B B B B
= L= 12 13 to be on processor |,J
C2o Ca1 Ca2 Ca3
Asg Aoy Ago Ass
By | || Ba Baa Bas
Cso | O C32 Cs3
ASO A31 A32 A33
Bgo _Bgl BSQ BS3

Co1|= Ag0Bo1 + A21B11 + A22B21 + A3 B3

40



, []
Cannon’s Algorithm
Coo Cor Co2 Cos Cr;=> A;xBry
Ago Ap1 Ap2 Aops ;
Boo || Boi Boa Bos
_ e At each step K, arrange for
C1o C11 C12 C13
A1 A1 A1 Az Ar (1+7+K) B(ryi+k),0
Big B11 Bis B3
- to be on processor |,J
C2o Ca1 Ca2 Ca3
Asg Az Aao Ao
Bag || Bo1 Bas Bas ° Compute
C30 [ Ca C32 C33 Crj+= Ar,(1+7+K) X Bati+r),
Asg Az A3z Ass
Bso | | |Ba1 By B33
C21|= A0 Bo1 + A21B11 + A22B21 + A3 B34

41



, . [ ] —
Cannon’s Algorithm: Setup (K = 0)
C()O C()l C()Q C()g CIJ — Z AIKBKJ
AOO AOl A02 Aog K
Boo Bo Boa Bos
e At each step K, arrange for
ClO Cll C(12 CYl?) A B
Ajo - Aqq Aqs Ajs I,(I+J+K) (I+J+K),J
Bio By B2 B3 to be on processor 1,J
CY2O C(21 C(22 CY23
Aog _ Ao Aos
Bao B B Bas * Compute
Cag Cat Clas Clas Crj+=Ar q+7+x) X Bat+i+k),J
As0 (e A 35
Bsg B3 B3 Bss




Cannon’s Algor

Coo Co1 Coz Cos
Aoo Ao1 Aoa Aos
Boo Bo1 Bo2 Bos
Cho C11 C12 Ci3
A Ajo Ais Ajo
Bio B Bia B3
Cao Coq Cag Cas
AQQ A23 AQO A21
Bayg By Bas Bos
C'30 Cs1 C's2 Cs3
Ass Aso A3z Aso
Bs B3 B3 B33

ithm: Setup (K = 0)

Cry = Z ArkBr g
K

e At each step K, arrange for
A (1+7+K) B(14i+K),7

to be on processor |,J

* Compute

Crj+=Ar q+7+x) X Bat+i+k),J
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Cannon’s Algor

Coo Co1 Co2 Cos
Aoo Ao1 Ao Aos
Boo By, By Boys
Cho 1 9 3
Aqq 3 0
Bio 11 9 3
Cao Caq 9 3
Ao Aas 0 1
Bag B 22 3
Cso Cs1 C's2 3
Ass Asp Asy 0
B3 B3 B3 33

ithm: Setup (K = 0)

Cro=>Y_
K

ArxBi g

* At each step K, arrange for

Arvi+ry  Bavritk)g

to be on processor |,J

* Compute

Crj+=Ar (+7+Kx) X Btitk),g
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) . .
Cannon’s Algorithm: Setup
C()() C()l CQQ C()g CIJ — ZAIKBKJ
Aoo Aot Aoz Aps K
Boo Bi1 Bas 33
* At each step K, arrange for
Cho C11 Ci2 Ci3 A B
Aqq Aqs Az A1 I,(I+J+K) (I+J+K),J
B B B B
10 2! 02 03 to be on processor |,]
Cag Ca1 Ca Ca3 * Compute
ém zé23 ézo ém
20 02 13
i Crj+= Ar(1+7+K) X Bat+s+r),J
Cso C31 C32 Cs3
Aszs Aszg Az Aso
Bsg Bo1 B 23

45



Cannon’s Algori

Coo Co1 Co2 Cos
Aoo Ao1 Ao Aos
Boo B Bas B33
Cho C11 Cio Ci3
Aql Ajo Ajs Ajp
Bio By B39 Bos
Cao Co1 Cao Coas
Ao Aas Asp Aoy
Bag B3, Bos Bis
Cso Cs1 Csa Css
Aszs Aszg Az Asz
Bso Bo1 B Bas

Cry = Z ArkBr g
K

* At each step K, arrange for
Ar (1+T+K) Bryrir),g

to be on processor |,J

* Compute

Cri+=Ar q+7+Kx) X Btitrk),g

46



, ' [ ] —
Cannon’s Algorithm: K =1
jibo pul ﬁio1 ﬁioz ﬁib3
00 01 02 03
Bgo By -322 -333
41
11 12 13 10
1 ‘-Bf ‘-Bf ‘-Bfg
Coo Ca1 Caa Cos3
Agy €E Az €E Ay €E Ay
Bso B3, Boa Bis
S ol b
33 30 31 32
Bsg Bo1 Bia 23

Crs =) AikBky
K

e At each step K, arrange for
A (1+7+K) B(14i+K),7

to be on processor |,J

* Compute

Crj+=Ar q+7+x) X Bat+i+k),J
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Cannon’s Algori

Coo Co1 Coz2 Cos
Ao Ao Aos Aoo
Bio By Bs3o Bos
C1o C11 C12 C13
Aqo Ais Ajp A
Bag B3 Bos B3
Cao Ca1 Cag Cas
Aas Asp Ao Ao
Bso By, B B3
Cso Cs1 C's2 Cs3
Asp Az Aso Ass
Boo By Bas B33

Cry = Z ArkBr g
K

e At each step K, arrange for
A (1+7+K) B(14i+K),7

to be on processor |,J

* Compute

Crj+=Ar q+7+x) X Bat+i+k),J
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, . [] —
Cannon’s Algorithm: K =2
;fbo <-...;Eb1 {-.._ész pul ;ib3
01 02 03 00
AlO -511 Zi;Q A13
12 13 10 11
g Ty g T
Cao Ca1 Cag Coas
Az €@ Ay (Em Ay €@ A
Bso By, B B3
sk 3k
30 31 32 33
Boo By Bas Bss

Cry = Z ArkBr g
K

e At each step K, arrange for

A (1+7+K) B(14i+K),7

to be on processor |,J

* Compute

Crj+=Ar q+7+x) X Bat+i+k),J
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Cannon’s Algori

Coo Co1 Coz Cos
Aoz Aos Aoo Ao
Bayg B3y Boa B3
Cho C11 C'12 Ci3
Ajs Aio A Aqo
Bso Bo1 B Bos
Cao Coq Cag Cas
Asp Aoy Ao Ass

00 11 Bas 33
C'30 Cs1 C's2 Cs3
Az Aso Ass Aszo
Bio By B3 Bos

Cry = Z ArkBr g
K

e At each step K, arrange for
A (1+7+K) B(14i+K),7

to be on processor |,J

* Compute

Crj+=Ar q+7+x) X Bat+i+k),J

50



, . [ ] —
Cannon’s Algorithm: K =3
jibo pul 5{01 5{02 ﬁib3
02 03 00 01
Boyg B3 -Boz -313
A2
13 10 11 12
g Tl T 1%
jiéo pyul fib1 - ﬁiéQ - iié3
20 21 22 23
Boo By Bas B33
S ol Ak
31 32 33 30
Bio By \a B3 = Bos

Crs =) AikBky
K

e At each step K, arrange for
A (1+7+K) B(14i+K),7

to be on processor |,J

* Compute

Crj+=Ar q+7+x) X Bat+i+k),J
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Cannon’s Algori

Coo Co1 Coz Cos
Aos Aoo Ao1 Ao
Bsg Bo1 B2 Bss
C1o C11 C12 C13
Aio A Ajo Ais
Boo By Bas B33
Cao Coy Cag Cas
Aoy Ao Ass Asp
Bio By Bso Bos
C'30 Cs3q C'32 C's3
Aszo Ass Aso A3z
Bag B3y Bo2 B3

Cry = Z ArkBr g
K

e At each step K, arrange for
A (1+7+K) B(14i+K),7

to be on processor |,J

* Compute

Crj+=Ar q+7+x) X Bat+i+k),J
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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



Processes can query

~MPI Mental Modg 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 Proces/s 1 Only processes in
from rank in the group to Proce/és 5 the group car\ use
actual process rd / the communicator
[
We us the index (rank) of / Process ... | | Al processes in the
a process in the group to group see an identical
identify other processes Process #P-1 communicator
. e |
The size of a Pt

Behavior is as if it were
global and shared

communicator is the
size of the group




Shifting North, East, West, South

Coo Cox Coz Cos | This is a useful way to

A A A Ag1— .

B T B.: T Bes G B reason about the algorithm

A P Ao &5 ALl s A T | Also turns out to be efficient

Bso Bo1 Bio Bos

e S o

20 21 22 23 i

Ay €@ Ay 4w Ay 4 A Communicator

Boo Bi11 Bao Bss Process 0 Group

% g!l J32 1 MPI communicator has Process 1

Asq Az Ass H Process 2

e ) o ) o = prlocesses in an array
Process ...
Process #P-1




Cartesian Communicator

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

Cartesian

Communicator | 0]
[ l
PO | P1
P5

L dims[1]

P16
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void Cartcomm: :Shift(int direction, int disp, int& rank_source,
—» int& rank_dest) const

Cartesian
Communicator dir
PO | P1 L | B di
rank_dest [ | 1 'SP
P5
rank_source Lt
\
It P16

\
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(Carte<ian Caommiinicator

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

Cartesian
Communicator

PO [P |
dest I
P5
source .
\
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();

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

[S I N

N o

Implementation

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) ;

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
28

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

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

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

43

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

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

47

48 gridComm.Free();

49 }



1

(s

® N o

10
11
12
13
14
15
16
17
18
19
20
21
22
23

24

Implementation

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

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

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

int mycoords[2];
gridComm.Get_coords (myrank, 2, mycoords);

int northRank, eastRank, westRank, southRank;
gridComm.Shift (0, -1, westRank, eastRank);
gridComm.Shift (1, -1, southRank, northRank);

// Move A and B where they need to be to start
int shiftSource, shiftDest;
gridComm.Shift (0, -mycoords[0], shiftSource, shiftDest);

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

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

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

gridComm.Sendrecv_replace(const_cast<doublex*>(&B(0,0)), B.numRows()*B.numCols(),

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

27
28
29
30
31
32
33
34

36
37
38
39
40
41
42
43
44
45
46
47
48

49

// 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);

}

// 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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Implementation

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

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

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

int mycoords[2];
gridComm.Get_coords(myrank, 2, mycoords) ;

int northRank, eastRank, westRank, southRank;
gridComm.Shift (0, -1, westRank, eastRank);
gridComm.Shift(1, -1, southRank, northRank) ;
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27

Implementation

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

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

gridComm.Sendrecv_replace(const_cast<double*>(&A(0,0)), A.numRows()*A.numCols(),
MPI: :DOUBLE, shiftDest, 314, shiftSource, 314);

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

gridComm.Sendrecv_replace(const_cast<doublex*>(&B(0,0)), B.numRows()*B.numCols(),
MPI: :DOUBLE, shiftDest, 314, shiftSource, 315);
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Cho Ci1 Cia Cis
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Bio By By, B3
Cao Co1 Caa Cas
Aszo Ao Ags
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Cso Cs1 Cso Cs3
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B3 B3, B3 B33

Coo Co1 Co2
Ao Aoz Aoz
Boo By, Boo
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Ay 3
B 11 2
Cao Ca1 2
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By Bay 22
030 031 032
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Bsg B3y B3
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Implementation

// 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(),

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

MPI: :DOUBLE, westRank, 316, eastRank, 316);

MPI: :DOUBLE, northRank, 317, southRank, 317);

¥ Con )i Con Coo | | Cos
00 01 02 03
Boo Bil Bao \mi Bs3
;0 gu A12 ;3
11 12 13 10
g Tl Tl Ty
Cao Ca1 Cag Cas
Aoo h Aas h Azo « Aay
By B3 Boo Bis
Sk 3k ok
33 30 31 32
Bsg Bo1 B Bos

63



38

39

40

41

42

43

44

45

46

47

48

49

Implementation

// 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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Cho Ci1 Cia Cis
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By By
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The HP| Build on each § of 2022) We have come to

other the end of this path
CPU (single core) Sequential
SIMD/Vector (single core)| - | Data parallel

++
Multicore = Threads C
NUMA shared memory Threads
GPU GPU CUDA
Clusters\ essage passing MPI
Order of evolution Technology and

(more or less) aradigm

AMATH 483/59B Sp 22 U of WasHington Xu Tony




In the era of exascale computing

* ORNL — Frontier
* 8.7M cores, 1.1 exaflop/s

* MPI + X
* MPIl + OpenMP
* MPI + CUDA
* MPI + ...



Tour of the Course (HPC hardware)

* Basic CPU machine model
* Hierarchical memory (registers, cache, virtual memory)
* Instruction level parallelism

* Multicore processors

* Shared memory parallelism

* GPU

* Distributed memory parallelism

By Hteink.min - commons:File:Louvre Pyramid.jpg, CC BY-SA

¢ U Se rU n n i ng exa m p I eS 3.0, https://en.wikipedia.org/w/index.php?curid=38292385
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Tour of the Course (HPC Software)

* Elements of C++ Hardware

* Elements of software organization

* Elements of software practice .

* Elements of performance measurement and
optimization

Software



What you have learnt

* Ask yourself at the beginning of this quarter
* What scientific problem you want to solve?
What do you want to learn from this course that can prepare you?
Can you write a sequential program to solve it?
What is the performance of it?

* Ask yourself at the end of this quarter
* Do you master the skillset to solve your scientific problem?
* Can you write a high-performance program to solve it?
* What is the performance of it?

* What is the speedup?
e compare your sequential program with your high-performance program
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Uses of HPC (a sample)

* Cosmology

* Earthquake

* Weather

* Climate modeling

* Automobile crash testing
e Aircraft design

* Jet engine design

* Stockpile stewardship

* Nuclear fusion

Protein folding
Modeling the brain
Modeling bloodstream
Epidemiology
Rendering (CGl)
Sigint

Block chains

Gene sequencing

Etc



Where do we go from here?
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Clouds = Services

Amazon Web Services

Compute

. EC2
inual Servers in he Cloud

u ECZ Cantziner Service
Run and Manage Cocker Cortainans

-r Elastic Beanslalk
Run and Manage Weh Apps

0 Lambda

Rwn Ceae In Response o Events
Storage & Content Delivery

LA

Scalabin Stomga in the Cloun

s CloudFront

W iobal Comen: Delmvery Network

é Elastic File System Favies
Fuly Managed Fiks Sys.em ko EC2

Glacier
frcrive: Sroraga in ha Dioad

Import/Export Snowball
Laqe Scale Data Trarsport

‘ Storage Gateway
nogules Or-Prumiey T Ervieonments wi Coud
Stoeage

Databasa

RDS
Managed Ralwiiorsl Databane Sarvica

. DynamoDB

Sredictatie and Scalable NoSTL Daza Store
ElastiCache

ri-Memcry Cache
Redshif
Managed Pasatnte-Scale Data Wamhousa Sanvica

Networking
s VPC
W® xclsisd Cloud Resourvss

Direct Conrect
Dedicatan Neowark Sonneeton m AWS

Route 53

Scalable DNS and Doman Name Registraton

Developer Tools
CodeCommit

Store Code In Private Git Repesitcres

‘ CodeDeploy
Mutomats Code Ceploymants

CodePipeline
o Rolenze Softwara usrg Coriruous Delkery

Management Tools
CloudWatch
Monicoe Resources and Appicastions

CloudFormalion
Craaoe and Manage Reamenes with “emn smes

CloudTrail
Track User Actunty arc AF| Usage

<& Config
B Trock Resource lnveriory and Changes

‘ OpsWorks

Autamate Operations with Chad

Service Catalog
Craate and Use Srandardzed Procicts

Trusted Advisor
Ouimizs Purformance and Seaurly

Securily & |dentity
? Identity & Access Management
Manage User Access and Lrcrypbon Keys
s Directory Service
Huel and Manage Adiva Dirscory
@ Inspector FREVEW
= Anayze Appiicatdon Securty

WAF
Fikar Makcious Web Irathc

Analytics
s CMR

WP Managec Haccop Framework

< Datz Pipalina
o Orcwestration for Data-Oriven Workflows

Elasticsearch Service
Run and Scaw Flagicasgreh Cuglam

Kines's
\Vark with Realtime Streaming data

Intemmet of Things
‘ AWS |oT =74

Comnect Devices 10 the coud

Mobile Services

e Mobile Hub ' '*
¥+ Buikd Taw and Montor Mabils apps

F Cognite
J Lser idemity and App Data Synchronzation

a Davice Farm
WP Tt Android, Frs O8, ard 103 appe on ned devices 0 te
Cloun

« Maobile Analytes
Callect. View and Lxoot App Anaiics

SNE
Pueh Nolificalion Seevics

Application Services

* AP| Gareway
Huikd, Deplicy and Manage AMls

- AppStiream

< Low Latency Applcaton Stresming

CloudSearch
Maragec Search Serdoe

o Elastic Transcoder

wg» Easy-io-use Scalable Mada Transcocing

SES

Fmgil Sanding Savica

5QS

Message CueLe Senice
SWF

Vicrsflon Service for Courdinating Application Compenuents

Enterprise Applications
WaorkSpaces
Deskiops i the Cloud
WarkDaocs
Securs Enlurprise Slorsge ard Starrg Senice

WorkMail "7 &

Secum Fmail ara Cavrcadng Sandos
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Services: On Demand Access

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

=

if

AWS Ground Station

Fully managed ground
station as a service

'
| @
//"ll"@

~

On-board & schedule
Register and on-board
satellites. Identify
contact windows and
schedule a satellite
contact

%6
=1
= |+

Command, control
& downlink
Command, control and
downlink data using
AWS Ground Station
during scheduled times

J
@)
,/—Ill. -

Receive data

Receive satellite
data into Amazon
VPC

uo A&
EEEHII:

Process & distribute
Process data
in AWS Cloud and
distribute with AWS
Global Infrastructure
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What’'s Next

* Machine learning

* Quantum computing
* 5G

* |oT / edge computing



Congratulations!

* You survived HPC course
* Be well

* Do good work

 Stay in touch
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