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. Monte Carlo Simulation
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Introduction for Option Pricing

European Call Option
1. asset dyanmics  GBM: dS, = uS,dt+oS,dW,

2. payoff [Sr —KT

Payoff

[ST o K]Jr

3. option priceis  C, =E°[e"[S; - K]']
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Introduction for Option Pricing

European Call Option

Ct :EQ[e_” [ST - K]+]

4. By Ito's lemma 5. By Feynmann-Kac Theorem
STQ — Soe(r_%gz)ﬁgwf ps-poE: T, +IXf, +10°X*f =rf

S. =5 e(r—%az)r+0\/;N(0,l)
T — >

6. Closed Form Solution

C,=S,d(d,) - Ke " d(d,)

2
(D(X)=ﬁj.;ex2/2d2 dl _ In(SO/K)+(r—G /2)2' d2 :dl—U\/;
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Pricing Methods

Closed form solution
Lattice(tree) method
Numerical Solution for PDE in FDM, FEM, Meshless

Monte Carlo Simulation
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PDE method for ELS
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Monte Carlo Simulation

Law of Large Number : we can compute expectation

E[e ™" [S; —K]]= lim = Ze “[S; - KT

N—owo N

We can generate any process ST from given dynamics

dS, = xS, dt +oS.dW,

L

ds, = uS,dt + f (Y,)S,dW.
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Monte Carlo Simulation

Why MC is need ?
 Easy to imply

« Complex structure : path-dependence, prepayment, complex
payoff, etc.

* High demension : multi-asset problems (n>4)
= MC is the only solution (or sparse grid method)

Why MC is not used ?
* Most contracts(95%) can be solved without MC. (closed, FDM)

« Computation Time : Too slow to get accurate results
-1 minutes for each pricing. 4 minutes for greeks
100 contracts : 7 hours to comutes (1 day : 6 hours)
ALt2| 2 E48 Greek plot 2|28 otREZREE

» Unstable sensitivity : non-smooth greeks plot




Monte Carlo Simulation in Finance

] within 3 hours Simple MC ]
Easy for even junior quant [ coding
Excel/VBA, C/C++
Few hours for debugging
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Reasonable Solutions to speed up MC

1. New theory in convergence
Malliavin Calculus, Operator Technique, Asymptotics

2. Fast pseudo & quasi-RNGs, Transformation
3. Control Variate, Variance Reduction
4. Using Powerful Computer

5. Parallel Computing
HPC(use many CPUs) - OpenMP(SMP), MPI (Cluster)
Alternative Method - IBM Cell BE, ClearSpeed, GPGPU(CUDA)
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HEX| 2| (HPC - High performance Computing)
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HPC in SMP Machine

2 socket for quad core = Z|LCl 8X £ 2F4t

Each cores share system memory (upto 64GB)
Support pthread programming
standard OpenMP

HQIEEQ| StA 2 HAX| = 8Core”} oFA O|LCt.

S CHEE22| PC U Workstation& SMP7|HtO|C},




HPC in cluster
o z{Cf2| SMPE HE2coc=z AHZA

Each Nodes has 2-8 CPUs

4~10 Gflops in DP for each CPUs

Each Nodes connected by Infiniband, Gigbit Ethernet
1024+ nodes system is possible

Support standard OpenMP & MPI library
Benefit : develop envirinment, Technical supports from vender
PRNGs library for Monte Carlo simulation
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CHOI1 IBM BladeCenter QS20, QS21, QS22

Each Nodes has 3.2Ghz Cell BE processor
One Cell BE has 8 SPE units for computing

QS20 : 204 Gflops in SP 21 Gflops in DP
QS21 : 408 Gflops in SP 42 Gflops in DP
QS22 : 460 Gflops in SP, 217 Gflops in DP
QS21 : 5 Tflops in SP/ 588Gflops in DP in for blade chassis

Cell BE CPU ws developed for PS3

The initial target of Cell BE is entertainment — it does not need DP, so Cell BE provides very
limited double precision in QS20, QS21, but QS22 support DP with 5 times fast.

IBM use this artitecture for building next generation world fastest super computer
Roadrunner Project.

10X faster than normal CPU based cluster S} X|2t, 107} 4l.

Cell BE SDK JHE A HCl 8lS
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CH2F1 Mucury Cell Accelerator

2.8Ghz Cell BE processor in board
One Cell BE has 8 SPE units for computing

Cell BE processor at 2.8 GHz

SP 180 GFLOPS in PCI Express accelerator card

PCI Express x16 interface with raw data rate of 4 GB/s
in each direction

Gigabit Ethernet interface

1-GB XDR DRAM, 2 channels each, 512 MB

4 GB DDR2, 2 channels each, 2 GB

162W for each board

o
(53) 2Mciea

YOMNSEI UNT RSITY
g HE T HE



C 22 ClearSpeed CSe620 Accelerate Board

Acceleration Board for HPC
Parallel 192= 2* 96 PE
66 GFlops in Double Precision

Support standard C/C++ SDK
Using CSCN compiler
15W per each board

cheaper than normal cluster solution
4 board system : 300Gflops
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L 2t2 CATs with Clearspeed

CS announce CATs in SCO7

spec
12 CS board in 1U rack
Power : total 550W

12* 192 Pes = massively parallel
1 DP Tflops

orLtel MEOf Z[LH 127h2] 7tE §E7ts




C 23 Nvidia Tesla C870,

Computing by GPU

Nvidia 8800GTX chipset

Parallel 128 Stream Processors in one chip
500 GFlops in Single Precision

C870 :1 GPU in board
D870 : 2 GPUs in case
S870 : 4 GPUs in 1U chassis

Support standard C/C++ SDK

CUDA

C870 system SP 500Gflops : 70 Gtg&l
C870 4board system SP  2Tflops : 3002t& + PCH|E
S870 4GPUs system SP  2Tflops : 600 BH+ AHH|E

Cheap & powerful solution
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Intel will launch ( within 2 years)
DP 100 Gflops CPU with 8~16 cores in one chip

CS will launch (within few month)
DP 200 Gflops with 198 PEs in one board

Nvidia will launch (within 1 years)
SP 993 Gflops with 240 SPs in one board

IBM will launch (within 3 years)
SP 1 Tflops with some SPEs in one chip

AMD & Intel will also launch Stream processors
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Learning Curve (7| X1 &)

Excel/VBA

C/C++21 0
CHO JI= XA HE (ZolH, 2XH)
C++o1 4 Jl= XA ER (template, STL S)

Windows Visual Studio IDE, Linux Makefile &2 &
excel dll link, excel winsock dll link
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Closed form BS option pricing
Monte Carlo simulation
ELS pricing

Closed form BS option pricing
Monte Carlo simulation

RNG (LCG, MT19937)

ELS pricing

Parallel Monte Carlo Simulation
RNG (split, multiseed, DC)
ELS pricing

Massively pMC
ELS pricing
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Parallel FDM, FEM (matrix)
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Parallel MC simulation

Main

wide & Conqu
For(i=1,i<N,i++){

PE1 PE2 PEn-1 PEn

For(i=1,i<N, M){ For(i=1,i<N, M){

For(i=1,i<N, M){ For(i=1,i<N, M){
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Application for Massively Parallel MC
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Application for Massively Parallel

MC

Greeks
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Parallel Tasks
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Application for Massively Parallel
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Cluster 7|8t pMC

[ e } Simple MC ]

Easy for even junior quant l coding

Hard for eLven IT quant

o L Consider
2 =3, SPRNG &8 Jis parallel machine

architecture

They using solution
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Parallel MC with OpenMP (SMP machine)

102HH MY

Excel/VBA

1. Start Function

wallclock time
Core 7}§==0]| 2}
MSA|ZH CHE
QF 12 =X

Errors < 107

7. Show Results

Price, Greeks, time

C/C++
DLL Host

2. Receive Input Parameters

4. Initialize Dynamic Creation Seeds

2~8 Multi Threads

5. Parallel MT
Moro's Inversion

6. Sto¢k path
Option Price
Greeks




Parallel MC with MPI (Cluster Machine)

102HH MY

Excel/VBA

1. Start Function

wallclock time
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Errors <107

7. Show Results

Price, Greeks, time

C/C++
DLL Host

2. Receive Input Parameters

4. Initialize Dynamic Creation Seeds

2~1024 Multi Threads

5. Parallel MT
Moro's Inversion

6. Sto¢k path
Option Price
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MPI MC examples for Pi calculation

#include <math.h>

#include "mpi.h"

#include "mpe.h"

#define CHUNKSIZE 1000
#define INT_MAX 1000000000

/* message tags */
#define REQUEST 1
#define REPLY 2
int main( int argc, char *argv[] )
{
int iter;
int in, out, i, iters, max, ix, iy, ranks[1], done, temp;
double x, vy, Pi, error, epsilon;
int numprocs, myid, server, totalin, totalout, workerid;
int rands[CHUNKSIZE], request;
MPI_Comm world, workers;
MPI_Group world_group, worker_group;
MPI_Status status;

MPI_Init(&argc,&argv);
world = MPI_COMM_WORLD;
MPI_Comm_size(world,&numprocs);
MPI_Comm_rank(world,&myid);
server = numprocs—1;
if (myid == 0)
sscanf( argv[1], "%lIf", &epsilon );
MPI_Bcast( &epsilon, 1, MPI_DOUBLE, 0, MPI_COMM_WORLD )
MPI_Comm_group( world, &world_group );
ranks[0] = server;
MPI_Group_excl( world_group, 1, ranks, &worker_group );
MPI_Comm_create( world, worker_group, &workers );
MPI_Group_free(&worker_group);
if (myid == server) {
do {
MPI_Recv(&request, 1, MPI_INT, MPI_ANY_SOURCE, REQUEST,
world, &status);

/* last proc is server */

/* | am the rand server */

if (request) {
for (i = 0; i < CHUNKSIZE: ) {
rands[i] = random();

if (rands[i] <= INT_MAX) i++;

s
MPI_Send(rands, CHUNKSIZE, MPI_INT,
status.MPI_SOURCE, REPLY, world);
}
}
while( request>0 );

else { /* 1 am a worker proces:

/

(2]

request = 1;
done =in=out=0;
max = INT_MAX; /* max int, for normalization */
MPI_Send( &request, 1, MPI_INT, server, REQUEST, world );
MPI_Comm_rank( workers, &workerid );
iter = 0;
while (!done) {
iter++;
request = 1;
MPI_Recv( rands, CHUNKSIZE, MPI_INT, server, REPLY,
world, &status );
for (i=0; iKCHUNKSIZE-1; ) {
x = (((double) rands[i++])/max) * 2 — 1;
y = (((double) rands[i++])/max) * 2 - 1;
if (x*x +y*y < 1.0)

in++;
else
out++;
}
MPI_Allreduce(&in, &totalin, 1, MPI_INT, MPI_SUM,
workers);
MPI_Allreduce(&out, &totalout, 1, MPI_INT, MPI_SUM,
workers);

Pi = (4.0*totalin)/(totalin + totalout);
error = fabs( Pi-3.141592653589793238462643);
done = (error < epsilon || (totalin+totalout) > 1000000);
request = (done) 20 : 1;
if (myid ==0) {
printf( "Wrpi = %23.20f", Pi );
MPI_Send( &request, 1, MPI_INT, server, REQUEST,

world );
}
else {
if (request)
MPI_Send(&request, 1, MPI_INT, server, REQUEST
world);
}
3
MPI_Comm_free(&workers);
}
if (myid ==0) {

printf( "Wnpoints: %dWnin: %d, out: %d, <ret> to exitwn",
totalin+totalout, totalin, totalout );
getchar();
}
MPI_Finalize();




CHREY system 1=

HAEMH/RIAAHOIE

CentOS 5/Windows

Dualcore PC with PCl—e slot

1JH2] 8600GT Ol &F2l graphic card

H A H
RHEL 5
1U Quad core Mt with 2 PCl-e slot
1U Nvidia Tesla S870 4 GPU system

HEEZ client
HE<= &= JIs¢8t notebook®E Jbts

HAEANH/RAIAAHOIA
CentOS 5/Windows

Dualcore PC with 1 PCl—e slot
1JHS] CS e620 JIEZEE

HAHH 1
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4U Quad core A with 2 PCl-e slot
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Parallel Monte Carlo Simulation in

Finance
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Easy for even junior quant

Simple MC
coding
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Parallel MC
Jl 2= Template, pMC ||brary Ol Z Al
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Parallel RNGs




= Pseudo Random Number Generator

H A Pseudo Random Number GenerationOfl CHst A2 Z0| M A S.

Cluster2= Al rand() &=} OtYl Library &2Jl=

222101822l

SPRNG

- MPID|EF 92 RNGII 2& &l Library
=

B
—OIHY 2ADENMK =2 SHEHHUS

A 20| B2
IMKL — (Intel Math Kernel Library) - LCG, MWC, MT19937 € X &
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Split Method

for (i=0; i<N-1; i++)

CPUID O CPUID 1 CPUID 2



Multiseed Method

for (i=0; i<N-1; i++)

srand48p(12345+(1+cpulD)*6789);

for (i=0; i<CHUNKSIZE-1; )

D U
e
DR U
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Leap Frog Method

for (i=0; i<N-1; i++)

for (i=istart; i<N-CHUNKSIZE-1; CHUNKSIZE ) L' CPUID O

(Y Y Y Y

)
),
=)
A,
o
3
i

CPUID 1
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Problems in Parallel MC
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Suitability for Parallel Method

| Multiseed | Leapfrog | Splitting_
LCG OK OK OK

RAND48
MCG
Lagged Pibonachi
MWC
MT19937
Well RNG

OK
OK
OK
OK
OK
OK

OK
OK
OK
OK

X
?

OK
OK
OK
OK

X
?

X X X X X

OK

OK
OK
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Dynamic Creation

for (i=0; i<N-1; i++)

Complex dividing for non-overlapping cycle

for (i=0; i<CHUNKSIZE-1; )

DR Do
e
DR D2
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Jump-Ahead Method

for (i=0; i<N-1; i++)

Divide sequence with GF(2) polynomial

for (i=0; i<CHUNKSIZE-1; )

DR U
S
PR cun?
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H= MT19937

Single version : Mutsuo Saito and Makoto Matsumoto == Xl Al
aels XA 624012 HE random sequence KXl &

Dynamic Creation & & Al massively parallel random sequence M & Jt=s

MT19937 & 12|&S= O|lool) ~AAE =400t EE MCE N2 2adet = QU
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Algorithm for MT19937

Step 0. w+« 1---10---0  :(bitmask for upper w — r hits)
S N = '
I — 0---01---1 ibitmask for lower v bits)
o — '
e ¥ i
A (ot w-capay  cithe last row of the matrix A)
Step 1. : — ()
x[0].x[1].---.x[n — 1] «— “any non-zero initial values”

Step 2. y — (x[i] AND u) OR (x[(i+1) mod n] AND 11} :(computing (x!|x!. })

Step 3. x|i| — x[{i + m) mod n] XOR (y >> 1)
. (0 if the least siguificant bit of y = 0 y . v A%
XOR { a if the least siguificant bit of y =1 (multiplying A)

Step 4. :(calculate x[i|T)
y — x[i]
v — v NOR (y == u) shiftright 3y by u bits and add to y)
v — v NOR ((y << 5) AND b}
v — v NOR ((y << #) AND ¢}
v — v NOR (y == 1)
output ¥
Step 5. 1 «— (¢ + 1) mod n

Step 6. Goto Step 2.
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Full Source Code for MT19937

#include <stdio.h>

#define N 624 void init_by_array(unsigned long init_key[], int key_length)
#define M 397 {
#define MATRIX_A 0x9908b0dfuL inti,j, k;
#define UPPER_MASK 0x80000000UL init_genrand(19650218UL);
#define LOWER_MASK Ox7fffffffuL i=1; j=0;
k = (N>key_length ? N : key_length);
static unsigned long mt[N]; for G ki k=) {
static int mti=N+1; mt[i] = (mt[i] ~ ((mtli-=1] " (mt[i=1] >> 30)) * 1664525UL))
+ init_key[j] + j; /* non linear */
/* initializes mt[N] with a seed */ mt[i] &= OxffffffuL;
void init_genrand(unsigned long s) i++; j++
{ if (i>=N) { mt[0] = mt[N-1];i=1; }
mt[0]=s & OxffffffffUL; if (j>=key_length) j=0;
for (mti=1; mti<N; mti++) { }
mt[mti] = for (k=N-1: k; k—=) {
) (1812433253UL * (mt[mti=1] ~ (mt[mti-=1] >> 30)) + mt[i] = (mt[i] ~ ((mt[i=1] ~ (mt[i=1] >> 30)) * 1566083941UL))
mti);

—i; /* non linear */
mtli] &= OxffffffffuL;
i++;

if (i>=N) { mt[0] = mt[N-1];i=1;}

}

mt[0] = 0x80000000UL;




unsigned long genrand_int32(void)

. long genrand_int31(void){

return (long)(genrand_int32()>>1);
}

/* generates a random number on [0,1]-real-interval */

unsigned long vy,
static unsigned iong mag01{2]={0x0UL, MATRIX_A};
/* mag01[x] = x » MATRIX_A for x=0,1 %/
double genrand_reall(void) {

return genrand_int32()*(1.0/4294967295.0);

if (mti >=N) { o
int kk: /* divided by 27321 */
it (mti == N+1) ;

init_genrand(5489UL): /* generates a random number on [0,1)-real-interval */

for (kk=0;kk<N—M;kk++) {
y = (mt[kk]&UPPER_MASK) | (mt[kk+1]&LOWER_MASK);
mtlkk] = mt[kk+M] ™ (y >> 1) ~ mag01[y & Ox1UL];

double genrand_real2(void) {
return genrand_int32()*(1.0/4294967296.0);
/* divided by 2732 */

}

/* generates a random number on (0,1)-real-interval */

}
for (;Kk<N—1;kk++) {

y = (mt[kk] &UPPER_MASK) | (mt[kk+1]&LOWER_MASK): double genrand_real3(void) {

return (((double)genrand_int32()) +

mtlkk] = mtlkk+(M-N)] ~ (y >> 1) ~ mag01 [y & Ox1UL]; 0.5)*(1.0/4294967296.0);
} /% divided by 2°32 /
y = (MtIN=1]&UPPER_MASK) | (mt[0]&LOWER_MASK); 1
mtIN=1] = mtIM=1] ~ (y >> 1) “ mag01[y & Ox1UL];
mti = 0;
mt[mti++];
y>>11);

y << 7) & 0x9d2c5680UL;
y << 15) & 0xefc60000UL;
y >> 18);

returny;

}

y =
y "= (
y "= (
y "= (
y "= (




SMP19937
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MT19937 & 12|55 4Y

Step1 : Seed M A
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sMT architecture of MT19937

Initial Seed

0
1
2

i
i+1

i+M
i+M+1

623

SMP

Generator

Extractor
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Shared pMT architecture of MT19937

Initial Seed
0 ——; Generator N
U2 Generator || 1 J[ Extractor
Extractor < 2 < U1
> i
i+1
Parallel PMTs
With Large StepSize ,iTwM =
1cycle generate 624 RNGs Ll
——; Generator N Un
_— Extractor
623 |-

Share Memory




Parallel sMP MT19937

Each PEs execute SMP independently

We will use this model

0 0 0

1 1 1

2 2 2

i i i
i+1 i+1 i+1
i+M i+M i+M

i+M+1 i+M+1 i+M+1

623 623 623
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Part4 CUDA technology
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CUDAp workstation in HM|CHSt =St}

Fedora Linux + Intel Compiler + CUDA SDK

T QH|8 : = 4009H21(2008H), Tesla C870 37| &%t : 0|24t 1.5Tflops in SP

Hlu - 2L $o{ZARE 357] : 274 (2000H) 5.6Tflops in DP



CUDA Technology

Nvidia Graphic Cards (8800GTX, Tesla C870)

H/W

128 stream processors : 500Gflops in SP
Each unit share Global Memory 1.5GB
Memory Bandwidth : 72 GB/s

S/W
Support C/C++
NVCC compiler support CUDA SDK

CUDA does not support Double Precision.

It is critical for accuracy in round-off errors in FDM, FEM
Monte Carlo Simulation, it is not critical rather than FDM, FEM.
But in financial market industry require double precision

(@) oameta
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in Tesla Inner
“ Processors == execute computing threads
“ Thread Execution Manager issues threads

[ )
Input Assembler

cooperation

“ 128 Thread Processors grouped into 16 Multiprocessors (SMs)

“ Parallel Data Cache (Shared Memory) enables thread
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G80 Device In Tesla H/W




SDK architecture

Threads blocks for SMs
SM launch Waps of threads




CUDA compiler

Optimized libraries: Integrated CPU and
math.h, BLAS, FFT GPU source code

CUDA C Compiler (nvec)

Machine independent

assembly (PTX) CPU Host Code

CUDA Debugger

Driver Profiler Standard C compiler

EEEEE



CUDA syntax

Function_name <<<a, b, c>>>(variables )

CuMalloc(A,size)
CuMemcpy(A,B,method)
_global__ function (variable) { }
__device  function (variable) {}
__share variable;

__global__ variable;




CUDA algorithm example

single
void add_matrix
( float* a, float* b, float* c, int N ) {
int index;
for (inti=0;1<N;++i)
for (intj=0;j<N;++j){
index =i+ j*N;

c[index] = a[index] + b[index];

}
ks

int main() {
add_matrix(a, b, ¢, N);
¥

CUDA

__global__ add_matrix
( float™ a, float* b, float* c, int N ) {
int 1 = blockldx.x * blockDim.x + threadldx.x;
int j = blockldx.y * blockDim.y + threadldx.y;
intindex =1+ j*N;

If(I<N&&j<N)
c[index] = a[index] + b[index];

}

int main() {
dim3 dimBlock( blocksize, blocksize );
dim3 dimGrid( N/dimBlock.x, N/dimBlock.y );
add_matrix<<<dimGrid, dimBlock>>>(a, b, ¢, N );

}




Single Precision vs. Double Precision

Single Precision : 32bit double Precision : 64bit
Error : 24 mantisa Error : 24 mantisa
10~-7 107-15

Round-off errors in single precision (example in Knuth)
(11111113, [+] - 11111111) [+] 7.5111111 = 2.0000000 [+] 7.5111111 = 9.5111111.
11111113, [+] (- 11111111. [+] 7.5111111) = 11111113, [+] - 111111103. = 10.000000.

Financial Monte Carlo simulation use math function of sqrt, In, exp, sin, cos
or numerical approximation for transformation and cdf
Random number generator use divide

In this situation , with 10”-7 rounding
we will generate same r.v. in different values and lose the accuracy

But, in Financial Industry,
they allow 1BP in Hedge Vol : that means they allow 10”-4 errors in price.
If we can control the errors 10”-5 in single precision in MC. (not FDM, FEM)




Implementation for pMC on CUDA
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Massively pMC (H/W)

O

- L&t 22X
* RNG X}H|2

o ]
- H =88 =%

e

e (SMT19937 &4M)

-

HI
k09 1x K

e Parallel H/WO

i
ri
Ho
2
N
I
I
T




CUDA HItHI -- PMT19937
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CUDAHIH II -- PMT19937

—
0
y yLe ]
. y0 y127,0
2t 16 Block& Multi Seed 0|2 yl,
yo— 1 y127.1
Y™ y127.2
0
1 1
2 2
| : | :
] i+1 | i+1
| |
cores SIS
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1 1
623 623
Shared Memory Shared Memory Global Memory




CUDA HIEHIII -- parallel SMT

21 128 SPsJt Multi Seed 0| =

0 0
1 1
2 2
i i
i+1 i+1
cnracg
cores UUUUU
i+M i+M
i+M+ i+M+
1 1
623 623
Global Memory Global Memory
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New approach for massively parallel SPMD

1. Job split method
Simulate Option Price in Outer Loop.
each simulation, call RNG
it has big overheads of function call
Wall Clock Time >> Simulation Time / (# of cores)

2. Pre-generation method
generate full # of U R\V. for simulation
Transfer U RV. to N R.V.
each simulation, they use R.V.s which were already generated.
limit of memory bandwidth : 60GB/s : needs 0.025 sec for 1.5GB
limit of memory size : 227| 2| R.\V.s /each device
Wall Clock Time = Simulation Time / (# of cores) + Memcpy Time

3. Avoid Round-off Errors 1M1 N
E[e™[S; —KI'T=—=> | =D e[S, —-KT'
hﬂ k Nk [

(z3) 2Moista
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New approach for massively parallel SPMD

4. Mixed Precision Method (float-float approach)
emulate double precision with two single precision operation
DP is 4~10 times slower than SP.

DP RNGs much more slower than SP RNGs
- same period but : 24bit or 48bit mantisa in SP 54bit mantisa in DP

- heavy function call of In, sin, cos in Box-muller

5. Mixed Precision Method (GPU-CPU approach)
use 64bit CPU FP in DP computation
It need comuniticating between Host and Device.

DP in CPU is slower than DP in GPU
Tt is easy to imply

6. Fixed-Point Method
convert float point data to integer data.

ALU is faster than FP
Fixed Point Method is useful in LCG, but is not suitable in Box-muller




New approach for massively parallel SPMD

7. Inter-correlation between parallel cores
split wthout careful considering,
the inter-correlation between parallel cores occure.
To avoid this, we need to parallelize with considering algorithms of RNG
for different RNGs, we apply different method of parallelizations

8. Overlapping in splitted random sequence
Pseudo RNGs has limited period such as 2731, etc.
In massively parallel generating,
each stream of random number may overlapp with each others.
To avoid this, use long period RNGs or dynamic creation method.




Benchmark for RNGs with CUDA

Rand48() + Memcpy(DtoH)

Size: 122880000 random numbers

CPU rand48
time :2260.000000 ms

Samples per second: 5.2512821E+07

GPU rand48
time :20.000000 ms
Samples per second: 6.144000E+09

Copying random GPU data to CPU
time : 540.000000 ms

CPU : =&l AMD Hl= 2.5Ghz
GPU : Tesla C870

kel 20113 X

Thread(i| et 80X & =

80



Benchmark for RNGs with CUDA

MT19937 + Box-Muller + Memcpy

Size: 122880000 random numbers Size: 122880000 random numbers
CPU MT19937 RN generation GPU MT19937 RN generation

time: 1460.000000 ms time :199.9556994 ms

Samples per second: 8.4164384E+07 Samples per second: 6.145352E+08

=CSFAN 7.3 X

2 MTE 12lS0| LCGEU s WS Sfrcnglﬁgngthﬁmmra et
LCG 2260ms vs. MT 1460ms SEese T

el Jtsst ds2 LCGIHEHES
LCG 113X vs. MT 24X Generated samples : 100007936

LCG 20ms vs. 48ms RandomGPU() time : 47.960999 ms
Samples per second: 2.085193E+09

A7 S TEHA 1 24.7 X

1=l



Occupacy for thread & Performence

3.) GPU Occupancy Data is displayed here and in the graphs: Varying Block Size Varying Register Count
A[:t!ve Threads per Mu.ltiprucessur 760 " |y BlockSize e Ly Reaster
Active Warps per Multiprocessor 24 r/ \/‘ 256 ‘R SRE
Active Thread Blocks per Multiprocessor 4
Occupancy of each Multiprocessor 100% .5 ° St > 1
Maximum Simultaneous Blocks per GPU 64 %g /J W g2 i""}
(Note: This assumes there are at least this many blocks) Eg 12 gg 12 \
Physical Limits for GPU: G20 6 6
Multiprocessors per GPL 16 -
Threads / Warp 32 0 .
Warps / Multiprocessor 24 16 80 144 208 272 336 400 464 o 4 8 1z 15 20 24 28 32
Threads / Multiprocessor 768 Threads Per Block Registers Per Thread
Thread Blocks { Multiprocessor 8
Total # of 32-bit registers / Multiprocessor 6192 Varying Shared Memory Usage
Shared Memory / Multiprocessor (bytes) 16384 . ai s
A tmary
Allocation Per Thread Block 57"
War.ps 6 i1 . \ <<<1 6,256>>>
Registers 1920 ] \
Shared Memory 4096 5

These data are used in computing the occupancy data in blue

aaaaaaaaaaaaaaaaaa
aaaaaaaaaaaaaaaaa
mmmmmmmmmmmmmmmm

Maximum Thread Blocks Per Multiprocessor Blocks FEMe eSS RS 5 2 E o8 8 2
. = = Shared Memory Per Thread

Limited by Max Warps / Multiprocessor 4

Limited by Registers / Multiprocessor 4

Limited by Shared Memory / Multiprocessor 4

Thread Block Limit Per Multiprocessor is the minimum of these 3

82



Performance from Operation Cycles & latency

Operation
type conversion : 4 cycle

float add/mul/mad : 4 cycle
floating div : 36 cycle

integer add, bit operation : 4 cycle
integer comare, min, max : 4 cycle
integer mul : 16 cycle

Memory
4 cycles for issuing a read from global memory
4 cycles for issuing a write to shared memory

400~600 cycle for reading a float from global memory
—->Need thread schedule strategy

(z3) 2Moista
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Benchmark for European Vanilla

GPU MT19937 RN generation

time :199.955994 ms

Samples per second: 6.145352E+08
GPU BoxMuller transformation

time : 98.652000 ms

Samples per second @ 1.245591E+09

Copying random GPU data to CPU
time : 517.033020 ms

GPU Monte—Carlo simulation...
Total GPU time : 56.948002 ms

Options per second : 1.755988E+01

Total : 872.589 ms = 0.8 sec Non—full path generation



Implementation on ELS pricing and hedging
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Excel 2}

AESA 19098 ELS (953)

face value 10000
POSCO -0l HIS
F Z2E? 533000 EE700 Yolatility &8
AR S 512080 ERZE5 95% POSCO 3-il
= STHH 549780 TO074 102% Hvol 0.HM0A61777  0.373543706
SHETHA| 223400 1220 BO% EWMA 0.385830532 0.448204862
I} 533000 EE700
g 2008-05-13 22k Correaltion &3
] | 2011-05-09 3 0. 328060423
T IH T} 2008-05-14 =1E 0. 06
e P iy days networkdays 2 di12s HESH &5 E TIH S E
17} 2003-02-08 Ed E1 0.03 B0 266 260
s 2003-11-07 129 123 0.06 122 733 T3z
A} 2003-02-09 195 185 0.09 184 1110 1104
dx} 2003-05-08 259 247 14 012 246 1482 1476
R} 2003-08-07 224 310 0,15 209 1860 1854
Ex&f 2003-11-09 290 275 0.18 a7 2250 22dd
TR 2010-02-09 456 439 0,21 433 2634 2628
|Ei|' 2010-05-07 519 493 2L 0,24 497 2333 2332
gt 2010-08-09 HE5 al 0,27 AEZ 2373 2372
107+ 2010-11-09 E51 E2E 0.30 E25 3786 2750
117 2011-02-09 T E39 0,33 Eaa 4134 4128
ok 2011-05-09 T30 749 34 48 4434 4438




Excel/VBA Pseudo code for ELS (single)

Parameter &1 &

Loop 108HH~ 500t
XT simulation &
Boxmuller,
RNG(SMT19937)
ELS pricing Routine
IFE2=2 SoHl XJ|AIS BH[XAH 1d
A &atetAl AlZ2d0lE E K

0

F
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CPU single A=t

rtot

o Off Ml 500HH A|S2|0|M(PricingDh) : QF 4~52(Z=7| ABHE| =0 s L2l

> Excel0] dE[= CPU= 50| HES.
A28l : Intel Core2Duo 2.0Ghz dual core (but single using)
(& ZLEHE 62| 2A]) = 502HH Al=20[43 A

S AFE RNG 7H %= :500000*250*3*6*2 = 4500000000 I : 45%x10"8

o

TI|AEI0| B H= RNGE MAAIZI BR2HIRE 6H)
C MT19937 0| £A| x| ™5} S ESel =S
RNG CPU 53X, GPUl1l 73%, GPU2 21%

BM H=t  CPU 20Z&, GPULl 3.6z, GPU2 11z
Copy CPU 0z, GPU1183Z%, GPU2 6.2=
MC CPU 18z, GPULl 1.2z, GPU2 04=
—’C-i 90, 3025 (2.54H)) 0.8Z(9Hl) 7.1=x(12
Hil)

COH - AMD THIE= 2 5Gh7 GPII - Tacla CR7N




CPU single A=t

OIE= 1-2 2K M 27| &2k
£ AF2 RNG 742 : 500000%120%6*2 = 2F 720000000H
K| A AZEO| 1/62 ZEA : O|2AF CPUO|A| 15 sec 7}=7??

2|91 . Function callgf| 2|3t QHYE (IFE AFR)E Qlst &2 =71 042

EXNZAO = Bzt =X 2d, O =8
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BenchMark
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VBA Single MC 3 &

Fori=1To Nsim' Ol Xl =& = daily simulation
xt1 = basis_xt1' Al =}
xt2 = basis_xt2 'Al Z= I}
DB_flag(i) = 100 ' 2000| & hit.
prestrike(i) = 100 'X=J| At 80| OFE! AAUS
price(i)=0
For K=1ToKK 'KK*JJ= & Xl 38 2t2| dailyJ |20l & HI &S| HOlaF RD|ASUNK #SEEE
UB_flag(K) = 100" =212t & & 2000/ & hit,
If prestrike(i) = 100 Then ' Z=J| &8 Z Al Ol = AlScll0I& SHGHD| 98 ZE
ForL=1ToLL"'Z ZJ|ASHS 12%63 = 252*3

(old version)

BreakE AFE Ot 0 XD| 4t
A B=

Form=1To MM 'daily ot= 2LIEHY 345
coNormall = Application.NormSInv(Rnd())
coNormal2 = corr * coNormall + Sqr(1 - corr ~ 2) * Application.NormSInv(Rnd())
Xt+1 = Xt + r*Xt*dt + vol Xt * sqr(dt) Normal
xtl = xtl + r * xtl * dt + voll * xt1 * Sqr(dt) * coNormall
Xt2 = xt2 + r * xt2 * dt + vol2 * xt2 * Sqr(dt) * coNormal2
If (xt1 <= DB_Xt1) Or (xt2 <= DB_Xt2) Then' DB & =2 LI

DB_flag(i) =200 " & Xl J]2+0{l 10H
Else
End If
Next m
If ((xt1 >= UB_Xt1) And (xt2 >= UB_Xt2)) Then
UB_flag(K) =200 "2t StD[ I OFCH 1OHA =Y
End If
Next L
B K= Al
If (K=12) Then
If (((xtl >= Strike_Xt1) And (xt2 >= Strike_Xt2)) Or (UB_flag(K) = 200)) Then
price(i) = discount(K) * Face_value * (1 + 0.03 * K)
counterl = counterl + 1' 2tJ| 42X 2

tEHES

'UB =0} 2 LI (daily)

If=

call &% £0/0]|7]| 123

Else
worst_perf = Application.Min((xt1 - basis_xt1) / basis_xt1, (xt2 - basis_xt2) / basis_xt2)
If (DB_flag(i) = 200) Then
price(i) = discount(K) * Face_value * (1 + worst_perf)
If Face_value * (1 + worst_perf) <0 Then ' Z&=4! 100%

price(i)=0
End If
counter2 = counter2 + 1 ' OtD| Z=AI2F A4
Else

price(i) = discount(K) * Face_value '2tJ| 2 =8t XI=
counter3 = counter3 + 1
End If
End If
Else ' GtJ|JF OtL 2t™H

If (((xt1 >= Strike_Xt1) And (xt2 >= Strike_Xt2)) Or (UB_flag(K) = 200)) Then

=

price(i) = discount(K) * Face_value * (1 + 0.03 * K) 'TJ| & & X2
counter4 = counter4 +1 ' &J|AE B4 IOt E
prestrike(i) = 200 ' prepayment strike 20 £ &
pretime(i) = K
End If
End If

Else ' ZJ|ME LHMAl FIF AMEI0|E Cte D E
counter5 = counter5 + 1
EndIf ' RO A2 HMAl FIZ Al2dI0|E ote TE
Next K ' O4D[DHK] &S Al H price 13 2ol TS
suml =suml + price(i)

sum2 = sum2 + pretime(i)
Next i

HAMICHSul
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VBA Single MC 3 &

kstart = 1

ForK=1ToKK'OH OH AI2I0l EHIt= HE Delg

pretime(K) = (totaldaycount - Cells(14 + K, 7)) / totaldaycount

pretime2(K) = Cells(14 + K, 7)

' MsgBox (pretime(K))

rrr(K) = r ' after Bootstrapping, we will change this code

If Cells(14 + K, 7)<=0Then '<, <=2 E MOt Z=EX M2 ER2
discount(K) =0

kstart=K +1 'S THEM DAHGIH, DIASLS NLUFTCH M &S

‘MsgBox (K)

Else

discount(K) = Exp(-1 * pretime(K) * rrr(K))

End If

"MsgBox (discount(K)) Break_z_ Al.g 96"3 }_jl é>|' 3}

upbarrierflag(K) = 100

==
Next K AI _5""'
'MsgBox (kstart) C -
— = |-
If& call &= =W S

Range("j43").Value = Now()

‘simulation Al &
Randomize 'seedE =I5t &
Fori=1To Nsim' Ol X2 & = daily simulation
xtl = basisxtl ' Al =D}
Xt2 = basisxt2 'Al Z= I}
price(i) =0
downbarrierflag(i) = 100 ' 2000| # hit.
upbarrierflag2(i) = 100
prestrikeflag(i) = 100 'Z=J| & 20| OFX S A S

For j = 1 To totaldaycount '@t |t Xl & & I 2t daily
If prestrikeflag(i) = 100 Then' |0l Al Z=J| A2 E X L UCHH
3= 2LHEY
Form=1ToMM 'MMZ daily &= 2LIHE &5 LIEIE
coNormall = Application.NormSInv(Rnd())
coNormal2 = corr * coNormall + Sqr(1 - corr ~ 2) * Application.NormSInv(Rnd())
Xt+1 = Xt + r*Xt*dt + vol Xt * sqr(dt) Normal
Xtl = xtl +r* xtl * dt + voll * xt1 * Sqr(dt) * coNormall
Xt2 = xt2 + r * xt2 * dt + vol2 * xt2 * Sqr(dt) * coNormal2
If (xt1 <= DownbarrierXtl) Or (xt2 <= DownbarrierXt2) Then ' downbarrier &= 2 LI £
downbarrierflag(i) = 200 " & &l 21 2+0ll 14
Else
End If
Next m

' F=% MT19937 & BMM2 2 Ht &

(new version)

T2 AR E X2

For K =kstart To KK -1'2} &t &2 & XIS 02 M 1~11, or 8~11 S W01 [kt kstartgt ¢
If pretime2(K) = j Then

If ((xt1 >= UpbarrierXtl) And (xt2 >= UpbarrierXt2)) Then

upbarrierflag(K) =200 "2 &2t 0l RIS EIAS

upbarrierflag2(i) = 200 ' O simulationOll Al =& & EUS

"upbarrier ZJ+ 2 LI & (daily)

End If
If (((xt1 >= StrikeXt1) And (xt2 >= StrikeXt2)) Or (upbarrierflag(K) = 200)) Then
price(i) = discount(K) * Facevalue * (1 + 0.03 * K) 'Z=J| &t & X| =2 A
counterd = counterd + 1 ' Z=J| A8 Bl Tt S
prestrikeflag(i) = 200 ' prepayment strike 2 24 04 £ update
pretimeNum(i) = K' Z&&t £J| & & 2| Xt MEAIE
Else
prestrikeflag(i) = 100
End If
End If
Next K
End If 12/ [ & 2tE A =0, 22 M CHAl & 2tel= 88 S Hoteh: &=,
Nextj 'daily simulation &=
‘B X2 Al
If prestrikeflag(i) = 100 Then '11J| Dt Xl & D[ &H2H0| OHOI RO /M CHH
If ((xt1 >= UpbarrierXtl) And (xt2 >= UpbarrierXt2)) Then ' upbarrier St 2 L| & (daily)
upbarrierflag(KK) = 200 "2t At 0] ZI|ASHEAS
End If
If (((xtl >= StrikeXt1) And (xt2 >= StrikeXt2)) Or (upbarrierflag(KK) = 200)) Then
price(i) = discount(KK) * Facevalue * (1 + 0.03 * KK)
counterl = counterl + 1' BHJ| =X =
Else
worstperf = Application.Min((xt1 - basisxtl) / basisxtl, (xt2 - basisxt2) / basisxt2)
If (downbarrierflag(i) = 200) Then
price(i) = discount(KK) * Facevalue * (1 + worstperf)
If Facevalue * (1 + worstperf) < 0 Then ' &4 100% Ol &2 [H= 0& XI=

price(i) =0
End If
counter2 = counter2 + 1 ' 2tJ| &=Algh A
Else

price(i) = discount(KK) * Facevalue '2tJ| 4Bt X =
counter3 = counter3 + 1
End If
End If
Else
"debugE XD &E0| Ol H BCHH
pretime2flag(i) = 200
If pretime2flag(i) - prestrikeflag(i) = 0 Then
pretime3flag(i) = 300

End If

End If

HAMICHSul
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VBA -> C/C++ tHEh

OII Ik
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VBA -> C/C++ tHEh

A DLL AFZE - 3 MIOILHOIA A

Public Declare Function myrand Lib ""D:\work\Excel\rngdll.dll'* () As Long
Public Declare Function mysrand Lib ""D:\work\Excel\rngdll.dllI** (ByVal seed As Long)
Public Declare Function myurand Lib ""D:\work\Excel\rngdlIl.dll'* () As Double

Public Declare Function mysrandMT Lib "D:\work\Excel\mtrng.dll'* (seed As Long) As Long
Public Declare Function myrandMT Lib "D:\work\Excel\mtrng.dll'* () As Double

Public Declare Function myrandulogit Lib ""D:\work\Excel\logitrng.dil** () As Double
Public Declare Function myrandlogit Lib "'D:\work\Excel\logitrng.dil'* () As Double
Public Declare Function mysrandlogit Lib ""D:\work\Excel\logitrng.dll'* (seed As Long)




CAH0{ Single MC 3 E

for (i = 15 i<= Nsim;i++){ // Ol M2 E & daily simulation

xt1 = basis_xt1: // AIZ=J}

xt2 = basis_xt2; //Al =D}

DB_flag[i] = 100; // 2000] & hit.

prestrike[i] = 100; //ZJ|&E0| OFZ! QS

priceli] = 0;

for(k = 1 ; k<= KK; k++){ // 2IIDLXI dailyI| 2t
UB_flag[k] = 100; // =213t & & 2000 hit,
if (prestrike[i] ==100) { // ZJ|&&t LAl 0|F AIEdI0l& OHE
for (I=1: 1K= LU ++){ // 2 ZD|&8t2 12%63 = 252%3

for (m =1; m<= MM; m++){ // daily 5t=2 2LIEE &5 UEHS

coNormall = boxmuller();

coNormal2 = corr * coNormall + Sar(1 — corr ~ 2) * boxmuller();

if (xt1 <= DB_Xt1) Or (xt2 <= DB_Xt2) {
DB_flag[i] = 200; // DB &&Z2LIE // &H J12H01 14
}
}// Next m
if ((xt1 >= UB_Xt1) && (xt2 >= UB_Xt2)) {
UB_flag[k] = 200; // UB ZJI2LIE (daily)
}

xt1 = xt1 + r* xt1 = dt + vol1 * xt1 * sgrt(dt) * coNormali;
Xt2 = xt2 + r * xt2 * dt + vol2 * xt2 * sgrt(dt) * coNormal?2;

}// Next |
if (k=12)1 //8tJ1 X2 Al
if (((xt1 >= Strike_Xt1) && (xt2 >= Strike_Xt2))
[l (UB_flag[k] == 200)) {
price[i] = discount[k] * Face_value * (1 + 0.03 * k);
counter! = counter! + 1; // 2tJ] £ X2

(old version)

}
else{
worst_perf = min((xt1 — basis_xt1) / basis_xt1, (xt2 — basis_xt2) / basis_xt2);
if (DB_flag[i] = 200) {
priceli] = discount[k] * Face_value * (1 + worst_perf);
if (Face_value * (1 + worst_perf) < 0) {// &4 100%

price[i] = 0;
}
counter2 = counter2 + 1; // BtJ| &=AlgM
}
else{

price[i] = discount[k] * Face_value; //8J| 28t X2

counter3 = counter3 + 1;
}
}
}
else{ // BtJ|Jt otL|ctH
if (((xt1 >= Strike_Xt1) && (xt2 >= Strike_Xt2))
|| (UB_flag[k] == 200)) {
price[i] = discount[k] * Face_value * (1 +
counterd = counterd + 1; // XJ| &8 314 et =
prestrike[i] = 200; // prepayment strike &
pretime[i] = k;

}

telse{// Else // Z=D|&t3t &EMAl FHZB ASH0l& otst D&
counter5 = counter5 + 1
Y/ RD|AE LAl FEB A0l ots IS
H/Nextk // O4JID K ZSAIIIH price 18] RHTS
sumi = sumi + pricelil;
sum2 = sum?2 + pretimel[il;
}/Next i




CA 0] Single MC 3 & (New)

// simulation & Al
for (i = 1; i<= Nsim;i++){ // Ol M2 E & daily simulation
xt1 = basis_xt1: // AIZ=J}
xt2 = basis_xt2; //Al =D}
DB_flag = 100; // 2000]2 hit.
UB_flag = 100; // =2Igt && 2000|™ hit,
prestrike_flag = 100; //ZJ|&&0] OIZ SAS
price = 0;
for(j = 1 j<= totaldyaount; j++ ){ // 2tJID Xl dailyI| 2t
if (prestrike_flag == 100) { // ZJ|&& LMAl O|F A2 0l& OF
for (m = 1; m<= MM; m++){ // daily ot2 2LIEE &5 LIE}
coNormall = myrandom();
coNormal2 = corr * coNormall + Sart(1 = corr © 2) * myrandom();
xt1 = xt1 + xt1 *rdt + xt1 * vsqdt1 * coNormali;
xt2 = xt2 + xt2 *rdt + xt2 * vsqdt2 * coNormal2;
if (xt1 <= DB_Xt1) Or (xt2 <= DB_Xt2) {
DB_flag = 200; // DB &=2ULIE // & J212+00 14
}

}// Next m &= simulation &2

!

0 o

for(k = kstart ; k<= KK-1; k++){ // 2 ZJ|&&2 Loop
if (pretimelk]==)){ //ZJI&&0ctH It OIS
if ((xt1 >= UB_Xt1) && (xt2 >= UB_Xt2)) {
UB_fiag = 200; // UB &JtZ2 LIl (daily)

}
if (((xt1 >= Strike_Xt1) && (xt2 >= Strike_Xt2))
|| (UB_flag == 200)) {

price = discount[k] * Face_value * (1 + premium * k); // premium

counter4d = counterd + 1; // ZI| &8 314 &=
prestrike_flag = 200; // prepayment strike 202 H&
pretime = Kk

telsef
prestrike_flag=100;

}

}
}/ Next k 2t =] Azt X3

Y//ZERDIAEO DO LK ZpA=EX 62 A
}// Next j daily simulation &2

Single Codel}l 2206l 0F HE31H0| !l
HEFIE ol WEU A single 2E HAA
HE S MY & RXE CHA| HIHEF OFE

if (prestrike_flag == 100) { //2tJ1 XIS Al
if ((xt1 >= UB_Xt1) && (xt2 >= UB_Xt2)) {
UB_flag = 200; // UB SJI2LIE(daily)
}

if (((xt1 >= Strike_Xt1) && (xt2 >= Strike_Xt2))
|| (UB_flag == 200)) {
price = discount[KK] * Face_value * (1 + premium * k);
counter! = counter! + 1; // 8tJ| =2 X2
telse{
worst_perf = min((xt1 — basis_xt1) / basis_xt1, (xt2 — basis_xt2) / basis_xt2);
if (DB_flag == 200) {
price = discount[KK] * Face_value * (1 + worst_perf);
if (Face_value * (1 + worst_perf) <0) {// &4 100%
price = 0;
Y/ &4 100%
counter2 = counter2 + 1; // QtJ| &= AlSHM
telse{ //down barrier& o+&C+H
price = discount[k] * Face_value; //BtJ| 28t X2
counter3d = counterd + 1;

}
}
} o XIZAl
sum1 = sum1 + price;
sum2 = sum2 + pretime;
}/Next i
// return or memory access
return sumt

}




CA0f Single -> CUDA & AT
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Thread control on SPMD algorithms

How do we divide job ( FOR LOOP) ?

e B — ——

ID=0 ID=1 ID=2 ID=3

ID=0 ID

1 ID=2 ID=3




Thread control on SPMD algorithms

__Global__ ELS (parameters){

1 Tid= blockldx.x*blockDim.x + threadldx.x; 3 __Global__ ELS (parameters){
N=blockDim.x *threadDim:; Tid= blockldx.x*blockDim.x + threadldx.x;
for (i=0; i < NSim/N: i++) { N=blockDim.x *threadDim;

for (I = Tid; i <Nsim; I+= N){
} :
} }
}
2 __Global__ ELS (parameters){ 1 ,8 methOd IS gOOd

Tid= blockldx.x*blockDim.x + threadldx.x;
N=blockDim.x *threadDim;

int =Nsim% N; -
T~ (sim ) 3 method is recommanded

i_end = i_start + (Nsim /N);
if (Tid == (N-1)) i_end = N;
for (1 = 1_start; i <i_end; i++) {

,




CUDA 113 Hz=2| 2|

CUDAZS| HlstAtet
_global__, __device__ &+ R W AH= static 852 &AH S}
Pointer= global HI22|9 <98 XA Jis

global &= 22X A void &<,

INE===s

__global__ &= S0l A static H==E 0|2| & 2|alf FO0Fet,
_global__ 0iA= H2elE &FL0l0re

Global memory2| QI =AE X

A Oll)

Main(){

__device__ static mt[624*N]; global memorydil &&=
__device__ __shared__ static mti,bmused,y1,y2,r1,r2;

__device__ static seed;

MT 19937 <<<32,8>>>(void)

}
__kernel__ MT19937(){
Mt[block*BlocklD+ 0]=seed;




CUDA 112 M2 2|&2| shared pMT19937 13 A|

Nvidia G80 chip A& 16 KB
on chip shared memory : 16384 bytes per Block (1 cycle)
on device global memory :  512~1.5 GB (200 cycle)

Shared MemoryJt &8t 11012l

Zl @ ot Static Variables

1S SMT19937 Xc2lAl ERst Hae=
BHE : MT[624] — 19968 bytes

B =~ mti, bmused, y1,y2,r1,r2 — 192 bytes

20 KB
Hjdate 2 H/WA| & shared memory sizeE2Cl B0 R

- Shared memory(fast)Z} ot Global memory(slow)Al=
mti,bmused, y1,y2,r1,r12 s shared memory AIEJt=s

- Global memory AFE 0| 2|8t Bottleneck &4 58 0| & =% X6

o) K=l
o gHEdTME




CUDA XIMICH HHHOj|A 2 25t Memory Size

XtMICH Nvidia H/WOI A 2] € 2 shared memory size

1XF 21504 byte per Block X|®A|

1= shared pMT19937 +8171=
__shared__ static mt[624];

__shared__ static mti,bmused,y1,y2,r1,r2;
__device__ static seed;

XM GPUOSIIM Global MemoryS DDR5Z M 23504 bandwidthE =0|&= Z <0l =

EolMel £F At 7| &

2X} 161280 byte per Block X| & A|

1= fully pMT19937 £ 7=
__device__ static mt[624*N];

__shared__ static mti,bmused,y1,y2,r1,r2;
__device__ static seed;




CaseI Algorithm for ELS

Parameter &1 &

Loop B &3}
RNG(PMT19937) —- shared / global memory version
Box Muller &! &

Loop EHE3
XT simulation &8 <—- BFS O &l RNG AIS
ELS pricing Routine
IFEZ2 Sol ZJ|AIEH B[ XAH 1

F
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Casel CUDA{=X

SIE=aA
=

P=3

Main(){ _
Parameter & memory copy:; __device__ boxmuller(){
ELS_bodyGPU<<<LA,B>>>(); b
get results; __device__ MT19937(){
Print results; }
}

void ymalloc() {
_ global__ ELS_bodyGPU(){ .
ELS_kernel(); \;OId vhtod() {
}

void ydtoh() {
_ device__ ELS_singleGPU(){ } _
Option pricing algorithm; E{Old ytstart() {
}

&) zaoem

o g A=



¥

Case I Pseuco code for CUDA ELS

Main(){

cudaMalloc((void**) &MTd, 624*sizeof(float));
cudaMalloc((void**) &a, 1024*1024*2*sizeof(float));
Dim3 DimGrid();

Dim3 DimBlock();

Random_GPU <<<DimGrid,DimBlock>>> (parameters);
Boxmuller_GPU <<<DimGrid,DimBlock>>> (parameters);
ELS <<<DimGrid,DimBlock>>> (parameters);

sum( option[k] ) /N; //N is 128

Global __ ELS (parameters){
Tid= blockldx.x*blockDim.x + threadldx.x;
N=blockDim.x *threadDim;

For( 1<0, I< Nsim/N;1++){

¥

For(j<0,j<Totalday){
For(k=0;k<monitor;k++){
Norml1=a[N*i+ blockldx.x*blockDim.x + threadldx.x];

Norm2= a[N*(i+N)+ blockldx.x*blockDim.x + threadldx.x];

Xt1(l)= Xt1+MuT*dt + SigmaT*Norm1l
Xt2(I)= Xt1+MuT*dt + SigmaT*Norm2
if (Xt1(1) <DB1 and Xt2(1) <=DB2 ) down_flag=1,;
}

if (Xt1(1) >DB1 and Xt2(1) >=DB2 ) up_flag=1;

if(j=prel){}

if(j=pre2){}

} -

option =;

sum = sum-+option;

option = 1/(Nsim/N)*sum;

Return option][tid];

__device__ float Box_Muller( float a1, float a2){
r-=sqrt(-2.0f *logf(ul));

Float phi = 2*PI*u2;

al=r*__cosf(phi);

a2=r*__sinf(phi);

¥

___device__ float BoxMuller_ GPU(){
Return Box_Muller( a[N*i+Tid], a[N*(i+1)+Tid );
}

___device__random_GPU(){
//Use static variables for each threads
Algorithms for MT RNG

a[K*i+Tid]=y; //K=2N
}
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Casel &AM
Random Number GenerationO| CHE & ELS pricing8l Hl&HAI2HS XHX

A
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Case II Algorithm for ELS

Parameter &1 &

Loop EHE3}
XT simulation &/t
Boxmuller,
RNG(parallel SMT19937)
ELS pricing Routine
IFE2=2 SoHl XJ|AIS BH[XAH 1d

F

0
4

sw=E 7
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Case II Pseuco code for CUDA ELS

Main(){
cudaMalloc((void**) &MTd, 624*sizeof(float));
Dim3 DimGrid();
Dim3 DimBlock();
ELS_body <<<DimGrid,DimBlock>>> (parameters);
sum( option[k] ) /N; //Nis 128

¥

__global__ ELS_ body(parameters){

Tid= blockldx.x*blockDim.x + threadldx.x;
N=blockDim.x *GridDim;

Initialize();

ELS_ kernel(parameters);

}

__device__ Initialize(){
Initialize DC of MT19937

}

__device__ float Box_Muller(){
Ul= MyRand();U2= MyRand();
If( used =1){ return} else {return }
}

SPOM1 &Z&EHE Al

__device_ ELS_ kernel(parameters){
For( 1<0, I< Nsim/N;1++){
For(j<0,j<Totalday){
For(k=0;k<monitor;k++){

Norm1(i)=Box_Muller();
Norm2(lI)=Box_Muller();
Xt1(l)= Xt1+MuT*dt + SigmaT*Norm1l
Xt2(1)= Xt1+MuT*dt + SigmaT*Norm2

if (Xt1(l) <DB1 and Xt2(1) <=DB2 ) down_flag=1,;

}
if (Xt1(1) >DB1 and Xt2(l) >=DB2 ) up_flag=1,;
if(j=prel){}
ifG=pre2){}
} -
option =;
sum = sum+option;
option = 1/(Nsim/N)*sum;
Return option([tid];
}

__device__ float MyRand(){
Return MT19937()/4294967296.0;

}

__device__ float MT19937(){
//Use static variables for each threads
Algorithms for MT RNG

Returny;

¥




Case II single 3 E9| XjAIE

Closed

ONJIe COUEI s =2 T =




Case II &AM

AP,
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We need static variables but cuda do not support !!!
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ELS_singleGPU

for(k = kstart ; k<= KK-1; k++){ // 2t ZJ| A& Loop
if (pretime[K]==j){ //Z=JIAE20I2tE 2t 2 0tS
if (xt1 >= UB_Xtl) && (xt2 >= UB_Xt2)) {
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Further Research I MultiGPU for parallel SMT

split for 4 multiGPU numbers with pThread, OpenMP or MP]

128 PE execute ELS pricing & 128 PE execute ELS pricing &
SMT19937 algorithm SMT19937 algorithm
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Further Research II CATs system & IBM Cell

Nvidia Clearspeed IBM QS system
CUDA system CATs system
= 128 SP Al= = 198 PE AI= = 8 SPE A=
SCE 404 AR BE 404 AIE2
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Further Research III speed up pMC

- Massively Parallel Quasi RNG
c.f) prime numbers
500t prime number : 3511, 1000% prime number : 7829 < 2713
1000 dimensional Halton sequence is possible.. 32H|E H&HS
We need to check the correlations of dimension with each subsequences.

- New Pseudo RNGs suitable for massively parallel MC
MT607 is very fast, better than rand48

MT4093 need 512 bytes per block with 128 distributed sequence
MT132049, MT216091 has very large period.

With 128, 64, 32bit integer op, we can generate of 6752 parallel pMC

- New theory in convergence
Malliavin Calculus, Operator Technique, Asymptotics

- Variance Reduction, Control Variate etc.
1000 dimensional Quasi RNGJt /& &

ChHEA
CUDA, CSEEUAM 442 2= &ZAl BNG numberJt &0 2R
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Further Research V Parallel FDM, FEM

0’8
We will test 2 stock parallel FDM, FEM method

Direct parallel algorithm for explicit FDM

Parallel LU solver for CN FDM

CG algorithm for FEM (FAM[CHetw PDEEIDN} 3= A F4F &)
Meshless (HA|CHetw PDEEID} &




The End
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