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Moore's Law?

* EXponential growth in computing power
since early 1960's.

» Single processor power peaked in 1990’s

* Many calculations limited by memory
pbandwidth not CPU

* PC clusters used since mid 1990's
» Multicore PC chips now entry level
» Graphics cards have 100’s of cores
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Moore's Law
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Cray 1

In 1975 the 80 MHz Cray-1 was announced.
Excitement was so high that a bidding war for the
first machine broke out between Lawrence
Livermore National Laboratory and Los Alamos
National Laboratory, the latter eventually winning
and receiving serial number 001 in 1976 for a six-
month trial. The National Center for Atmospheric
Research (NCAR) was Cray Research's first
official customer in July 1977, paying US$8.86

million ($7.9 million plus $1 million for the disks). Peak 0.25 GﬂOpS
The NCAR machine was decommissioned in

January 1979. The company expected to sell 55 Tons wt
perhaps a dozen of the machines, but over eighty
Cray-1s of all types were sold, priced from $5M to 110-250 kW

$8M. The machine made Cray a celebrity and the

company a success, lasting until the Liq Freon cooled
supercomputer crash in the early 1990s.
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Distributed Computing

* If lucky can just run same code on each
processing core; e.g. event simulation.

» But be careful to use 64 bit random
number generator and ensure different
sequences.

o Otherwise cores share data:
— shared memory machine

— local memories + interconnect
— latency and bandwidth constraints

Richard Ansorge

* Very expensive
up to 1024 cores

e Fast interconnect

» data streaming to
beat memory
bandwidth N4 %)) A°.

» Pito 50 10° 1444 ﬁ
places 4144 %
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PC Games cards (GPU)

» Cutting edge in last 10 years
* Possible to use for computation but hard

 Became easy in 2006 with NVIDIA CUDA
tooKit.
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GPUs — Also Memory Bandwidth
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Availlable Resources

Own PC (perhaps multi-core and with GPU)
BSS server (8 cores + Tesla GPU)

Camgrid (ask Owen)

Cambridge HPC ask me

National Centre

efc...




Programming Recommenadations

 MPI (message passing interface) for
conventional cores
— portable
— well supported and documented
— Introduces idea of collective operations

» CUDA for NVIDIA GPUs

— In many ways similar but with global memory space
and limited communication

— scales to huge numbers of threads
— cluster of multiprocessors
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VIPI

* Function Library
e Same program code runs on all cores

* 100’s of functions but you only need a tiny
number

» Rarely need the send/receive calls used in
most introductions!

* | earn the collective operations.
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Hello World

#include <stdio.h>

int main(int argc, char *argv([])

- ‘ node specifies which core | am out
1 MPI Header | |of a total of nodes. Typically use to

- coordinate calculation.

o oo e eg If(node==0) printf("stuff\n”);

#include <mpi.h> Y%

int main(int argc, char *argv([]) {
int node, nodes;

MPI_Init(&argc, &argv); standard

MPI_Comm_size(MPI_COMM_WORLD, &nodes); % * Al .
MPIl_Comm_rank(MPI_COMM_WORLD, &node); In Itl al |Sat| on

printf("Hello mpi world, I am node %d out of %d in al\n", node,nodes);

MPI_Finalize(); K Cr——
}retum 0; standard close
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Run using MPICH2

<~ Command Prompt

ZvcodeB8\democodes\Debug>democodes . exe
Hello mp1 world, I am node B out of 1 1n all

‘AProgram Files\MPICH? "“bin\mpiexec —-n & democodes.exe
out of &4 1n all
out of & 1n all
out of &4 1n all
out of &4 1n all

£ \codeBBMdemocodes\Debug>’
Hello mp1 world, I am node
Hello mp1 world, 1 am node
Hello mp1 world, I am node
Hello mp1 world, I am node

M D D = )

:A\Program Files\MPICH? "“bin\mpiexec —-n 16 democodes.exe

out of 16 1n all
out of 16 1n all

£ hvcodeBB8MdemocodeshDebug>
Hello mp1 world, am node
Hello mp1i world, am node
Hello mp1 world, am node 3 out of 16 1n all
Hello mp1i world, am node 2 out of 16 1n all
Hello mp1 world, am node 14 out of 16 1n all
Hello mp1 world, am node 10 out of 16 1n all
Hello mp1 world, am node 172 out of 16 1n all
Hello mp1 world, am node @ out of 16 1n all
Hello mp1 world, am node 8 out of 16 1n all
Hello mp1 world, am node 5 out of 16 1n all
Hello mp1 world, am node 13 out of 16 1n all
Hello mp1 world, am node 9 out of 16 1n all
Hello mp1 world, am node 7 out of 16 1n all
Hello mp1 world, am node 11 out of 16 1n all
Hello mp1i world, am node 15 out of 16 1n all
Hello mp1 world, am node 1 out of 16 1n all

PO N B O

et el e b e e e b Fed e e b e e ] b

£ \codeBB\democodesi\Debug>

4 b
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Matrix Multiply Example

Share rows of A across
nodes.

Full copy of B required on

all nodes

for N x N matrices need N3
multiply-adds (mad)

But only N/nodes rows of A
and C required on one node
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MatMul Declarations

// simple matrix multipy on host
#include <stdlib.h>

#include <stdio.h>

#include <string.h>

#include <math.h>

#include <time.h>

typedef struct {
Int cols;
Int rows;
Int stride;
float* m;

} Matrix;

/] prototypes

void hostMatMul(const Matrix A, const Matrix B, Matrix C);
void randominit(float* data, int size);

clock t watch (int it);
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MatMul Main

int main(int argc,char *argv|])
{
if(argc <2) {
printf("usage simpleMatMul <size>\n");
return O;
}
watch(-1); // start timers
watch(1);
Matrix A; Matrix B; Matrix C:

iInt msize = 16*atoi(argv|[1]);
A.cols = A.rows = A.stride = msize,

B.cols = B.rows = B.stride = msize:
C.cols = C.rows = C.stride = msize;

A.m = new float[msize*msize]; randomlnit(A.m,msize*msize);
B.m = new float[msize*msize]; randomInit(B.m,msize*msize);
C.m = new floatmsize*msize];

hostMatMul(A,B,C);

printf("Timings for C=A"B for %d x %d matricies\n",msize,msize);
watch(-2);

return O:
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Mat Mul Code - Host

void hostMatMul( Matrix A,Matrix B,Matrix C )
{
watch(2);
for(int row=0;row<A.cols;row++) for(int col=0;col<B.rows;col++){
float sum=0.0f;

for(int k=0;k<A.cols;k++) sum += A.m[row*A.cols+k]*B.m[k*B.cols+col];
C.m[row™A.cols+col] = sum;

}

return;

J
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int main(int argc,char *argv(])

{ iInt node=0; int nodes=1; watch(-1); Main With M PI

if (MPI_Init(&argc, &argv) == MP|_SUCCESS) {
+* MPIl_Comm_size (MPI_COMM_WORLD, &nodes);
MPIl_Comm_rank (MPI_COMM_WORLD, &node );

if(node==0 && nodes > 1)printf("MPI for %d nodes\n",nodes); Initialize MPI
}

Matrix A; Matrix B; Matrix C;

iInt msize = 16*atoi(argv|[1]);

A.cols = A.rows = A.stride = msize; B.cols = B.rows = B.stride = msize;:
C.cols = C.rows = C.stride = msize;

% if(node==0){
A.m = new float[msize*msize]; randomlnit(A.m,msize*msize); : Create A, B&C
B.m = new float[msize*msize]; randomlinit(B.m,msize*msize); ONLY on node O

C.m = new float[msize*msize];
hostMatMul(A,B,C);

}

* mpiMatMul(A,B,C,node,nodes); Paral Iel mu Itl ply

MPI_Barrier(MPl_COMM_WORLD); // wait for all to finish

if(node==0){ _
printf("Timings for C=A*B for %d x %d matricies\n", msize,msize); Wait for all nodes

watch(-2);
}
4 MPI_Finalize() Print on node O
return O:
}
Multi-Core Computing Jan 2010 Richard Ansorge

MP1| version

void mpiMatMul( Matrix A, Matrix B, Matrix C, int node, int nodes)

{
watch(3);
A.rows /= nodes; // care here node 0 IS full size
C.rows /= nodes;
int msize = A.rows*A.cols; // submatrix size
Allocate A, B & C

// create local buffers for only subset of rows of A and C to be stored
if(node>0){

A.m = new float[A.rows*A.cols]; B.m = new float[B.rows*B.cols]; C.m = new float[C.rows*C.cols];
;

Distribute A

MPI_Scatter(A.m,msize, MPI_FLOAT,A.m, msize,MPI_FLOAT,0,MPI_COMM_WORLD); | petween all
MPI| Bcast( B.m,B.rows*B.cols,MPI_FLOAT,0,MPI_ COMM_WORLD);
for(int row=0;row<A.rows;row++) for(int col=0;col<B.rows;col++){

float sum = 0.0f Copy B to Al

for(int k=0;k<A.cols;k++) sum += A.m[row™*A.cols+k]*B.m[k*B.cols+col];
} C.m[row*A.cols+col] = sum; ‘  Wait for All Done
MPI1_Barrier(MPI_COMM_WORLD);
MPI_Gather(A.m,msize,MP| _FLOAT,A.m, msize,MP| _FLOAT,0,MPI_ COMM_WORLD);
if(node>0){

delete[] A.m: delete[] B.m: delete[] C.m; Tidy UP Copy all blocks
) to Node O
return:

h
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Test on old 2-core PC

+» Command Prompt

£ \codeB8\democodes\Rel ease>matmul . exe 32
Timings for C=A=B for 512 x 512 matricies
timer Other Total
timer Setup Total
timer Host

Total time 1.313 secs

£ hvcodeBB8\democodesh\Release>matmul . exe 60
Timings for C=A=B for 960 x 960 matricies
timer Other Total
timer Setup Total

timer Host
Total time 9.067 secs

£ hcodeB8\democodes\Release> "c:\Program Files\MPICH? "\bin\mpiexec -n 2 matmul .exe 32

MPI for /2 nodes

Timings for C=A=B for 212 % 517 matricies

timer Other
timer Setup
timer Host

timer MPI Total 640 ms, calls=
Total time 1.937 secs

Total 16 ms, calls=

£ hcodeB8\democodes\Release> "c:\Program Files\MPICH? "\bin\mpiexec -n 2 matmul .exe 60

MPI for 2 nodes

Timings for C=A=B for 960 x 960 matricies
timer Other Total B ms,
timer Setup Total 94 ms,
timer Host Total 9847 ms,
timer MPI Total 4758 ms,
Total time 13.891 secs

calls=

calls=

Z:AcodeBB8Mhdemocodes\Rel ease>

B ms, calls= 1, per
16 ms, calls= 1, per

Total 1297 ms, calls= 1, per

B ms, calls= 1, per
93 ms, calls= 1, per

Total 8969 ms, calls= 1, per

Total B ms, calls= 1, per
1, per
Total 1281 ms, calls= %, per

per

calls= 1, per
1, per
calls= %, per

per

0. 000ann
16 . 0000OO
1297. 000000

call 0.000000
call 93.000000
call 8969.000000

call 0.000000
call 16.000000
call 1281.000000
call 640.00000O

call ©.00000O
call 94.000000
call 9047.000000
call 4/00.000000

w
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Broadcast (copy to all)

-

®» Broadcasting.

PO| A PO| A

P1 P1| A
ﬁb

P2 P2| A

P3 P3| A

int MPI Bcecast (void* buffer,
MPI Datatype datatype,
MPI Comm comm ) ;

-

NB MPI can be smart, using switch optimally
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int count,
int root,

=

|
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=

» Scatter operation.

Fo

P1

P2

P3

Scatter — share data between nodes

Fo

P1

P2

P3

1int MPI Scatter (voidx sendbut,

=

int sendcount,

MPI Datatype sendtype, voilidx recvbuft,
1nt recvcount, MPI Datatype recvtype,
L__ 1nt root, MPI Comm comm) ; __J
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Gather — collect data to one node

|— » Gather operation. —|

PO | A POl A|B|C|D
P1| B P1
ﬁ'
P2| C P2
P3| D P3

int MPI Gather (voidx sendbuf, 1nt sendcount,
MPI Datatype sendtype, voldx recvbuf,
int recvcount, MPI Datatype recvtype,

L__ int root, MPI Comm comm) ; __J
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Reduce, e.g. sum across nodes

|_ ® Reduce operation: _|

Po| A PO |AopBopCopD
F1| B F1
ﬁ-
F2| C F2
F3| D F3

int MPI Reduce (vold* sendbuf, wvoidx recvbut,
1nt count, MPI Datatype datatype,
MPI Op op, 1int root, MPI Comm comm) ;

# Useful ops Include MPTI SUM, MPI PROD, MPTI MIN and
MPI MAX.

L.i Can also define your own operations. J

Parallel Algorknims { njc200,wjk } @doc lc.acuk ~ebruary I003 -p2&
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Others

Explicit synchronisation

-

» Barrier synchronization.
int MPI Barrier (MPI Comm comm) ;

» Timing your program.
double MPI Wtime () ;




CUDA- Recent NVIDIA GPUs

» Cards have up to 30 multiprocessors
* Each multiprocessor has 8 cores

» Each multiprocessor runs a thread block of
up to 512 threads “simultaneously”

 Thread blocks can share limited fast

memory

« No communication between thread blocks
« CUDA runs sufficient tread blocks to

complete task

Multi-Core Computing Jan 2010
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Multiprocessor N

Multiprocessor 2

Multiprocessor 1

Processor 1 Processor 2  *** | Processor M
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CUDA Device

Shared memory is
local to multiprocessor
and Is not visible to
host. Shared memory
does not persist

The other memories
are global and are
visible to host and are
persistent across
multiple kernel
executions.

SIMD model.
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CUDA Device Query (st1)

E‘- Untitled - Notepad

File Edit Format View Help

CUDA Device Query (Driver API) statically linked version
There are 2 devices supporting CUDA

- [OX]

Device 0: "Tesla C1060"

CUDA Driver Version: 230

CUDA Capability Major revision number: ]_‘r____———”’———

CUDA Capability Minor revision number: 3

Total amount of global memory: 4294705152 bytes

Number of multiprocessors: 30

Number of cores: 240

Total amount of constant memory: 65536 hyt95<#——""————_—

Total amount of shared memory per block: 16384 bytes
Total number of registers available per block: 16384 ‘k‘~\\\\\\\\‘
Warp size: 32

Maximum number of threads per block: 512

Maximum sizes of each dimension of a block: 512 x 512 x 64

Maximum sizes of each dimension of a grid: 65535 x 63535 x 1
Maximum memory pitch: 262144 bytes

Texture alignment: 256 bytes

Clock rate: 1.30 GHZ ——
Concurrent copy and execution: Yes
Run time 11mit on kernels: NO
Integrated: NO
Support host page-locked memory mapping: Yes

Compute mode: Default (multiple host threads

can use this device simultaneously)

Test PASSED

Press ENTER to exit...
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CUDA Device Query (my BSS PC)

I untitled - Notepad

File Edit Format View Help

CUDA Device Query (Runtime API) version (CUDART static linking)
There 15 1 device supporting CUDA

Device 0: "GeForce 9600 GT"

CUDA Capability Major revision number: 144?”'_-__-__-__
1

CUDA Capability Minor revision number:

Total amount of global memory:
Number of multiprocessors:
Number of cores:

Total amount of constant memory:

Total amount of shared memory per block:

1073414144 bytes
B

65536 bytes
16384 bytes

Total number of registers available per block: 8192
wWarp size: 32 \
Maximum number of threads per block: 512

Maximum sizes of each dimension of a block:
Maximum sizes of each dimension of a grid:

Maximum memory pitch:

512 % 512 x 64
65535 x 65535 x 1
262144 bytes

Texture alignment: 256 bytes
Clock rate: 1.65 GHz
Concurrent copy and execution: Yes
Run time 11mit on kernels: Yes
Integrated: NO
Support host page-locked memory mapping: NO

Compute mode: _
can use this device simultaneous ly)

Default (multiple host threads

Test PASSED

Press ENTER to exit...
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CUDA Device Query (Games PC)

Th
De

Te
Pr

ER Ch\Users\Richard\AppData\Localh\NVIDIA Corporation\NVIDIA CUDA SDEAbin\win32\Release\deviceQuery.exe

ere 15 1 device supporting CUDA

vice B: "Gelorce GIX 2857

Major revision number:

Minor revision number:

Total amount of global memorwy:
Number of multiprocessors:
Number of cores:

Total amount of constant memorvy:

Total amount ot shared memorv per block:

1

3

1073741824 bytes
30

240

6ohd6 bytes
16384 bytes

Total number of registers available per block: 16384

Harp si1ze:

Max1imum
Max1imum
Max1imum
Max1imum
Texture

number of threads per block:

s1zes of each dimension ot a block:
s1zes of each dimension of a grid:

memory p1tch:
al 1gnment :

Clock rate:
Concurrent copy and execution:

st PASSED
ess ENTER to exit. ..

37

al2

D172 2 512 x 64
6ohdo % 60030 x 1
2672144 bytes

206 bytes

1.48 GHz

No

-

—c i ] |
B
.

L
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C Program

Sequential
Execution
- ol Host g
Emrmllel kern=1 Drevice
FEernel Q<<<55 (] Grd 0
Block (0, 0) = Block (1, 0) = Block (2, 0)
Block (0, 1) = Block (1, 1)  Block (2, 1)
EEEEEEEE :|.E H-ﬂEt
Device
Emrml el k=yrnel
Hernell<cesss () Grid 1
Black (0, 0) Block (1, 0)
Black (0, 1) Block (1, 1)
Block (0, 2) Block (1, 2)
Y

Sendl code axepubes on the btk while parallel code sxeputes on the devices.

Figure 2-3.Heterogensous Frogramming
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CUDA Program

CUDA program runs on

single host core. Typically:

sends data to device
memories.

elaunches one or more
Kernels on device.

collects final results back

from device global
memory.

*A kernel is a piece of C
ike code which is run by

many threads.
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CUDA Matrix Multiply first version

Use separate threads
for each element C; in
matrix product

C=A"B
Thus N2 threads.

Each thread block will
correspond to a 16x16
sub matrix of C.

(NB 16x16 Is often a
very good choice)
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local variable

n register Ke rn el COd e Find which element of C

thus fast _
this thread needs to

calculate. The variables

// Matrix multiplication kernel called by devMatrixMul() on RHS are maintained by
__global__ void MatMulKernel( Matrix A, Matrix B, Matrix C ) CUDA

{
// Each threa@ computes one element of C accumulating resulig”into sum
% float sum/~ 0.0f;
int row/= blockldx.y * blockDim.y + threadldx.y; *
int 201 = blockldx.x * blockDim.x + threadldx.x;

Same
function for (int k=0:k<A.cols;++k) sum += A.m[row*A.cols+k]*B.m[k*B.cols+col];
grgumentsl C.m[row*C.cols+col] = sum; B and G are
et by Host ) ,
S e——e— L
pointer is to . . . . device global
device }/0|d hostMatMul( Matrix A,Matrix B,Matrix C ) memory — thus slow.
memaory watch(2);

for(int row=0;row<A.cols;row++) for(int col=0;col<B.rows;col++){
float sum=0.0f;

for(int k=0;k<A.cols;k++) sum += A.m[row*A.cols+k]|*B.m[k*B.cols+col];
C.m[row*A.cols+col] = sum;

J

return;

;
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void devMatMul(Matrix A, Matrix B, Matrix C)

! /I Copy A and B to devA and devB in device memory C U DA h OSt COd e

Matrix devA;

devA.cols = A.cols; devA.rows = A.rows; devA.stride = A.stride;
size t size = A.cols * A.rows * sizeof(float);
cudaMalloc((void**)&devA.m, size);

cudaMemcpy( devA.m, A.m, size ,cudaMemcpyHostToDevice);

Matrix devB: Create copies

devB.cols = B.cols; devB.rows = B.rows; devB.stride = B.stride; i
size = B.cols * B.rows * sizeof(float); Of A’ B & C in
cudaMalloc((void*™)&devB.m, size);

cudaMemcpy( devB.m, B.m, size ,cudaMemcpyHostToDevice);

device memory

// Allocate devC in device memory no need to copy
Matrix devC;

devC.cols = C.cols; devC.rows = C.rows; devC.stride = C.stride; :
size = C.cols * C.rows * sizeof(float); define thread blocks

cudaMalloc((void™*)&devC.m, size);

dim3 dimBlock(16, 16);
dim3 dimGrid(B.cols/dimBlock.x, A.rows/dimBlock.y);

I/ Invoke kernel CUDA kernel call,
MatMulKernel<<<dimGrid, dimBlock>>>(devA, devB, devC): «— | note argum ents

cudaThreadSynchronize();
// copy result back to host
cudaMemcpy( C.m, devC.m, size, cudaMemcpyDevice ToHost);
cudaThreadSynchronize();

Copy answer

/| Free device memory
cudaFree(devA.m); cudaFree(devB.m); cudaFree(devC.m); back to host
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Faster kernel using shared memory

B TE t
ml
Each thread block 3
uses shared U3
N o
memory to cache a @
16x16 sub-blocks of :
the matrices. This — .
: A |
improves ) ; E
performance, o ol
. U II Ll
especially when e o TE
addressing B with a § A %
large stride. _ il (. T g <
BELOCK _SIZE-1 L J
| —p- —p -« >
BLOCK_SIZE BLOCK_SIZE BLOCK_SIZE
A.width B.width
- B — R |
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__global  void MatMulSmemKernel( Matrix A, Matrix B, Matrix C ) F a Ste r ke rn e I

{

// Block row and column

e using sharea
memory

// Each thread in block computes one element of Csub, accumulating result into sum
int row = threadldx.y;
Int col = threadldx.x;

__shared__ float As[16][16]; declare shared memory
shared float Bs[16][16];

// Each block computes one sub-matrix Csub of C
Matrix Csub = GetSubMatrix(C, blockRow, blockCol);

// Loop over all the sub-matrices of A and B that are required to compute Csub

float sum = 0.0f;
for (int m = 0; m < (A.cols/16); ++m) { Loop over parts
Matrix Asub = GetSubMatrix(A, blockRow, m);

Matrix Bsub = GetSubMatrix(B, m, blockCol);

As[row][col] = GetElement( Asub, row, col); Cache A &B
Bs[row][col] = GetElement( Bsub, row, col); :
__syncthreads(); sub matrices

// Multiply Asub and Bsub _
for (int k=0:k<16:++k) sum += As[row][k]*Bs[k][col]: evaluate this sub-

} __syncthreads(); matrix contribution

// Write Csub to device memory, each thread writes one element
SetElement(Csub, row, col, sum);
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Support functions

/| Get a matrix element
device  float GetElement(const Matrix A, int row, int col)

{
)

return A.m[row * A.stride + col];

// Set a matrix element
device  void SetElement( Matrix A, int row, int col,float value)

{
)

// Get the BLOCK_SIZEXBLOCK SIZE sub-matrix Asub of A that is
// located col sub-matrices to the right and row sub-matrices down
// from the upper-left corner of A

[/ BLOCK SIZE is #defined as 16

__device  Matrix GetSubMatrix(Matrix A, int row, int col)

{

A.m[row * A.stride + col] = value;

Matrix Asub:

Asub.cols = BLOCK SIZE;

Asub.rows = BLOCK SIZE;

Asub.stride = A.stride;

Asub.m = &A.m[A.stride * BLOCK_ SIZE * row+ BLOCK_ SIZE * col];
return Asub;




e Command Prompt

/£ hcudaapp\Release> 'c:\Program Files\MPICHZ\bin\mpiexec.exe” —-n 8 simpleMatMul .exe 63

MPI for 8 nodes

Results

Timings for C=A=B for 1008 % 1008 matricies

timer Other Total 63
timer Host Total 4407
timer MPI Total 180178
timer CUDA1n1 Total 67
timer Kernell Total 156
timer Kernel? Total 94
timer memcpyl lTotal B
timer memcpy? Total 31

Total time 5.891 secs

ZZcudaapp\Release> "c:\Program Files\MPICHZ2\bin\mpiexec.exe” —n 8 simpleMatdul .exe 1006

MPI for 8 nodes

ms,
ms,
ms,
M=,
m=,
M=,
m=,
ms=,

calls= 1, per call 63.000000
calls= 1, per call 4407.000000
calls= 1, per call 1878.000000
calls= 2, per call 31.000000
calls= 2, per call /38.000000
calls= 18, per call 9.400000
calls= 2, per call B8.800000
calls= 10, per call 3.100000

Timings for C=A=B for 1600 % 1600 matricies

timer Other Total 141
timer Host Total 20859
timer MPI Total 4344
timer CUDA1n1 Total 67
timer Kernell Total 670
timer Kernel? Total he?
timer memcpvl Total B
timer memcpy? Total h{

Total time 26.500 secs

/£ Acudaapp\Release>

m=,
M=,
m=,
M=,
ms,
ms,
ms,
ms,

calls= 1, per call 141.000030
calls= 1, .per call 20859.000000
calls= l,hber call 4344 . ARABAA
calls= 2, per call 31.000000
calls= 2, per call 312.500080
calls= 10, per call 42.200080
calls= 2, per call 0.000000
calls= 10, per call 4. 7/00000
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Matrix Multiply madds / second
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T
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Matrix Size
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Matrix Multiply madds / second ]
14 Single core
Speedup
1.2
3 cores
1 MPI: 5.2
&
2 N o —4
» 0.8
2
T
©
S
O
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1 - ki
0
0 512 1024 1536 2048 2560 3072 3584 4096
Matrix Size
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Speedups
’ o 8 cores
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adds / sec

Matrix Multiply madds / second

1000

100 -

10

|

Single core
Speedups

8 cores
MPIl:x 5.2

Kernel 1
X 71.6

Kernel 2
X9l

512 1024 1536 2048 2560 3072 3584

Matrix Size

—&k—single —4&—mpi —®—Kkernell —®—Kkernel2

4096
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Matrix Size
—&— single —&— mpi —o—Kkernel1
—o— kernel2 —o— Kernel3
Multi-Core Computing Jan 2010 Richard Ansorge




References:

NVIDIA CUDA: http://www.nvidia.com/cuda

MPI(MPICHZ2):
http://www.mcs.anl.gov/research/projects/mpich?2/

Cambridge:

e http://www.hpc.cam.ac.uk/
o http://www.escience.cam.ac.uk/projects/camaqrid/

* http://www.many-core.group.cam.ac.uk/
GPGPU: hitp://gpgpu.org/
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Magnetic Resonance

NMR — Spectroscopy
MRI- Imaging




NMR History

1921:  Compton: electron spin
1924 Paull: Proposes nuclear spin

1946:  Stanford/Harvard group detect first
NMR signal

mid -50 to mid 70’'s NMR become powerful tool
for structural analysis

mid-70 first superconducting magnets

MRI History

1973: Lauterbur: First NMR image of sample
tubes In a chemical spectrometer

1981: First commercial scanners <0.2T
1985: 1.5T scanner

1986: Rapid developments in SNR,
resolution etc

1998: Whole body 8T at OSU

2003: Nobel Prize for Peter Mansfield & Paul
Lauterbur




Nuclear Zeeman Effect

Application of strong magnetic field B, lifts degeneracy of
nuclear spin levels

AL

For spin 1/2: AE =¥ h B,

Y Gyromagnetic ratio (constant of nucleus)
For hydrogen vy = 42.5 MHz/T

Population Difference

Given by Boltzman Statistics:

Ny
N_

N 6—%130 [kT

population difference is small <1 in 10

NMR/MRI is very insensitive




Semi-Classical Model

Gyroscopic motion of magnetic moment about B,

-

Use classical mechanics,

Larmor precession By

W, = -7 B

Ensemble Average

USE Classical
language for
behaviour of net
magnetization

Same results as
quantum
treatment.




Spin Precession is like a Gyroscope

Gravity plays the
role of the magnetic
field for gyroscope .

Gyroscope wants to
fall but is prevented
by conservation of
angular momentum.

Similarly  Quantum
bar magnets precess

Effect of RF Pulse

A Radio Frequency
pulse at the resonant
frequency causes the
magnetization vector
to rotate away from
the Z axis

A 90 degree RF pulse
tips the magnetization
vector into the x-y
plane

Magnetization in the x-y
plane radiates RF which
IS the signal we measure




Magnetic Nuclel

Table 1.1. Gyromagnetic ratio of some nuclei.

Nucleus Iy 130 o 23N ip

~/2m (MHz/T) 42.58 10.71 40.08 11.27 17.25

Bloch Equations

Describe evolution of transverse and longitudinal
components of magnetization. T1 and T2 control
exponential relaxation and dephasing. I1 and T2 are
properties of the material




Bloch Equations

Free Induction Decay (FID)

Figure 1.9. The received FID after application of a 90° pulse. Because of
relaxation, the received NMR signal exhibits exponential decay.




Free Induction Decay (FID)

Fourier Transform of
FID gives spectrum of
(say) proton
frequencies. These
‘chemical shifts” plus
lots of maths can give
important detail for
molecular structure.

A praton NMR spectrum of 8 selultion containing a8
simpie orgamic campoaund, ethyd benzene. Each greup

P O M WaS | i te N d ed tO of signals corresponds o prolons i & different part

of the molecula,

house a 900 MHz
NMR facility

Huge importance for chemistry AND molecular biology

Imaging MR

» Make signals position dependent

» Exploit local T1 and/or T2 variations to get
Image contrast

» Use additional switched magnetic field
gradients to make precession frequencies
position and time dependent

* End up with 2D or 3D Fourier Transform of
spatial distribution — “k-space image”




Gradients

Signal from sample in volume V at time t is:

S(t)= ew()tf o(r)et(r:t) g3y
V

where p Is local spin density and ¢ Is accumulated local
phase offset:

t t
¢(r,t):fO(Gxx—l—ny%—Gzz)dt:r-foG dt
Hence:

S(k) = [p(r)eikrddr where k= [ G
V

Gradients are driven to cover the whole of k-space over
time and hence map out the FT of p.

Spin Echo

Figure 1.17. (a) After a 90° pulse, the magnetization lies along the y' axis. (b)
Because of field inhomogeneity, the nuclei start to lose coherence. (¢) Application
of a 180° pulse rotates the magnetization. (d) The coherence is re-established.

From Ga C O DIC v culudly ZUU o1pv Ansorge




Pulse sequences Spin Echo

90" 180"

180"

RF Pulse 4%_%—_%‘ t
NMR Signal — %\iﬁqﬁ, .. _,Jm%w,_ _,J,HMM% _ ¢

- TE—»‘-@ - TE—-&[

Figure 1.16. Spin echo sequence.

From Games to Brains 20 February 2007

Richard Ansorge

Pulse sequences Gradient Echo

RF Puise “—"J\I"_— - {

Gradient Pulse

-
NMR Signal w&w—'\h\!‘!ﬁi‘%‘ﬁ“
H—TE-H—E!-*

L

Figure 1.18. Gradient echo sequence.

From Games to Brains 20t February 2007

Richard Ansorge




Pulse sequences EP|

Fiqe
(ra

Al

k
. T, decy |
s b

Very fast 10 ms/slice, used for
fMRI, typically 128x128 voxels

From Games to Brains 20 February 2007

Spectroscopy Possible

_ Figure 15.18 Phosphorus
Blg VOX6| spectrem from normal
muscie showing the main
metabolite peals. POE
denotes phosphodiesters:

| Pi inorganic phosphate and
!z PCr phosphocreatine,

PCr

OX5X5 cm

Courtesy of Dr F. Howe, 51
George’s Hospital Medical
schoal, London.

Pi N oATP
| HATP BATP

[— Y “
e 2 M N P N e

10 0 -10 =20
Chemical shift (ppm)




Hospital MRI Scanner

RF Head Coll |

=

RF (Birdcage) TX/RX

LLLI

P,

9

Superconducting
Solenoid, typically
1.50r 3T

X, Y and Z Gradient Coills
Inside magnet bore

MRI Soft Tissue Contrast

© http://www.wbic.cam.ac.uk




3D Volume Data Sets

3D Volume Data Sets

A _;\ . ]

7, 35

il
4-_‘




Things to do with MRI

Anatomy: proton density, 11, T2 etc
Flow — cardiac
Diffusion — trace neural pathways

Functional imaging
— research

— surgical planning
Interventional
Spectroscopy

Diffusion Imaging

Call body

d ! Wy = Vi W
S A eoemneccnen  \\[gter diffuses
~—s ik ——y

N, - ]
more easily
2 parallel to fibres
. | >
Muclecls se generating Imiplse
Yoty d conducting dersctian
Miss| bodies — 3 regian) — Made of Hanvier
T ) _---._:I A __:-{_-_-__:.J.'_ - J |
b D=y _.‘____ - Sﬂm » . } r.:.Fﬁz_—AIDHE| terminal
{ona inter- e SS
Meurdamm node)
(shaath of Telodendnia

(b) Schwann) (terminal branches) ,
Copyrighl @ 2001 Barjamin Curmmings, an imprnt ol Addison Weskey Longman, Ine.




High resolution diffusion image

Diffusion Imaging

Fiber Tractography

Pyramidal Tracts Traced trom EOIs in the Pons

LRI A]T ey

EioIz1n
the Fons

Color-encoded
1mage of the Pons




Muscle Fibres In Human Heart

Computed fits to Diffusion MRI of Human Heart

Functional MRI (fMRI)

Monitor T2 or T2* contrast during cognitive

task

Acquire 20-30 slices every 4 seconds

Design experiment to have alternating
blocks of task and control condition

Look for statistically significant signal
Intensity changes correlated with task

blocks




Finger Tapping Experiment

Echo-Planar fMRI — Typical Data

N.B. Signal/Noise ratio is generally poor

GE-EPI images
fMRI correlation
maps

|

Signal response

averaged over
region

Finger Tapping Experiment




Segmentation

Can we sort out the anatomy?

Interventional MR

This is still quite rare & expensive




Sensitivity

e 2560 X 256 x 256 voxels typical

 Can scale size of RF send/receive coils to
size of object.

* Hence typical voxel dimension range Is
0.050 mm to several mm.

» BUT signal to noise depends on voxel
volume, will never do single cells.

» Overnight acquisitions for mouse brains

Results from MRI: Iterative averages
~15 Individuals

Volume changes (Jacobian) from
fitted BSplines

Richard Ansorge, IEEE HPMI October 2009




Results from MRI: Iterative averages
~15 individuals

Richard Ansorge, IEEE HPMI October 2009

PET

Positron Emission Tomography




Positron Emission Tomography

Origins in High Energy Physics (CERN).
Uses Positrons “anti-matter’.

Positrons annihilate with electrons to make
‘pure energy-.

Actually makes 2 photons.

Principle of PET

T Two anti-parallel 511 keV
\'Ll“l_h‘_1 photons produced
Positron mmhl;::"il‘t-l:\’bl"

electron and annihilates ‘LL"

Unstable parent
nuclens

Proton decays 1o

neutron in nuclens - “\\

posilron amd
neulring emitled

Figure 1.1. Positron enmmission and anmbalaton.




Positron Emission Tomography (PET)

PET Scan

-« |nject (short-lived)
positron emitting
Isotope.

Positron annihilates
with electron giving pair

of back to back 0.511
MeV gamma rays.

CREATED

Detect both gammas using fast (5ns) coincidences,
get “Line of Response” (LOR). Reconstruction of
tracer distribution similar to CT.

Isotopes used in PET

18F "M1C 13N 150 68(39

Maximum Energy

(MeV) 063 09 120 1.74 1.90

Most Probable

Energy (MeV) 020 033 043 0.70 0.78

Half-Life

. 110 204 996 2.0/ 68.3
(MIns)

Max Range In

Water (mm) 2.4 5.0 5.4 8.2 9.1




Addenbrookes Hospital

Tracers
Produced

50 (Inhale, H,O)
"nCc (CO, CO,)

18F  (FDG)
. Molecular imaging

isochronous cycloron with argets
and target finctional support panel.

GE Medical Systems PETtrace Cyclotron

Addenbrooke's

Cyclotron

for PET tracers




PET Is used to image the function of
specific organs in the body not the

anatomy.

PET Is complimentary to the other
iImaging modalities.

PET Is lower resolution but very
sensitive.

FDG or Fluorodeoxyglucose

HO= The single most
Hm’%_ important PET
HO OH

'°F tracer.

FDG follows the same metabolic pathway as
Glucose, i.e. it is "burnt” in actively metabolizing

cells. THEN the '°F stays put. Thus '°F
accumulates at “hot-spots” of high metabolic

activity.




Whole Body PET

PE T Visualization

F-18 fluorodeoxyglucose
(FDG). Patient with colorectal
cancer. Image Is maximum
Intensity projection through
attenuation corrected whole
body Image, acquired In
multiple axial fields-of-view
and reconstructed with OSEM
algorithm. High uptake Is seen
In the kidney, liver, bladder,
and tumor.

© http://www.cc.nih.gov/pet/images.html




New Tracer: Raclopride in Human Striatum

LR

Wolfson Brain Imaging Centre &

MRC Cambridge Centre for Behavioural and Clinical Neuroscience

Combined PET & MRI
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ok '_'_.*-l.-_l
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¥

= PET PMTs in low field region
. ‘h: 2} J;.. i T 3 B F"
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i il .,

- r I.—

i ©IRENL] A Tl 8 B .
SR .

Ay S,

PET detector modules inserted in gap

PMT’s housed in magnetic screens and
the signal wiring passing through the back
plate of the external Faraday cage ( cover
removed )

View up magnet bore Ring diameter 14.8 cm

LSO crystal
blocks In

4 axial rings,
24 blocks per
rng

Optical fibre
8x8 bundle

Axial FOV 7.6 cm Radial FOV 10 cm

Cambridge PET-MR IPEM Sept 16 2009 Richard Ansorge




Simultaneous PET
& MR images

Derenzo resolution phantom

Rod diameters 1.2 mm,
1.6 mm,
2.4 mm,
3.2 mm,
4.0 mm,
4.8 mm

Cylinder diameter 5.0 cm

Rod spacing 2 X rod dia

Transmit/Receive birdcage coll

Cambridge PET-MR IPEM Sept 16 2009

Ansorge

Combined acquisition

An ApoE (genetically
modified hyper-
lipidemic mouse
cadaver)

About four hours post
injection of 73.6 MBQ
of 18F-FDG.

NB this test acquisition
was done with a
conventional (non-
split) gradient coill.

Cambridge PET-MR IPEM Sept 16 2009 Richard Ansorge




Richard Ansorge

System was moved to the new the Laboratory for Molecular
Imaging in March 2008. Expected to be fully operational soon.

Cambridge PET-MR IPEM Sept 16 2009 Richard Ansorge




Imaging Suite Sept 2009: PET, MRI & PET-MR

Cambridge PET-MR IPEM Sept 16 2009

09/09/09 Quench Duct Finally Being Installed!

Cambridge PET-MR IPEM Sept 16 2009 Richard Ansorge
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Questions?

Richard Ansorge
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