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Introduction for Option Pricing

European Vanilla Call Option

1. asset dyanmics GBM : dSt — luStdt + GStth
2. payoff [S; — KT

Payoff
S —KT

K S

3. option price is Ct :EQ [e_” [ST — K]+]

(z3) 2Moista
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Introduction for Option Pricing

European Vanilla Call Option

C.=E*[e "[S; —KI']

4. By Ito’s lemma 5. By Feynmann-Kac Theorem

Q _ (r—l02)7+0'\NT 1 2.2 .
ST =356 2 s-poE: f, +IXf, +20°X°f, =1f

S. =5 e(r—%az)rﬂfx/;N(O,l)
T — >0

6. Closed Form Solution

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

2
(D(X) =ﬁ_“_);e_)(2/2dz dl _ In(SO/K) + (r — O /2)2' d2 — dl —O'\/;
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PDE method for ELS
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Monte Carlo Simulation
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Law of Large Number : 252 A|3H

E[e " [S; —K]']= lim — Ze‘”[S K]

N—oo

We can generate any process ST from given dynamics

dS, = xS, dt + oS,dW,
dS, = pS,dt+ f(Y,)S,dW,

(13) 2Mmsta
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Monte Carlo Simulation in Finance

Excel/VBA, Matlab, C/C++
Library, Rand() &t 0| &

[ SE2EA } Easy for even junior quant 9[ Slrg]opcli(ianlg\]/lc ]
RA[ZH O|LY
debugging
. ] 712, Greeks 22X
[ Hedging (o) ) > \ 4

{

[ Computer ]

Hedging (of) ]@

7}4, Greeks ==
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Overview of Greek Greeks Search
Hedge Simulation VaRA| AL 2| 2k2|
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Pseudo Code for MC

Parameter Inputs

For-Loop of N {
XT simulation with Brown Motion Path
Transformation (Box-Muller, Inversion)
RNG (LCG32, RAND48, MWC, MT19937)
Compute Payoff
IF, Max function (payoff, Prepayment)

CI 1M
DUl

Average (1/N)

Print Results
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Monte Carlo Simulation

Why is MC useful ?

1

20| &l C}. Easy to imply

« BEBE MEO| BILI} IHs it
Complex structure : path-dependence, prepayment,
complex payoff, etc.

CrAHA(CHE AR 2 XM E & = UCH
High demension : multi-asset problems (n>4)
= MC is the only solution (or sparse grid method)

(13) 2Mmsta
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Convergence of Random Number (excel)

Vanilla Call Option Monte Carlo Simulation

N = 50000 O| 4,
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: Intel CPU 3Ghz

MC
—C(losed
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250 time step Path simulation

o 2t : Intel CPU 3Ghz
Black-Scholes Clsoed 1 14.23124493415722500
146 - Monte Carlo Simulation : 14.26851272608143400
Error : 0.03726779192420970
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Pseudo vs. Q
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Monte Carlo Simulation

Why did MC not used commonly?
 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)

ALte| L2 E Greek plot 128 SIFEEEE

» Unstable sensitivity : non-smooth greeks plot rather than FDM

Convergence Ratio Chart Speed chart




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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HPC vs. distribution/load balancing
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186 4% 7| Tachyon

MA +=mHEF7E &2 1305
=2 L
LRSI SUN Blade 6048
SY0|E E M5 : 24TFlops(Rpeak)
_H: c : 1887 (AEE)
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5 13,008 7 (HA|)
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MS Visual Studio 2005+ MPICH?2
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% /home

Eile

Edit

Mew

# amp.c*

A=E

01/e063rhg/omp.c (modified) - gedit

View Seach Tools Documents Help
D .d | & 9 ¢ B DO D -
Cpen Save Print Undo Redo Cut Copy Paste

/* OpenMP[full path European Vanilla Call Option MC simulation */
#include <stdio. h>
#include <math. h>
#Hinclude <stdlib.h>
#nclude <time. h>
#include <sys/time.h>
#include <omp.h>
#define s 100
#define k 100
#define r 0.05
| . #define v 0.3
& el63rhg@tachyond: #define tau -
#define path 250
ol #define total
l#define size 150000
#define Max(a,b) (((a) > (b)) ? (a) (b))
#1fndef Pi
ne P1 3.141502653580703238462643
——————————————————————————————————— Ln 1, Col 10 M5

Cre kr

R

chvond ~18 gedit onp.c &

[e063rhait achvond

~1% looking for type: got text/plain
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* Cluster {4l : MPI == 2| T
64 core X| ¥ : 1AL 0|0} : (600 HM=SkA H X
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Parallel FDM, FEM (mat
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Main

ivide

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

PE1

PE2

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

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

eiF|ole{e] Silo] ER

Conq

Parallel MC simulation

PEn-1

PEn

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

olo

: MC 3 scailability7} £C}

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




Parallel MC with OpenMP (SMP machine)

102HH MY

Excel/VBA

1. Start Function

wallclock time
Core 7}==0]| 2}
MSAIZH CHE
oF 12 =X

Errors < 107

7. Show Results

Price, Greeks, time

C/C++
DLL Host

2. Receive Input Parameters

4. Initialize Dynamic Creation Seeds

OpenMP
2~8 Multi Threads

5. Parallel MT
Moro's Inversion

6. Stock path
Option Price
Greeks




Parallel MC with MPI (Cluster Machine)

102HH MY

Excel/VBA

1. Start Function

wallclock time
HEH CPUZH==0f et
MBAIZt 28

0.05 Z=~30=

Errors <107

7. Show Results

Price, Greeks, time

C/C++
DLL Host

2. Receive Input Parameters

4. Initialize Dynamic Creation Seeds

MPI
2~1024 Multi Threads

5. Parallel MT
Moro's Inversion

6. Stock path
Option Price
Greeks




Parallel Monte Carlo Simulation in Finance

| smsmM | 5 Smple MC |
) Easy for even junior quant coding
Need veteran|parallel coder or library
RA|ZF Of LY Use own
Parallel library &
Single Code7} & L =E|0{QU D, similar codes
g2 ato|B 22| 7} &0 QUEHH
MeEe| o= 02 Ert A 4
(openMP O|£A4|) [ parallel MC ]
coding
O BhsA l
. ] =)
[ Hedglng (TH'2) J 7}4, Greeks 82X > -
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Tachyong I ZAFE
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LCG32

=(a-X_+c) nmod m
____

Visual C/C++

GNU C 232
Unix (LCG48) 248
ANSI C 232

Numerical Recipes 232

214013
69069
25214903917
1103515245
1664525

Period : 232-1 = 4294967295 = 4.2 * 10° 2F 42 7|

2531011

5

11

12345
1013904223
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for (i=0; i<N-1; i++)

CPUID O CPUID 1 CPUID 2
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for (i=0; i<N-1; i++)

srand48p(123+(1+cpulD)*45);

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

I 7 0 0
B o
I 7 0
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ap Frog
for (i=0; i<N-1; i++)

for (i=istart; i<N-CHUNKSIZE-1; CHUNKSIZE ) L' CPUID O
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CPUID 1
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Problems in Parallel MC
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| Multiseed | Leapfrog | Splitting | _DC__|_JAh.

OK OK

OK

LCG
RANDA438

OK

OK

OK

OK OK

OK

MCG
Lagged Pibonachi

OK

OK

OK

OK OK

OK

MWC
MT19937
Well RNG

OK

OK

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; )

I U O
e
el
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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; )

N U0
C————
————]CE

40



SMT

Initial Seed
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Generator
Extractor
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1
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i
i+1
1+M
i+M+1
623




MT19937 HE 3}
Shared pMT architecture of MT19937

Initial Seed
0 |——{__Generator N
u2 _ Generator  |[<—| 1 J[ Extractor
Extractor < 2 < Ul
g
i+1
Parallel pMTs
With Large StepSize ,i+M
lcycle generate 624 RNGs +M+1
— 2 Generator Un
> —>
_— Extractor
623 | .

Share Memory



Parallel sSsMT MT19937

Each Cores execute sMT independently

We will use this model

i+1

(IIIIIIIIIIIII

i+M

i+M+1

623
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Parallel Quasi RNG

For Loop Nsim simulation
For Loop for T simulation of path

—~>Method 1 base p0j| 2|t H2H 3}

Split Halton with Nsim /16 -- 16 is # of core

Core has own Base 3,5,7, 11,13, 17, 19, 23, 29, 31, 37, 41, 43, 47, 53, 59
Scramble each Sequence with T times

~>Method 2 : EF7|’'dE et n HEH}
select large prime such as 23
Compute Split K= Nsim/16 * 24
n=(K*corelD + i)
Parallely Compute Halton(23,n)
Scrample each Sequence with T times
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Excel, Matlab, C/C++ TGl
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Profile ALt2E 7t o] dels 22 oot

S| A|AE XY SMP. MPI, CUDA, CSCN, etc

C
CERAC

OpenMP, MPI, Matlab, etc.

RRNN
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<> &7 :single codel| 90% O|& A= ALE

HEEH 2 HFEH 3 Table Technique
1. RNGE HE3510] 02| 4 RNGE HE3510 O/2| H--d(12])
2. N7jo| A|ZE2{0|ME HEHK 2| - memoryOf loads}O EQA| Al
3. N7He| A|Zg0|d B

Zt AEEE (KT
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1/K*N S 2 A 4LhA|ZF Eh=
Soot H22 7t = 8l Z4hA 2
Memory access bottleneck 24
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Single Code

B2 ZHIFIE2 A Ed0] 4 ofH|

1. Full-path §& & Vanilla Call &M : reference & benchmark &
S:100,K.lOO, :003,v:03T:1

2. ELS pricing S

0I>I

H 1909z FAAZH

34 Ot7|
2 star : POSCO Btz S-Oil

12 chance : C|X|&2 M

Double Barrier

Down barrier : 2= X3 (8 & StLIZtE SFESHA)

Up barrier : O 7} M| A (5=7HCt M*?_} A
Step-down : §l2, 5%t =7|4tst X714 (Digital Option HHEl)
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OpenMP 7| 'H

HEEE &
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1630 AIS 0|23
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o
C/C++ AO{Q} Fortran A& K|
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OpenMP 223} 0 ofol 5

omp_set_num_threads(16); 2 167l9| thread A}2AM™
totalIN=omp_get_num_threads; Z&i| HEH32} 7|+ o}t
tid=omp_get_thread_num(); ZI H3E T2 A|A| H QI Al

#pragma omp X|A|O§

#ifdef OPENMP i} T2 UM E AIR7ISSIEE T2 8

parallel for critical
private() shared() schedule()




OpenMP 0| H|1

#include <stdio.h>
#include <omp.h>

int main (int argc, char *argv[]) {
int nthreads, tid;

omp_set_num_threads(4);

#pragma omp parallel private(nthreads, tid)
{
tid = omp_get_thread_num();
nthreads = omp_get_num_threads();
printf(" Hello World from Thread %d of %d Wn", tid, nthreads);
}

return O;

}

43} Y
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#% 0901 -b - Microsoft ¥isual Studio

Eile Edit Miew Project Build Debug  Tools  Window  Comrmunity Help
S-S @ % G @9 - - E- 5L p Debug - Win®2 - |
B &b e | =2 | = 2 (] 0E &3 & B s
Lllt‘ Solution Explorer — Soluti,,, » I X ~edample_c| > X
& = | [=] |{Glnbal Scope) v” -
@ | o Solution '0901-b" {1 project) S#include <stdio.h= I
m || = =4 0901-b L#include <amp ., h= A5
= [ Header Filaz
= 4 Resource Files Sint main Cint arge, char +argwl]) {
}:? = [ Source Files int nthreads, tid:
=i ¢ example.c omp_set_num_threads{ 4 )
=3 #pragma omp parallel private{nthreads, tid)
—_-
& i
= tid = omp_get_thread_numi 1
. nthreads = omp_get_num_threads( )
L{n printfi” Hella Warld from Thread ¥#d of %d #n", tid, nthreads )
- I
= return 0:
o } —
—
= g
ol
[ =
_'Dutput -~ I
show output from:  Build L) s ] [ = | 51
:L:QSDIutiun Ex=plorer Q%C'Iass 'v"iew- jﬂ'l'f"rrur Lisf:E Cutput |
Build succeeded Ln 16 Cal 1 ki IME




v CIYWWINDOWSWsystemdZWemd. exe

Hello World from Thread 8 of 4
Hello World from Thread 1 of 4
Hello World from Thread 3 of 4
Hello World from Thread 2 of 4

A= 0rF 7L FEGAIZ . .




OpenMP =25} dHitH

for(i=0; i<m; i++)
{
ali] = b[i*n]*c[0];
for(j=1; j<n; j++)
ali] += b[i*n+jl*c[j];
}

#include <omp.h>

#pragma opm parallel for shared(m,n) private(i,j)
for(i=0; i<m; i++)
{
ali] = b[i*n]*c[0];
for(j=1; j<n; j++)
ali] += b[i*n+jl*c[j];
}

(13) 2Mmsta
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I ZAF+E Tachyon OpenMP job batch
scheduler

282% [e063rhg@tachyond e063rhg]$ vi a.sh
#!/bin/bash

#$ -V

#$ -cwd

#$ -N openmp_job

#$ -pe openmp 4

#$ -q small

#$ -R yes

#$ -wd /work01/e063rhg/

#$ -1 h_rt=00:01:00

#$ -M myEmailAddress

#$ -m e

export OMP_NUM_THREADS=4
/work02/e063rhg/omp.exe >result.txt

(&) axosta
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Job schedulerOj| A CH7|=0©l A}t

un

& eDB3rha@tachyond:/work01/e063rhg M=

sttt sttt sttt e s s s s s e s e e e ~
- PENDING JOBS - PEWDING JOBS - PEWDING JOBS - PENDING JOES - PEMOTNG JOBS
###############################################################A############
A4, W, ol ||'||:|

..|||]|'|
,':lllh

__I I;I —_—

hl mln_TL_
Gl_min_fL_

[m =t = R R s

Gl_ﬁin_fL_
Gl_min_fL_

1 L0 — 0

£

Of| A A|Zt 5secl| job2 dir 402 7|Cte2q0ofat
Scheduler Z™ & E| §& ®A 7|CiE|= o




Tachyon idle core sigt

achyonl?
achyoniB
achyoni Bl
achyonl gz
achyonld3
achyoniB

achvonlgh

achwonl B

hr"n]lll

|:| — |:| — |:| — |:| — |:| — IZI — IZI — |:| — |:| — |:| - rL

Zd-andGd
24-and64

wed-andgd
wed-amndbd
wed-amndgd

—amnd64

xzd-and6d
xZ2d-and64
x2d-andbd
xzd-and64

EDEErhg@tachyund Fworkil /el63rhg

0/16 16.02
016 16,02
16. 00
16,00
16,01
16. 00
16.02
16,02
16,00

16.00

FEEER

2FH AN AS
EH AE9| 90|17t 812 OpenMP, MPI test &7}

JObO| waiting ~HE| £,




Job Schedule 4 El R &

< eOG3rhg@tachyond:/workD1/e063rhg M=
. ed63rhait achyvond e063rhal § astat -
5 e063rhait achyond elB3rhald Is

alp, BXE* slatalalal= result. tx=t .

-~ ID_job. e
% [e0B3rhgitachyone

Black-Scholes : 14.23124493415723357

é —-1073749904 566413.6/638386972248554  566413.6/638386972248554
3 —-1073749904 1132306.36511257803067565  565892.688/72870830819011
3 —-1073749904 1701503.34236495988443494  569196.97/725238185375929
3 —-1073749904 2254231.80765507556498051  552728.465290115564 13025

14.29527750057961200 0.06403256642237842
elapsed time is 44.892820




#pragma omp parallel shared(fsum, N) private(tid,fsum_local,NNN)
{

NNN = 0;

fsum local = 0;

tid = omp_get_thread_num();

printf("%d \t",omp_get_num_threads());

#pragma omp for
for (i=0; i< Nsim ;i++)
{
Xtl=s;
Xt2=s;
for(m=0; m<path; m++)
{
xx1 = rand()/(RAND_MAX+1.0);if(xx1==0.0) xx1=0.0000000000001;
xx2 = rand()/(RAND_MAX+1.0);if(xx2==0.0) xx2=0.0000000000001;
normall=sqgrt(-2.0*log(xx1 ))*cos(2.0*3.14159265358979323846*xx2 );
Xtl=xtl + r * xtl * dt + v*xtl*sqrt(dt)*normall;
}
oprice=Max(xt1-k,0);
fsum_local =fsum_local+ oprice;
Iprintf("%f",op);
}
#pragma omp barrier
#pragma omp critical (update_sum)
{
fsum +=fsum_local;
stop=clock();
printf(*\n%d \t %20.17f \t %20.17f \n",tid,fsum, fsum_local) ;
}
} /1 end of OpenMP
results = (double) 1/Nsim * exp(-1* r * tau)* fsum;
stop=clock();
htime = 0.001*difftime(stop,start); //windows
printf("\n%219.17f \t %19.17f  %7.5f \n",results,results-bsp, htime) ;
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OpenMP Z 1}

1. =IHAFEHOW M= 1~16877tX| core 7i+E =2|H scailabilityZ7t S 7}S1HX| Bt
235 CPUZ} B 561 scailabilityE HIAE SH7| O2{R 3.
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MPI 7} '4

MPIRUN

MPIZ B2 Z20e|TE 2 FF= 449 nodelf FASHO
7I-7I-O| h:':7|' EH 24 <) X|—C|3-|'<'5|'

i — o = =

oX
I
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>
ot

MPI setting0i| ZfZf2[ node &7 ol 0{0fg} @ 2t2|o =&d 2d

2t Node WESYS S¢ff HALO YD =2, M2 225 SRHK ES.
7* HEE|= ME S8 X O Z 25352 2 PDE solving, Matrix 83} S0A=
*1§°| HeEz 2 M2 S45 Sl &H[0|E siiF ofgt

MPLE B2l HEtE 932 4 Z2a2Ys &7 & s o
>OpenMPete Ch2 A =2 12017t Hst &g, of

MPIEXEC, POE £2| MPI LauncherS Eoff A2 .
MEZAH O 45 scheduler CHAl pImk% 2 25lH L 235|C}.




MPI 0§ 5|1

#include <stdio.h>
#include "mpi.h”

int main(int argc, char *argv[]) {
int rank, size;

MPL_Init(&argc, &argv);
MPI_Comm_rank(MPI_COMM_WORLD,&rank);
MPI_Comm_size(MPI_COMM_WORLD,&size);

printf("Hello, world I am %d rd core of %d core system¥n",rank,size);

MPI_Finalize();
return O;




MPlexec

[

o2 ojo

F

= mpiexecE S5l coreE 17Y, 271 474 = ZtHAZE M9
Al 7
=

215 LiEfL D AL

 CIYWWINDOWSW system32Womd. exe

20@7-A9-82 T = : 385 @A991-a.exe.intermediate _manifest I:
2007-89-82 - : 31@.98@ A%91-a.ilk
2087-89-82 - : 297.984 8%01-a.pdb
2087-09-82  © : 8,914 BuildLog.htm
2007-89-82 - : 4,491 example.ohj
2087-09-82  © : 62 nt.dep
2007-89-82 - : 27,648 vc8B.idh
2087-99-82 T = 114 53,248 vwc88.pdh
I e 745,463 HIO|E
M 21.704,200,192 HIOE HS

C:UMPIWA?B1 —aWDebugmpiexec —n 1 B781-a
Hello, world I am @ »d core of 1 core system

C:HMPIWA?01 —aDebug>mpiexec —n 2 A781-a
Hello, world I am 1 »d core of 2 core system
Hello, world I am @ »d core of 2 core system

C:HMPIWA? 01 —atDebug>mpiexec —n 4 B781-a
Hello, world I am 3 »d core core
Hello, world I am B »d core COre
Hello, world I am 2 »d core core
Hello, world 1 am 1 »d core ] core

=
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Job £¢t HitH

How do we divide job ( FOR LOOP) ?
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for (i = 0; i < Nsim/N; i++) {

1

I_start = Tid * (Nsim /N);

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

,

3

4

M
rict
HI
et

for (i =Tid; i < Nsim; i+=N) {

}

2=

Ay
o
uek

=
L

for (i = n1*block*myrank;

}

I <n2; i+=nprocs*block) {

for (J = jid; j < min(ij+block-1); i+=n2N) {




para_range(nl,n2,n3,n4,n5,n6) et

Para_range &= A A 37tX|2] HEH3} It T Method 29| 7|Ho =
For LoopE o5 =&
void para_range(int lowest, int highest,
int nprocs, int myrank,
int *start, int *end) {
int wk1, wk2;

wk1 = (highest - lowest + 1) / nprocs;

wk2 = (highest - lowest + 1) % nprocs;

*start = myrank * wk1 + lowest + ( (rank<wk2) ? myrank : wk2);
*end = *start + wk1 - 1;

if(wk2 > rank) *end = *end + 1;

}
N " N
Za(l) :Zla(i) + 22: a(i) + - + Z a(i)
i :1 1=1 I=n,+1 i=n,_;+1
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S g A EHLME

Core O Core 1 Core k-1



MPI 0] H|2 ( MPI S 4)

#include <mpi.h>
#include <stdio.h>
#define n 100000

void para_range(int, int, int, int, int*, int*);
int min(int, int);

void main (int argc, char *argv[]){
int i, nprocs, myrank ;
int ista, iend;
double a[n], sum, tmp;

MPL Init(&argc, &argv);
MPI_Comm_size(MPI_COMM_WORLD, &nprocs);
MPI_Comm_rank(MPI_COMM_WORLD, &myrank);

para_range(l, n, nprocs, myrank, &ista, &iend);

for(i = ista-1; i<iend; i++) a[i] = i+1;
sum = 0.0;
for(i = ista-1; i<iend; i++) sum = sum + a[i];
MPI_Reduce(&sum, &tmp, 1, MPI_DOUBLE, MPI_SUM, 0, MPI_COMM_WORLD);
sum = tmp;
if(myrank == 0) printf("sum = %f Wn" , sum);

MPI_Finalize();
}




MPI Of| X|3 PiA| )t

#include <math.h>
#define n 100000
main(){
int i,istep,itotal[10],itemp;
double r, seed, pi, x, y, angle;
pi = 3.1415926;
for(i=0;i<10;i++) itotal[i]=0;
seed = 0.5; srand(seed);
for(i=0; i<n; i++){
x =0.0,y = 0.0;
for(istep=0;istep<10;istep++){
r = (double)rand();
angle = 2.0*pi*r/32768.0;
X = X + cos(angle);
y =y + sin(angle);
}
itemp = sqrt(x*x + y*y);
itotai[itemp]=itotal[itemp]+1;

}

for(i=0; i<10; i++){
printf(" %d :", i);
printf("total=%dWn",itotal[i]);
}

#include <mpi.h>
#include <stdio.h>
#include <math.h>
#define n 100000

void para_range(int, int, int, int, int*, int*);
int min(int, int);

main (int argc, char *argv([]){
int i, istep, itotal[10], iitotal[10], itemp;
int ista, iend, nprocs, myrank;
double r, seed, pi, x, y, angle;

MPL Init(&argc, &argv);
MPI_Comm_size(MPI_COMM_WORLD, &nprocs);
MPI_Comm_rank(MPI_COMM_WORLD, &myrank);

para_range(0, n-1, nprocs, myrank, &ista, &iend);

pi = 3.1415926;
for(i=0; i<10; i++) itotal[i] = 0;
seed = 0.5 + myrank; srand(seed);
for(i=ista; i<=iend; i++){
x =0.0;y =00;
for(istep=0; istep<10; istep++){
r = (double)rand();

angle = 2.0*pi*r/32768.0;

X = x + cos(angle); y = y + sin(angle);
}
itemp = sqrt(x*x + y*y);
itotal[itemp] = itotal[itemp] + 1;

MPI_Reduce(itotal, iitotal, 10, MPLINT, MPI_SUM, 0, MPI_COMM_WORLD);

for(i=0; i<10; i++){
printf(" %d :", i);
printf(" total = %d¥#n" iitotalli]);
}
MPI_Finalize();




MPIO|A|4 ( Full Path & Vanilla CallZ M)

for (1=0; i< Nsim ;i++)
{
xtl=s;
Xt2=s; L = S|l Q
for(m=0; m<path; m++) oop==Ez =
{
xx1 = rand()/(RAND_MAX+1.0);if(xx1==0.0) xx1=0.0000000000001;
xx2 = rand()/(RAND_MAX+1.0);if(xx2==0.0) xx2=0.0000000000001; — I:(g EE=| RNG J-é! 2
normall=sqrt(-2.0*log(xx1 ))*cos(2.0*3.14159265358979323846*xx2 ); Iti d hod
Xtl= xtl + r * xtl * dt + v*xtl*sqrt(dt)*normall; multiseed metho
¥
oprice=Max(xt1-k,0);

fsum =fsum+ oprice; — MPI reduce J_él_g_
}

results = (double) 1/Nsim * exp(-1* r * tau)* fsum;

stop=ciock();

htime = 0.001*difftime(stop,start); //windows

printf("\n%219.17f \t %19.17f  %7.5f \n" results,results-bsp, htime) ;




0%
mE
tot

#include <mpi.h>

#include <stdio.h>

#include <math.h>

#define n 150000

void para_range(int, int, int, int, int*, int*);
int min(int, int);

MPIg} 3

In

main (int argc, char *argv[]){
inti, m;
int ista, iend, nprocs, myrank;
double r, seed, pi, x, y, angle;
Nsim = n;
St Wy A2 D5 dErg (single ZEQF &)

_—— MPLInit(&argc, &argv);
MPI_Comm_size(MPI_COMM_WORLD, &nprocs);
MPI_Comm_rank(MPI_COMM_WORLD, &myrank);
para_range(0, Nsim, nprocs, myrank, &ista, &iend);

Multiseed2t HAIZ seed = 0.5 + myrank; srand(seed);
— for (i=ista; i< iend ;i++)
{ a=hof et
lz2= xtl=s; ZF7H8 RNGZ Y
=" Xt2=s;
for(m=0; m<path; m++)
- - {

. xx1 = rand()/(RAND_MAX+1.0);if(xx1==0.0) xx1=0.0000000000001;

Single code 1L Z AL xx2 = rand()/(RAND_MAX+1.0);if(xx2==0.0) xx2=0.0000000000001;
normall=sqrt(-2.0*log(xx1 ))*cos(2.0*3.14159265358979323846*xx2 );
xtl= xtl + r * xtl * dt + v*xtl*sqrt(dt)*normall;

}

- oprice=Max(xt1-k,0);

fsum_local =fsum_local+ oprice;

}
CoreZt B OJE %t'%: MPI_Reduce(&fsum_local, &fsum, 1, MPL DOUBLE, MPI_ SUM, 0, MPL COMM_WORLD);
MPI_Finalize();
results = (double) 1/Nsim * exp(-1* r * tau)* fsum;
printf(" Option Price : %23.17f " results);
}




Tachyon : all node is full

o EEEEN

instance "normal @tachyon030” dre b =2 it is temporarily n

_____ instance "normal @tachyvonl53" dropped because it is temporarily n
of availahle
_____ instance "lona@tachvonO030" dropped because it is temporarily not
availahle
cue instanc normal i chvaonl . A - it i=s full
. | C na | Bt achsy dr ; it full
..... ' C 12 ; dr it full
eue | C : achy dropped because it full
queue | C na | Bt achs dr : it full
..... ' C Ik 5 dr it full
eLeE | c al it achy dropped because it full
C | ' Cachy dr : it full
..... ' C 12 ; dr it full
BUE | C al@tach " dropped because it full
. | | Fachs dr ; it full
..... ' C F: 5 dr it full
eUe | C : achs dropped because it full
[ ' i dr ' iny

.:____. i - C i h'_'f nii
_____ instance "norma ond47" dr : it iz f w




MPI Z 1}
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2. Monte Carlo Simulation2 H 23} 9| Scailability7f Of & £2 ®W ¢
N7HO| Core ALRA| 1I/NSZ A[AFAIZH EHEE I}, 1/5qrtN)o| HEHE Shat

SARfo] TS FXISIHM £=5 TFAAIZ : /N




THAFEE 0| 2% 2HFIER HESL

1. AL AE M= XN = Z 2 (KISTIC| 4% Job schedule : XA 30&)

2. MPIQ| ZQ =N HZ IS &1, MPIRUNS AlS3s| F{of s}X|gt
& BH=0{%l single Z=71 EXot= 8% =H|7 r% dEet= X Lt
3. HUSIE S8 SE BY
200 dE|= AlZd|0|d X2l 8%
2 32 core system = A| 6.3X 0.599 2
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FEHEHMC (CUDA)
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CUDAp workstation at Yonsei Math-Finance Lab

ALHE MY : Fedora Linux + Intel Compiler + CUDA
Tesla C870 37| %=t : 0|24t SP 1.5Tflops in SP

HX8 2|3 AH|0|M Windows XP + Visual Studio 2003 + CUDA
Tesla C870 17| %=t : 0|24 SP 0.5Tflops in SP

H| 2
Kisti +HZFE 427 : A : DP 24Tflops(402 O|Ah,
sfLtC| L E : DP 0.1Tflops(2X 2He)



Algorithm for ELS

Parameter input

Loop Parallelization
XT simulation
Boxmuller,
RNG(parallel SMT19937)
ELS pricing Routine
IF flag : prepayment, payoff

average

results
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Pseuco code for CUDA ELS

__device_ ELS_ kernel(parameters){
For( 1<0, I< Nsim/N;I++){

_ For(j<0,j<Totalday){
Main(){ _ For(k=0;k<monitor;k++){
cudaMalloc((void**) &MTd, 624*sizeof(float)); Norm1(i)=Box_Muller():
Dim3 DimGrid(); Norm2(l)=Box_Muller();
Dim3 DimBlock(); Xt1(1)= Xt1+MuT*dt + SigmaT*Norm1
ELS_bOdy <<<DimGrid,DimBlock>>> (parameters); Xt2(|): Xt1+MuT*dt + SigmaT*NormZ
, sum( option[K] ) /N; //N'is 128 if (Xt1(1) <DB1 and Xt2(1) <=DB2 ) down_flag=1;
¥
if (Xt1(l) >DB1 and Xt2(1) >=DB2 ) up_flag=1;
__global_ ELS_ body(parameters){ if(j=pre1){}
Tid= blockldx.x*blockDim.x + threadldx.x; if(j=pre2){}
N=blockDim.x *GridDim; }
Initialize(); option =;
ELS_ kernel(parameters); sum = sum-+option;
} option = 1/(Nsim/N)*sum;
Return option[tid];
}
__device__ Initialize(){
Initialize DC of MT19937 __device__ float MyRand(){
} Return MT19937()/4294967296.0;
__device__ float Box_Muller(){ }
U1= MyRand();U2= MyRand(); __device _ float MT19937(){
If( used =1){ return} else {return } //Use static variables for each threads
} Algorithms for MT RNG
Return y;

¥




Single & CUDA ELS Aali=&

&S5 H XM19093| ELS
MT19937 0| & (102+3|)

A

CPU =Kl IPN RS ko), x| Hots
RNG CPU 53%, GPUL 73%, GPU2 21%
BM sk CPU20%, GPUl 36%, GPU2 11
Copy CPU 0%, GPUL 183%, GPU2 6.2%
MC CPU 18%, GPUl 12%, GPU2 04X
ZOE 90%, 30X(2.5H))  9.8%(9H)  7.1%(12
Hiy)

CA : AMD | 2.5Ghz, GPU vs. Tesla C870
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Futher Research

1. Hybrid Method with OpenMP, MPI & CUDA

MT19937CH Al MT607 O| & A| F7E O = 448} O|N =71 3N Jts (B Y
pMC with MultiGPU :

16H] Ad<=9| 1node MH| H|[£O 2 161 = X E O 200HH O|AM & Z SEAF Off Al

o O o
> Pseudo RNGE 0| &3t MC simulation : 0.45 sec O|Lfj pricing 7ts2= 2|0|
THH . C8702 B Aff single precisionTh X|&l. XI7|H/WO{ A double precision X|&0f|73
single precision : _._—’,“—7.51 7XIE|o] =X K}
double preasom =M™ 15KI2| =& X}
MC 7| &S 0 & FlBP OIOP T30 0| 21§ =EoSH| s =
50t~ 1ODFH1 M &= double Precision RNG Alg 0| 0| MES HozE MZHE

> H2 88 =7t (H/W ZA]: 674 0|4, S/W 283} A% AT F)
SlO7O = A| : double precision A2 A, 2 sec HEZ O At E




3. Moduleg} =+
Parallel Quasi Monte, New RNGs, Fast Convergence

4. Modulez} 2
S0 &7 E8st S8

CUDAS| B 99%0| 4t single code JACHZ 0|8 = Y= E &Y F
Z8Z 0| N OpenMP =2 MPIo| X Hg 7h54 ¢ip
plink, 27 SMM = 0|23t excel base &4 MPIRUN 2t4 1=

Greek Search, RM & 28 A|AHIO| HEHg A

5. Chorst st 87 el

CPU, GPU, 7} HE 9o HEXE| LotF

Aot IR FY - IGHAATA P} Y X2,
KISTI 2T E M E{ w2 |

=|A|A
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d2=t =Y - Ol=t0{ Qe HAH+=, CUDAEEH S

6. Parallel FDM & FEM A|2 &
Parallel LU, parallel CG solver A+ 5! &2 PDE solver




The End
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ricing with Stochastic Volatility under Markovian Regimes Switching
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Structured derivatives(ELS &), efficient Greek search, Stochastic Volatility,
Parallel Computing (MC, FDM, FEM, Meshless)




