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Abstract

Here we detal both the methods and preiminary results of firg efforts to
pardldize two Generd Eathqueke Modd (GEM)-related codes. 1) a
relatively smple data mining procedure based on a Genetic Algorithm;
and 2) the Virtual California smulation of GEM . These prdiminary
results, uang a smple, heterogeneous processor system, existing freeware,
and with an extremey low cogt of both manpower and hardware dollars,
motivate us to more ambitious work with congderably larger-scale
computer earthquake smulations of southern Cdifornia  The GEM
computationd problem, which is essentidly a Monte Carlo amuldion, is
well suited to optimization on pardld computers, and we outline how we
are proceeding in implementing this new software architecture.

1.0 Introduction

With the increasing availability of computer and network hardware, accompanied
by decreasing cost and ever better processor speed, the congtruction of parale
computationa systems from off-the-shelf components, in lieu of purchasing CPU time on
expensive supercomputers, has become ever more practica and attractive. In this paper
we describe a preliminary attempt to adapt existing C code for pardlel computing on a
smple, heterogeneous processor system, the benefits of such a casua implementation,

and future plansto pardldize alarge-scae computer earthquake smulation of southern



Cdifornia, the Virtual California smulation of the Generd Earthquake Modd (GEM)

project.

2.0 Parallelization Methods

2.1 Hardware

The term “Beowulf class systems’ has come to describe, in generd, multi-
computer architecture that supports parallel computing [1]. While not true in every case,
it frequently cons s of a server node, and multiple client nodes connected via Ethernet
or other network components. These networks can range from a small set of machines
connected through Ethernet cable and a switch, asin our present case, or alarge number
(on the order of hundreds) of linux processors connected via fast switches, asin our

future plans [1].

Our current hardware consists of a heterogeneous mix of eight sand-alone PCs,
with CPU speeds ranging from 266 MHz to 800 MHz, connected by an Asante
FriendlyNet FS3208, supplying 10 BaseT internaly. These machinesdl run some

verson of the linux operating system, depending upon their age.

Future plans are to implement our pardldized codes on ether alarge-scae
Beouwulf cluster, or the Maui MHPCC symmetric multi- processor (SMP)
supercomputer. The Beouwulf cluster, CoSMIC, is currently under construction by the
Physics department at the University of Colorado, and will consist of 352 dud processor

800 MHz Pentium I1s, each with 512 Mbytes of RAM and an » 10 Gbyte disk,



configured as an integrated set of subclusters each consisting of 32 dud processors.

Eight subclusters will be networked using fast Ethernet, each on their own fast Ethernet
switch, effectively isolaing them from most network traffic. There dso will be three
subclusters networked using Myringt, resulting in a 96-node cluster optimized for multi-
node applications. The 10 Ghyte disks will provide both short-term storage, aswell as
swap space, and will contain any loca operating system and software. Long term storage
will be provide by 3.6 Thytes of disk pace, conssting of 9 RAID devicesingdled in
threefile servers, and backed up to a DL T7000 tepe drive. This system isdesigned to
provide both large-scale, load balanced serid or pardld computations in conjunction

with low cost locdlized scientific visudization.

2.2 Software

Parallelization can be described as ether implicit or explicit. Implicit methods
are those where the pardldiam is determined by the compiler, examples of which include
FORTRAN 90, High Performance FORTRAN (HPF), Bulk Synchronous Pardld (BSP),
and others. Explicit methods are those where the pardlelism is determined by the user.
In this case, the user modifies the computer source code specificdly for apardld
computer, adding messages using Pardld Virtud Machine (PVM) or Message Passing
Interface (MP1), or POSIX threads[1]. For our initid attempts, we opted for explicit

pardldization only.

2.2.1 PVM

PVM isaportable, freeware message-passing library, obtainable via

http:/Amww.epm.ornl.gov/pvm/pvm_home.html, which supports single-processor and




SMP machines as well as clusters of linked machines. Its primary advantage isthat it
works across avariety of different types of processors, networks, and configurations.
This ability to interface over heterogeneous clugtersis offset by the sgnificant overhead

associated with the message handling [2,3].

2.2.2 MPI

MPI isthe new officia standard for message passing, avalable a

http:/Amww.mcs.anl.gov:80/mpi. While MPI includes a number of features that go beyond

the basic message passing modd of PVM, such as remote memory access (RMA) and
pardld file 1/0O, these make it necessary to learn an dmost entirely new language in order
to implement these features. Inaddition, MPI assumesthat the systlem isather a

massively parale processor (MPP), or acluster of nearly identica machines[2,4].

3.0 Trial Parallelization

After having studied the options above, we determined to run atria attempt at
pardldismusing our existing system, as described above, and by modifying a C program
which has been employed for data mining and geophysica inversons for anumber of
years. The program is a genetic dgorithm (GA) inverson code. Genetic agorithms are
notoriously pardl€izable, and converson of the code to apardld implementation
provided an opportunity to test the difficulty level of the converson aswel asto

benchmark the potentiad time savings associated with such a heterogeneous network.



Many geophysica optimization problems are nonlinear and result in objective
functions with arough fitness landscgpe and severa locad minima. Consequently, local
optimization techniques, eg., linearized matrix inverson, steepest descent, conjugate
gradients, etc. can converge prematurely to aloca minimum. Genetic agorithms have
proven themsdlves an attractive globa search tool suitable for theirregular, multimodal
fithess functions typically observed in nonlinear optimization problems in the physica

sciences.

In generd, geophysicd inverse problems involve employing large quantities of
measured data, in conjunction with an efficient computationa agorithm that exploresthe
model space to find the globa minimum associated with the optima modd parameters.
InaGA, the parameters to be inverted for are coded as genes, and alarge population of
potentid solutions for these genesis searched for the optima solution. After starting with
an initid range of modds, the fitness of each solution is measured by a quantitative,
objective function. The fittest members of each population then are combined using
probabiligtic trangtion rules to form a new offspring population. This procedureis
repegted through alarge number of generations until the best solution is obtained, based
on the fitness measure [5]. It has been demongtrated that those members of the population
with afitness greater than the average fitness of the population itsdf will increasein
number exponentidly, effectively acce erating the convergence of the inversion process
[6,7,8]. Our program, shown schematicaly in Figure 1, employs arandom number
generator to produce an initia set of 100 potentid vaues for each of the mode

parameters, which are then coded as genes. One gene for each model parameter is



assigned to a particular member of that initia population, creating 100 potentia solutions
to the inversion problem. These members are ranked, from best to worst, according to an
externd fitness function. The members with the lowest chi-sgquare vaue are the fittest and
are selected to contribute to the next generation. After completion of both crossover and
mutation, the population is reevauated as above, and the process is repested over
subsequent generations, exploiting information in past generations to search the

parameter space with improved performance.

As shown schemdticdly in Figure 1, the GA must evauate 100 members of the
population, usng the fitness function, for each generdtion. Inthe origind program, this
operation is performed in serid, but if performed in pardld, there is a sgnificant

potentia for faster performance.

3.1 GA Inversion Code

Pardldizing the GA code requires modifications to the main program in the
evauation module, and in the fitness function itself (see Figure 1). We opted to use PVM
for the message passing, due to the heterogeneity of our networked system [9]. The
programming modifications and debugging took approximately one day, performed by
someone familiar with the GA. The PVYM additions are rdatively smple, condtituting
lessthan 100 lines of code. The following is a pseudocode version of the pardldization
procedure, showing first the original serid version, followed by the revised pardld

implementation.

3.1.1 Serial



3.1.1.1 Inversion program

main():

initidize random_genex()

WHILE best_fitness() < target
select_top_ten(genes)
breed _new_population(genes)
FOREACH gene

evaduate fitness(gene)

END FOREACH

END WHILE

3.1.1.2 Fitness Function
evduate fitnesy():
locq] = read observation_locations()
real_deform[] = read observed data()
source_parameters = F(gene)
modd_deform[] = calculate_displacements(locq], source_parameters)
FOREACH loc
chisg += ( model_deform[loc] - red_deform[loc]) )**2
END FOREACH

return fitness = exp( - chisq)



3.1.2 Parallel (Master/Slave)

3.1.2.1 Master Inversion Program
main():
initidize random_genex()
WHILE best_fitness() < target
select_top_ten(genes)
breed new_population(genes)
DO
IF receive ready message()
pack_gene into_message()
send_message to dave process()
++outstanding
END IF
IF outstanding & & receive finished message()
receive fithess message()
unpack_fitness from_message()
--outgtanding
END IF

UNTIL outstanding == 0 & & num_evauated == num_genes
END DO

END WHILE

3.1.2.2 Slave fithess program
main():
locq] = read observation locations()

real_deform[] = read observed data()



LOOP FOREVER
send_ready message()
recaeive_gene message()
unpack_source parameters from_message()
modd_deform[] = calculate_displacements(locy ], source_parameters)
FOREACH loc
chisg += ( model_deform[loc] - red_deform[loc]) )**2
END FOREACH
fitness= exp( - chisq)
pack_fitness into_message()
send_result message()

END LOOP

3.2 Results

Table 1 shows the results for various configurations of atwo- processor system.
Koch isan 800 MHz machine, while Richter has a 266 MHz processor. We
benchmarked both the fitness function for a spherica point source, aswell as afitness
function for an dlipsoida point source, which takes a substantialy longer processor time
to run. Weran each GA inverson on each machine sngly, and then on both machines
usng PVYM. One varidion on the two-processor configuration is that we compared the
results using one machine as the magter, with the other as a dave, and then reversed

them. The average CPU time, in seconds, is shown for a thousand generations.



Theresultsin Table 1 show a significant increase in runtime savings for two
processors over one, with the greatest increase coming if Koch, the faster machine, is
used asthe magter. A grester percentage in timesavingsis accomplished for the dliptica
source, the fitness function which takes amuch greater timeto run. These results for
what isardaively casud atempt at pardldization, with an invesment of only afew
hours time, and using a heterogeneous mixture of machines indde ardaively dow
switch which can be purchased today for less than $100, leads usto optimigtically view

our future attempts to pardlelize the GEM computer amulation for Cdifornia

4.0 Computational Structure of the Earthquake Simulation
Problem

The GEM computationa modd for the numerica smulation of earthquakes
involves alayered series of codes whose structure we now describe. Although at present,
the smulation and data mining analys's codes are written in aseries of C and Fortran 77,
the problem is essentidly a Monte Carlo smulation and is therefore well suited to
optimization on a pardld computers such as the Maui MHPCC SMP machine, or on a

Beowulf Linux cluser.

4.1 Model Physics

Wefirg begin with a description of the physicsthat we smulate. Generd
methods for carrying out the network simulations have been discussed in refs. [10,11,12].
Briefly, one defines afault geometry in an eastic medium, computes the stress Greens
functions (i.e,, Sresstrandfer coefficients), assgnsfrictiond properties to each fault, then

drives the system viathe dip deficit (defined below). The eagtic interactions produce



mean fidd dynamicsin the smulations[10]. We focus here on the mgor horizontally
dipping drike-dip (horizontal motion) faultsin southern Cdiforniathet produce the most
frequent and largest magnitude events. We used the tabulation of strike dip faultsand
fault properties as published in ref [13]. All mgor faults in southern Cdifornia, together
with the mgor historic earthquakes, are shown in Figure 2. Figure 3 shows our mode!
fault network. Each fault was assigned a uniform depth of 20 km, the maximum depth of
earthquakesin Cdifornia, and was subdivided into segments having a horizontal scale

gze of gpproximately 10 km each.

Severd friction laws are described in the literature, including Coulomb failure
[14], dip-dependent or velocity-dependent friction [14], and rate-and-state [15]. Here we
use a parameterization of recent laboratory friction experiments [16,17], in which the
diffness of the loading machineis low enough to dlow for ungtable stick-dip when a
failure threshold s (V) iis reached, where s T(V) is awesk (logarithmic) function of the
load point velocity V. Sudden dip then occurs in which the stress decreases to the leve
of aresdud dresss R(V), again aweak function of V. Stable precursory dip,
characterized by aleakage parameter a, is observed to occur whose velocity increases
with gresslevd, reaching a magnitude of afew percent of the driving load point velocity

just prior tofalureats = s F(\/). For the smplest modd that describes this frictiond

physics displayed in the experiments, we find that
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where V isthe plate velocity as before, T isthe average interva between sudden unstable
dip events, and s isthe totd stable dip that occursduring T. The fraction of stableto
total dip that occursin alaboratory experiment or on afault isin principle observable,
and hasin fact been tabulated for avariety of faultsin Cdifornia[13]. The observable

quantity s F(V) -s R(\/) determines the magnitude of the ungtable dip. Thusthe

important parameters of the model that describes laboratory friction can be readily set by

either |aboratory or field observations.

4.2 Computational Structure

The Virtual California smulation of the GEM project isaMonte Carlo, Celular
Automaton verson of a Langevin-type dynamics. The actua geometric structure of the
fault system in Cdlifornia can be implemented as a coarse-grained mesh of fault segments
embedded in alayered dagtic half space. The various pieces of the fault ssgments
interact by means of eadtic interactions. Parameters for the friction law must be
specified on each of the fault segments, together with the long-term rate of dip, V(x;), on

the segment centered at X;.

The implementation of the modd is carried out in three layers of codes, beginning
with two datafiles. Thefirg datafile, Fault_Data.d, contains the basic geometry of the
N fault segments, pecificaly the coordinates of each of the four corners of the fault
segments. This data file dso contains the long-term rate of dip V(x;) for each of the

segments. A second datafile, Fault_Friction.d, contains the average recurrence time



intervals T; between unstable dip events on the it segment, aswell asvauesof a for

each segment.

These two data files are used, together with standard methods [11] from dadticity
theory to compute the stress Greens functions (stress transfer coefficients) by acode
SG_Computec. Sincetheform of the dagtic stress transfer coefficients is known
andyticdly, the computations performed by SG_Compute.c are smply function
evaduations. The output from this code is contained within adatafile SG_Coefficients.d,
and isa set of N? stress transfer coefficients (induding the self-stress term) for dl of the
fault segments. These stress transfer coefficients, together with the fault dip rate detain
Fault_Data.d and friction datain Fault_Friction.d, then are used as the basic inputs to
the earthquake smulation code EQ_Simulator.c. Thelatter is essentidly aMonte Carlo
agorithm that encodes the CA Langevin dynamics, assuming arandom component
during each unstable fauilt dip event. The equations for the solved on theit” fauilt

segment are;

%:%{ai ++h)d(t - t.)} - e F((vt-s)-£) )
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whereDs; = si-sRi,Ti,- is the matrix of stresstransfer coefficients, K, = § T, and
j

F() isan odd (nonlinear function) of swith amplitude e; and parameter j i [11]. The
parameter tg isany timet a which s;(t) 3 s;F, d isthe Dirac ddtafunction, and h is
random noise (“overshoot” or “undershoot”). The nonlinear function () is present
because dl of the eigenvaues of the linear part of (2) are negative, and therefore the
physics has an ingability Smilar to a Paerlsingability [18]. Physcaly, the functions K()
and parametersj ;" correspond to a potentia well on a high-dimensiona rough energy
landscape upon which the system evolves. The set of N parameters{j i } represent a
fixed point about which the system fluctuates. This physica picture has been established
through the use of smulations that demondtrate that the mean field dynamics of the
model, aresult of the long-range eagtic interactions, induces locd ergodicity [19,20].
The exact form of F() is unimportant, since for small fluctuations about {j |} are

controlled by thefirst nonlinear term in (), which is aways cubic.

The output from EQ_Simulator .c isarecord of the dip events and stress history
of the dynamicsfor afixed time period, and we can cal it EQ_History _01.d. The “01”
denotes the fact that EQ_History 01.d can beinput back into EQ_Simulator.c asan
initid condition to produce a second earthquake history file EQ_History 02.d which
continues the dynamica evolution of the fault system to later times. Once the output data
filesEQ_History xx.d have been computed, their data can be displayed in various ways,
for example by agenerd visudization code EQ_Visualizepro writtenin IDL or other

script.



In addition to dip higtories, deformation that would be expected on the surface of
the half space can computed, deformation that could in principal be observed via GPS or
satellite radar interferometry. To engble this calculation, kinematic Green's functions
must be computed viaa code KG_Compute.c that produces an output file
KG_Coefficients.d. Thisdatafileisthen used in acode EQ_Defor mation.c to compute
the surface deformetion file Surface Deformation.d , which isthen used asinput to the

generd visudization code EQ_Visualizepro.

The flow diagram for this set of computation, smulation, and visudization codes
isshown in the Figure 4. Examples of the visudized output from these codes can be

found in ref. [21].

4.3 Parallelization Procedures

We begin by scheméticaly illugtrating the structure of the two codes, 1)
SG_Computec and 2) EQ_Simulator .c, asthey exist for serid computation, in
Appendix B. We then show (again schematically) how these codes are adapted to
pardld computation. For the pardld implementation, we will assume that the
multiprocessor isan SMP system. The codes KG_Compute.c and EQ_Defor mation.c

are amilarly structured and modified. Here N is the number of fault ssgments.

5.0 Conclusions

The promising results of atria attempt at paraldization of a GA program

encourage us to more ambitious work with the large- scale computer earthquake



smulation of southern Cdlifornia, the Virtual California smulation of the Generd
Earthquake Modd (GEM) project. These preliminary results, usng asmple,
heterogeneous processor system, existing freeware, and at an extremely low cost of both
manpower and hardware dollars, lead us to believe that conversion of the GEM
computationa problem, which is essentidly a Monte Carlo smulation, iswell suited to
optimization on a parallel computers such as the Maui MHPCC SMP machine, or on a

Beowulf Linux cuger.

Appendix A — Genetic Algorithm Program Code
A.1 Serial

A.1.1 Main Program — Inversion.c (Evaluation function)

/*************************************************************/

/* Eval uation function: This takes a user defined function. */
/* Each tinme this is changed, the code has to be reconpiled. */
/* The current function is a data cal culation and chisquare fit. */

/*************************************************************/

voi d eval uat e(voi d)

{

int mem

int k;

doubl e X[ NVARS+1];

for (mem = 0; nem < POPSI ZE; memt+)

{
for (k = 0; k < NVARS; k++)
X[ k+1] = popul ation[ men].gene[K];

popul ation[nmeni.fitness = fit(x[1], x[2], X[3], x[4]);
}

A.1.2 Fitness Function — Fit.c

[***** | nversion definitions and vari ables ***xxxx/



#defi ne MAXGENS 5000 /* max. nunber of generations */
#define NSPH 1 /* no. of spheres */

#define NNORM O /* no. of normal faults */

#define NUVELL O /* no. of ellipses */

#define NUMLIN 100 /* no. of potential lines */

#defi ne NGPS 1000 /* no. of potential gps points */

#defi ne NUP 4000 /* no. of potential uplift points */

#define NFIXUP 40 /* no. of potential fixed pts for leveling */
#defi ne NUPEACH 100 /* no. of potential uplift pts for each fixed
levelling pt */

#defi ne NLASER

#def i ne NDATA 8100 /* no. of potential data points */

#define S 0.23873241 /* (3/4)/pi */

#define SS 0.026525824 /* (1/12)/ pi */

#define Pl 3.1415926535

int numin, numsph, nunell, num.normal, nup, nupl, nup2, nup3, nup4,
nup5, nup6, nup7, ndata, ngps, nfixup, nupeach, nlaser; /* see
definitions in function bel ow */

i nt generation; /* current generation no. */

i nt upeach[7];

doubl e dat av[ NDATA], dat a[ NDATA], error[ NDATA]
doubl e xw i ne[ NUMLI N], xeline[ NUMLIN];

doubl e yw i ne[ NUMLI N], yeline[ NUMLIN];

doubl e xgps[ NGPS], ygps[NGPS], zgps[NGPS];
doubl e xup[ NUP], yup[ NUP];

doubl e x| aser[ NLASER], yl aser[ NLASER];

doubl e xfi xup[ NFI XUP], yfixup[ NFl XUP];

doubl e xfix, yfix, uxcalr, uycalr

FILE *in_file;
FI LE *out;

doubl e uxsph(doubl e, double, double, double); /* subroutines for
spherical point source displacenments */

doubl e uysph(doubl e, doubl e, double, double); /[/* called by fit function
*/

doubl e uzsph(doubl e, doubl e, double, double);

/*******************************************************************/

/* This is the fitness function subroutine for the genetic algorithm
for inverting geodetic data for two vol canic sources - one spheri cal
one elliptical, and a nornmal fault.

Definitions:
gene( NMOD) - - Model vect or
dat a( NDATA) - - Dat a vector
var dat ( NDATA) - - Dat a vari ances

coord. of east end of trilateration |ine
coord. of east end of trilateration |ine
coord. of west end of trilateration |ine
coord. of west end of trilateration |ine
and y displacenments @east end of Iine
and y displacenments @west end of line

xel i ne( NUMLI N) - -
yel i ne( NUMLI N) - -
XW i ne( NUMLI N) - -
yw i ne( NUMLI N) --
uex, uey --
UwWx, uzy --

X X< X< X



Xe, ye, Xw, yw  -- Di stance from endpoints to sphere(s)
 ength -- Length of trilateration |Iine
unitx, unity -- Unit vectors along line, east to west
xsph, ysph - - Sphere x and y coordi nates
sphdep - - Sphere depth
vol exp - - Sphere point vol ume expansion
xfix, yfix - - Benchmark | ocation x and y coordi nates
uxf, uyf, uzf - - X, ¥, x displacenent of benchmark due to
sphere
Xgps, Yygps, zgps -- GPS point |ocations
X(NGPS or NUP) - - Di stance in x direction fromgps point to
sphere
y(NGPS or NUP) - - Distance iny direction fromgps point to
sphere
uxcal ( NGPS) - - x di spl acenent of GPS point due to sphere
uycal ( NGPS) - - y di splacenent of GPS point due to sphere
uzcal ( NGPS) - - z di splacenment of GPS point due to sphere
uzup( NUP) - - z displacenment of uplift point due to sphere
n - - Nunmber of data points = NUMLIN + NUP +
3* NGPS
dat av(n) - - Cal cul at ed change in data points;
for lines, equals |line expansion;
for points, equals difference between notion
at GPS or uplift point and benchnark.
chi sqr - - Val ue of reduced chi square. */
doubl e fit(double A, double B, double C, double D)
{
int n, m i, j, k, nnmod, upsum
doubl e phi back, squares;
doubl e uex, uey, uwx, uwy, UExXX, Ueyy, UWXX, UWY, Xe, XW, Yye, YW,
uxf, uyf, uzf;
doubl e | ength, powx, powy, unitx, unity;
doubl e chi sq, chisqr
double x, vy, r, s;
doubl e diff;
doubl e xr, yr, xer, yer, xw, yw, uxfr, uyfr;
doubl e uxcal [ ngps], uycal [ ngps], uzcal [ ngps];
doubl e tuxgps[ngps], tuygps[ngps], tuzgps|[ngps];
doubl e uexp, ueyp, uwxp, uwyp, Xep, yep, xXwp, ywp, thetal
doubl e uzup[ nup], tuzup[nup];
doubl e uzl aser[nl aser];
doubl e xsph[ NSPH], ysph[ NSPH], sphdep[ NSPH], vol exp[ NSPH] ;

FILE *output _file;
FILE *test _file;

/********

n = 0;

nunsph = NSPH

nurmel I = NUMELL;
num_nor mal = NNORM
in_file = fopen("fitl.in",

Initialize data vector

*************/

i ndi ces

“ry



/* Unpack the npdel vector, get point source |ocations

*/

fscanf(in_file, "% % % % % % % % % % %", &unlin, &ngps,

&nfi xup, &nupl, &nup2, &nup3, &nup4, &nup5, &nup6, &nup7, &nl aser);
fclose(in_file);
nup = nupl + nup2 + nup3 + nup4 + nup5 + nup6 + nup7;
xsph[0] = A;
ysph[0] = B;
sphdep[ 0] = C
vol exp[0] = D
[* Trilateration lines */
/* Conpute the line vectors */
for (i=0; i < numin; i++){
powx = pow((xeline[i] - xwine[i]), 2);
pow = pow((yeline[i] - ywine[i]),2);
l ength = sqrt(powx + powy);
unitx = (xeline[i] - xwine[i])/length;
unity = (yeline[i] - ywine[i])/length;
/* Initialize displacenents */
uex = uey = uwx = uwy = 0.
uexx = ueyy = uwxx = uwyy = 0.
xer=yer = xw = yw = 0.0;
/* Calculate isotropic point expansions */
for (j=0; j < numsph; j++){
xe = xeline[i] - xsph[j];
ye = yeline[i] - ysph[j];
Xw = xwline[i] - xsph[j]
yw = ywine[i] - ysph[j]
uex = uxsph(sphdep[j], xe,ye,volexp[j]) + uex;
uey = uysph(sphdep[j],xe,ye,volexp[j]) + uey;
uwx = uxsph(sphdep[j],xw, yw, vol exp[j]) + uwx;
uwy = uysph(sphdep[j], xw, yw, vol exp[j]) + uwy;
}
/* Calculate |line expansion, data point */
/* Count each |ine data point */
n++;
datav[n] = ((uex - uwx) * unitx) + ((uey - uwy) * unity);

[*fprintf(test _file,"%Wf\n", datav[n]);*/
}

/* GPS point displacements */



/* First cal cul ate expansi on @benchmark */

uxf = uyf = uzf = 0.;
x =y = 0.0;
xr =yr = 0.0;
for (i = 0; i < nunsph; i++){
x = xfix - xsph[i];
y = yfix - ysph[i];
uxf = uxsph(sphdep[i], x,y,volexp[i]) + uxf;
uyf = uysph(sphdep[i], x,y,volexp[i]) + uyf;
uzf = uzsph(sphdep[i], x,y,volexp[i]) + uzf;
}
/* Initialize and cal cul ate the GPS di spl acenent

for (i = 0; i < ngps; i++){

uxcal [i] = 0.
uycal [i] = 0.
uzcal [i] = 0.

xr =yr = 0.0;
/* lsotropic point expansion */

for (j =0, j < nunmeph; j++){

X = xgps[i] - xsph[j];

y = ygps[i] - ysph[j];

uxcal [i] = uxsph(sphdep[j], x, vy, vol exp[
uycal [i] =

uzcal [i] = uzsph(sphdep[j], x, vy, vol exp[

}

/* Add data point to point count, n */

*/

uxcal [i];

il) +
uysph(sphdep[j], X, y, volexp[j]) + uycal[i];
i1) +

uzcal [i];

/* Calculate difference between notion of benchmark and GPS */

n++;
datav[n] = uxcal[i] - uxf;
n++;
datav[n] = uycal[i] - uyf;
n++;
datav[n] = uzcal[i] - uzf;

}
/* End of GPS |loop */

/* Leveling lines */
/* Initialize z-displacenent */
upsun=0;

for (k=0; k < 7; k++){



/* First calculate expansion @I eveling | oop benchmark */

uxf = uyf = uzf = 0.;
x =y = 0.0;
xr =yr = 0.0;
for (i = 0; i < nunsph; i++){
x = xfixup[k] - xsph[i];
y = yfixup[k] - ysph[i];
uxf = uxsph(sphdep[i], x,y,volexp[i]) + uxf;
uyf = uysph(sphdep[i], x,y,volexp[i]) + uyf;
uzf = uzsph(sphdep[i], x,y,volexp[i]) + uzf;
}
/* Now cal cul ate di spl acenents on | eveling | oops */
for (i = upsum i < (upsum + upeach[k]); i++){
uzup[i] = 0.
xr =yr = 0.0;

/* Calculate isotropic point expansions */

for (j =0, j < nunmsph; j++){

x = xup[i] - xsph[j];
y = yup[i] - ysph[j];
uzup[i] = uzsph(sphdep[j],x,y,volexp[j]) + uzup[i];

}

/* Calculate difference between noti on and benchmark, increment n */

n++;
datav[n] = uzup[i] - uzf;

}

upsumFupsum + upeach[ K] ;

}

/* End of uplift loop */
/* Uplift points (laser altineter) */

for (i=0; i < nlaser; i++){
x =y =0.0;
xr =yr = 0.0;

uzlaser[i] = 0.

/* Calculate isotropic point expansions */
for (j =0; j < numsph; j++){
xlaser[i] - xsph[j];

X =
y = ylaser[i] - ysph[j];
uzl aser[i] = uzsph(sphdep[j],x,y,volexp[j]) + uzlaser[i];



n++;
datav[n] = uzlaser[i];

}

/* End of |aser calculations */

/* Calculate chi square; nunber of data points equals n */
ndata = n;

/* Check that ndata = numlin + nup + 3*ngps + nlaser */

m= numin + nup + 3*ngps + nl aser

if (n!=m
{
fprintf(output _file, "Caution: ndata does not equal numin + nup +
3*ngps + nlaser! n=");

fprintf(output_file, "% % \n", n, upsum;

}

diff = 0.0;

chisg = 0.0;

squares = 0.0;

chisqr = 0.0;

for (i = 1; i <= ndata; i++){
diff = (data[i] - datav[i])/error[i];
chisq = chisqg + pow(diff,2.0);

}

squares = exp(-chisq);

return squares;

}

/***************************************************************/

/* Functions */

/* Expansions - conpute displacenents due to dilating sphere */
/* X-displacenments due to a dilating sphere */

doubl e uxsph(doubl e h, double x, double y, double vol exp)

{

double r, ux, r3;
ro=sqrt((h*h) + (y*y) + (x*x));

r3 = pow(r, 3.);
ux = ((S*x)*volexp)/(r3);
return ux;

/* Y-displacenments due to a dilating sphere */



doubl e uysph(doubl e h, double x, double y, double vol exp)

{
double r, uy, r3;

ro=sart((h*h) + (y*y) + (x*x));

r3 = powr, 3.);
uy = ((S*y)*volexp)/(r3);
return uy;

[* Z-displacements due to a dilating sphere */

doubl e uzsph(doubl e h, double x, double y, double vol exp)

{

double r, uz, r3;
ro=sqrt((h*h) + (y*y) + (x*x));

r3 = pow(r, 3.);
uz = ((S*h)*volexp)/(r3);
return uz;

A.2 Parallel — Master/Slave

A.2.1 Master Program — Inversion.c (Evaluation Function)

/*************************************************************/

/* Evaluation function: This takes a user defined function. */
/* Each time this is changed, the code has to be reconpiled. */

/* The current function is a data calculation and chisquare fit. */
/*************************************************************/

voi d eval _pvmvoi d)

{

int i, j, k, |;

i nt next, outstanding;
int tid, nsgtag, bytes;
int bufid, status, done;

doubl e xx[ NVARS] ;
double fit;

out st andi ng=0;
next = 0;
done = 0;

/* So we know - a nessage tag of 6, fromthe slave(s), neans they
are ready for data. A nessage tag of 3, is sent fromhere, to send
t he packed genone data. A nessage tag of 8 neans that there is a
sl ave ready to send data, and a nmessage tag of 7 is the data to be
received fromthe slave. */



whil e (!done)

{
/* Check to see if there is a slave
if ((bufid=pvmnrecv(-1, 6)) !'= 0)

if(bufid 0)
{

[* Get the id of the ready s

ready */

ave */

pvm bufi nfo(bufid, &bytes, &nmsgtag, &tid);

/* Create the data set, and send to that slave

for (k = 0; k < NVARS; k++){

xX[ k] = popul ation[next].gene[Kk];

}

pvm_ i ni t send( PvnDat aDef aul t) ;
pvm pkdoubl e( xx, NVARS, 1);

pvm pkdoubl e(dat at est, NTEST* NTEST, 1) ;

pvm send(tid, 3);

*/

/* Increment outstanding to keep track of how
many sl aves are out there conputing away */

out st andi ng++;

}

el se

{

printf("Error frompvmnrecv,

}

next ++;

to fit: %\n", b

/* If there are conputations out to the slaves, che

one is ready to send data back

*/

i f (outstanding 0 & (bufid=pvmnrecv(-1, 8))

{
if (bufid 0)

{
/* Get data fromwlling

slave. Place in

ufid);

ck to see if

1= 0)

tenporary file so as not to overwite best fitness
(stored in popul ati on[ POPSI ZE] . fi t ness. */

pvm bufi nfo(bufid, &bytes,
pvmrecv(tid, 7);

pvm upkdoubl e(&fit, 1, 1);
temp_fit[next] = fit;

&msgtag, &tid);

printf("Error frompvmnrecv, fromfit:

%\ n", bufid);



/* Decrease nunber of outstanding computations at sl aves.
*/

out st andi ng- - ;

}

/* Check to see if done. */

if (next = POPSIZE && outstanding == 0) done =1
}

/* Copy over tenporary fitnesses to correct array for GA mani pul ati ons.
Dunp extras created by faster processors. */

for (i=0; i < POPSIZE; i++){
popul ation[i].fitness = tenmp_fit[i];
}

}

A.2.2 Slave Fitness Function — Fitsphere.c

#i ncl ude "pvnB. h"
#i ncl ude <stdio.h
#i ncl ude <stdlib.h
#i ncl ude <mat h. h

[***** | nversion definitions and vari abl es ******x/

#define NSPH 1 /* no. of spheres */

#define NNORM O /* no. of normal faults */

#define NUMELL O /* no. of ellipses */

#defi ne NVARS 4*NSPH + 7*NUMELL + 1*NNORM /* Nunber of inversion
vari abl es */

#define NUMLIN 100 /* no. of potential lines */

#defi ne NGPS 200 /* no. of potential gps points */

#define NFIXUP 40 /* no. of potential fixed pts for leveling */
#defi ne NUPEACH 100 /* no. of potential uplift pts for each fixed
I evelling pt */

#defi ne NLASER 0O

#define NUP 200

#defi ne NDATA 200 /* no. of potential data points */

#define S 0.23873241 /* (3/4)]/pi */

#define SS 0.026525824 /* (1/12)/ pi */

int numin, nunmsph, nunell, num.nornmal, nup, nupl, nup2, nup3, nup4,
nup5, nup6, nup7, ndata, ngps, nfixup, nupeach, nlaser; /* see
definitions in function bel ow */

i nt generation; /* current generation no. */

i nt upeach[7];

int n, m i, j, k, nnmod, upsum
int nytid, master;
int done, status, bufid, bytes, nsgtag, tid;



doubl e xx[ NVARS] ;
doubl e squares;

doubl e uex, uey, uwx, uwy, UExX, Ueyy, UWXX, uUwy, Xe, Xw, ye, yw, uxf,
uyf, uzf;

doubl e | ength, powx, powy, unitx, unity;

doubl e chi sq, chisqr

double x, vy, r, s;

doubl e diff;

doubl e xr, yr, xer, yer, xwr, yw, uxfr, uyfr;

doubl e xsph[ NSPH], ysph[ NSPH], sphdep[ NSPH], vol exp[ NSPH] ;

doubl e dat av[ NDATA], data[ NDATA], error[ NDATA]

doubl e xw i ne[ NUMLI N], xeline[ NUMLIN];

doubl e yw i ne[ NUMLI N], yeline[ NUMLIN];

doubl e xgps[ NGPS], ygps[NGPS], zgps[NGPS];

doubl e xup[ NUP], yup[ NUP];

doubl e xl aser[ NLASER], yl aser[NLASER];

doubl e xfi xup[ NFI XUP], yfixup[ NFI XUP];

doubl e xfix, yfix, uxcalr, uycalr

doubl e xnf e[ NNORM, ynfe[ NNORM, xnfw NNORM, ynfw NNORM ;
doubl e di p[ NNORM, ntop[ NNORM , nbott oni NNORM ;

doubl e xnm d[ NNORM, ynmi d[ NNORM, sem _| ngt h] NNORM, thetaf[ NNORM;
doubl e uxcal [ NGPS], uycal [ NGPS], uzcal [ NGPS];

doubl e tuxgps[ NGPS], tuygps[NGPS], tuzgps[NGPS];

doubl e uexp, ueyp, uwxp, uwyp, Xep, yep, xwp, ywp, thetal
doubl e uzup[ NUP], tuzup[ NUP];

doubl e uzl aser[ NLASER] ;

FILE *in_file;
FI LE *out;
FILE *output _file;

doubl e uxsph(doubl e, doubl e, double, double); /* subroutines for
spherical point source displacenents */

doubl e uysph(doubl e, doubl e, double, double); /* called by fit function
*/

doubl e uzsph(doubl e, doubl e, double, double);
void read_field _data(void);

/*******************************************************************/

/* This is the fitness function subroutine for the genetic algorithm
for inverting geodetic data for a spherical source.

Definitions:

gene( NMOD) - - Model vector
dat a( NDATA) - - Dat a vector
var dat ( NDATA) - - Dat a vari ances

coord. of east end of trilateration |ine
coord. of east end of trilateration I
coord. of west end of trilateration |ine
coord. of west end of trilateration |ine
and y displacenents @east end of line

xel i ne( NUMLI N) - -
yel i ne( NUMLI N) - -
XW i ne( NUMLI N) --
yw i ne( NUM.I N) --
uex, uey --

X< X< X



- x and y displacements @west end of

i ne

- Di stance from endpoints to sphere(s)

east to west

- Benchmark | ocation x and y coordi nates

x di spl acenent of benchmark due to

- Di stance in x direction fromgps point to

- Distance in y direction fromgps point to

GPS point due to
GPS point due to
GPS point due to
uplift
nts =

poi nt due

Cal cul at ed change in data points;
equal s |ine expansion;

equal s di fference between notion
poi nt and benchnark.

square. */

poi nt source |ocations */

uwx, uzy -
Xe, ye, Xw, yw -
l ength -- Length of trilateration |ine
unitx, unity - - Unit vectors along |ine
xsph, ysph - - Sphere x and y coordi nates
sphdep - - Sphere depth
vol exp - - Sphere point vol ume expansion
xfix, yfix -
uxf, uyf, uzf - - X, Y,
sphere
Xgps, Yyagps, zgps -- GPS point |ocations
X( NGPS or NUP) -
sphere
y(NGPS or NUP) -
sphere
uxcal ( NGPS) - - x di spl acenent of
uycal ( NGPS) - - y di spl acenent of
uzcal ( NGPS) - - z di spl acenment of
uzup( NUP) - - z di spl acenment of
n - - Nunmber of data po
3* NGPS
dat av(n) - -
for Iines,
for points,
at GPS or uplift
chi sqr - - Val ue of reduced ch
mai n()
{
done = O;
whi | e(! done) {
/* Unpack the nmodel vector, get
mytid = pvm.nmytid();
master = pvm parent();

pvm_ i ni t send( PvnDat aDef aul t) ;

pvm send(master, 6);
pvmrecv(mster, 3);
pvm upkdoubl e( xx, NVARS, 1);

pvm upkdoubl e(dat at est , NTEST*NTEST, 1) ;

xsph[ 0] =
ysph[0] =
sphdepl[ 0]
vol exp[ 0]

xx[ 0] ;
xx[ 1] ;
xx[ 2] ;

/*******************************/

/* Initialize and read in data */

/*******************************/

read_field_data();

sphere
sphere
sphere
to sphere

NUMLI N + NUP +



n = 0;
nunmsph = NSPH

nup = nupl + nup2 + nup3 + nupd + nup5 + nup6 + nup7;

/* Trilateration lines */
/* Conpute the line vectors */

for (i=0; i < numin; i++){

powx pow( (xeline[i]l] - xwiine[i]), 2);
powy pow( (yeline[i]l] - ywine[i]), 2);
I ength = sqrt(powx + powy);

uni t x xeline[i] - xwine[i])/length;
unity yeline[i] - ywine[i])/length;

= (
= (
/* Initialize displacenents */
uex = uey = UWX = uwy = ;
uexx = ueyy = uwxx = uwyy = 0.
0

Xer= yer = Xwr = yw =

/* Calculate isotropic point expansions */

for (j=0; j < numsph; j++){
xe = xeline[i] - xsph[j];
ye = yeline[i] - ysph[j];
xw = xwine[i] - xsph[j];
yw = ywine[i] - ysph[j];
uex = uxsph(sphdep[j], xe,ye,volexp[j]) + uex;
uey = uysph(sphdep[j],xe,ye,volexp[j]) + uey;
uwx = uxsph(sphdep[j],xw, yw, vol exp[j]) + uwx;
uwy = uysph(sphdep[j],xw, yw, volexp[j]) + uwy;
}
[* Calculate |ine expansion, data point */
/* Count each |ine data point */
n++;
datav[n] = ((uex - uwx) * unitx) + ((uey - uwy) * unity);

/* GPS point displacenments */
/* First cal cul ate expansi on @benchmark */

uxf = uyf = uzf = 0.;

x =y =0.0;

Xr =yr = 0.0;

for (i = 0; i < nunsph; i++){
x = xfix - xsph[i];
y = yfix - ysphli];



uxf uxsph(sphdep[i], x,y,volexp[i]) + uxf;

uyf = uysph(sphdep[i], x,y,volexp[i]) + uyf;
uzf = uzsph(sphdep[i], x,y,volexp[i]) + uzf;
}
/* Initialize and cal cul ate the GPS di spl acement */

for (i =0; i < ngps; i++){

uxcal [i] = 0.
uycal [i] = 0.
uzcal [i] = 0.

xr =yr = 0.0;
/* lsotropic point expansion */
for (j = 0; j < numsph; j++){

x = xgps[i] - xsph[j];
y = ygps[i] - ysph[j];

uxcal [i] = uxsph(sphdep[j], x, y, volexp[j])
uycal [i] = uysph(sphdep[j], X, y, volexp[j])
uzcal [i] = uzsph(sphdep[j], x, y, volexp[j])

}
/* Add data point to point count, n */

+ uxcal [i];
+ uycal [i];
+ uzcal [i];

/* Calculate difference between nmotion of benchmark and GPS */

n++;

datav[n] = uxcal[i] - uxf;

n++;

datav[n] = uycal[i] - uyf;

n++;

datav[n] = uzcal[i] - uzf;
[*fprintf(test _file,"%Wf\n",datav[n]);*/

}
/* End of GPS |loop */

/* Leveling lines */
/* Initialize z-displacenment */
upsum=0

for (k=0; k < 7; k++){

/* First calculate expansion @I eveling | oop benchmark */

uxf = uyf = uzf = 0.;

x =y =0.0;

xr =yr = 0.0;

for (i = 0; i < nunsph; i++){
x = xfixup[k] - xsph[i];
y = yfixup[k] - ysph[i];

uxf = uxsph(sphdep[i], x,y,volexp[i]) + uxf;



uyf uysph(sphdep[i], x,y,volexp[i]) + uyf;

uzf uzsph(sphdep[i], x,y,volexp[i]) + uzf;
}
/* Now cal cul ate di spl acenents on | eveling | oops */
for (i = upsum i < (upsum + upeach[k]); i++){

uzup[i] = 0.

xr =yr = 0.0;

/* Calculate isotropic point expansions */
for (j = 0; j < nunmsph; j++){
x = xup[i] - xsph[j];

y = yup[i] - ysph[j];
uzup[i] = uzsph(sphdep[j],x,y,volexp[j]) + uzup[i];

}

/* Calculate difference between point motion and benchmark, increment
*/

n++;
datav[n] = uzup[i] - uzf;
}
upsumrupsum + upeach[ K] ;
}

/* End of uplift |loop */

/* Uplift points (laser altineter) */

for (i=0; i < nlaser; i++){
x =y =0.0;
xr =yr = 0.0;

uzlaser[i] = 0.

/* Calculate isotropic point expansions */
for (j =0; j < numsph; j++){

x = xlaser[i] - xsph[j];
ylaser[i] - ysph[j];

uzl aser[i] = uzsph(sphdep[j],X,y,volexp[j]) + uzlaser[i];

n++;
datav[n] = uzlaser[i];

}

/* End of |aser calculations */



/* Calculate chi square; nunmber of data points equals n */
ndata = n;

/* Check that ndata = numlin + nup + 3*ngps + nlaser */
m= numin + nup + 3*ngps + nl aser

if (n!=m

{

fprintf(output_file, "Caution: ndata does not equal numin + nup +
3*ngps + nlaser! n=");

fprintf(output file, "% % \n", n, upsum;

}

diff = 0.0;

chisg = 0.0;

squares = 0.0;

chisgqr = 0.0;

for (i = 1; i <= ndata; i++){
diff = (data[i] - datav[i])/error[i];
chisqg = chisq + pow(diff,2.0);

}

squares = exp(-chisq);

pvm_ i ni t send( PvnDat aDef aul t) ;
pvm send(master, 8);

pvm_i ni t send( PvnDat aDef aul t) ;
pvm pkdoubl e( &quares, 1, 1);
pvm send(master, 7);

}

pvm exit();

}

/***************************************************************/

/* Functions */
/***************************************************************/

/* Expansions - conpute displacenents due to dilating sphere */
/* X-displacenments due to a dilating sphere */

doubl e uxsph(doubl e h, double x, double y, double vol exp)

{
double r, ux, r3;
ro=sqrt((h*h) + (y*y) + (x*x));
r3 pow(r, 3.);
ux ((S*x)*vol exp)/ (r3);



return ux;

/* Y-displacenments due to a dilating sphere */

doubl e uysph(doubl e h, double x, double y, double vol exp)

{
double r, uy, r3;

r o= sqrt((h*h) + (y*y) + (x*x));

r3 = pow(r, 3.);
uy = ((S*y)*volexp)/(r3);
return uy;

/* Z-displacenments due to a dilating sphere */

doubl e uzsph(doubl e h, double x, double y, double vol exp)
{

double r, uz, r3;
ro=sqrt((h*h) + (y*y) + (x*x));

r3 = powr,3.);

uz = ((S*h)*vol exp)/(r3);

return uz;
}
/******************************************************/
/* A procedure for reading in field data. */
/* The field data should be stored in "fitl.in" */

/******************************************************/

void read_field_data()

{

int i, k;

doubl e seni x_normal [ NNORM , sem y_nor mal [ NNORM ;

FILE *in_notion;
FILE *in_error;

in file = fopen("/pvmtenp/fit/fitl.in","r");

in_motion = fopen("/pvmtenp/fit/nmotion.in", "r");

in_error = fopen("/pvmtenp/fit/error.in","r");

num_nor mal =NNORM

fscanf(in_file, "% % % % % % % % % % %", &nunlin, &ngps,
&nfi xup, &nupl, &nup2, &nup3, &nup4, &nupb5, &nup6, &nup7, &nl aser);
nup = nupl + nup2 + nup3 + nup4 + nup5 + nup6 + nup7;

ndata = numin + 3*ngps + nup + nlaser

upeach[ 0] =nupl;

upeach[ 1] =nup2;
upeach[ 2] =nup3;



upeach[ 3] =nup4;
upeach[ 4] =nup5;
upeach[ 5] =nup6;
upeach[ 6] =nup7;

/* Get trilateration line |ocations */

for (i=0; i < numin; i++){
fscanf(in_file, "%f %f %f %Uf",
&w ine[i], &WwWine[i]);
fprintf(out, "%f 9Bf %BFf %BFf \n",
xwWine[i], ywine[i]);
}
/* @GPS point displacenents */

&xeline[i], &ye

ine[i],

xeline[i], yeline[i],

/* First get location of benchmark, initialize displacenents */

fscanf(in_file, "%f %f", &fix, &yfix);
/* Then get GPS |ocations */

for (i=0; i < ngps; i++)

{

fscanf(in_file, "%f %f %f", &gps[i], &gps[i],

}
/* Finally, get uplift point |ocations
/* First, get fixed point |ocations */

for (k=0; k < 7; k++)

*/

k], &yfixup[k]);

&up[i]);

i], &laser[i]);

{ fscanf(in_file, "9Af %f", &xfixup[
}

for (i=0; i < nup; i++)

{ fscanf(in_file, "%f %f", &up[i],
}

/* Oh, yeah, get laser |ocations */
for (i=0; i < nlaser; i++)

{ fscanf(in_file, "%f %f", &xlaser]
}

fclose(in_file);

for (i = 1; i <= ndata; i++){

} fscanf(in_notion, "%f ", &data[i]);

fclose(in_notion);

for (i =1, i <= ndata; i++){

fscanf(in_error, "%f ", &error[i]);

&zgps[il]);



}

fclose(in_error);

}

Appendix B — Virtual California Program Code
B.1 Serial
B.1.1 Main, SG_Compute.c:

Procedure Main ‘SG_Compute
Procedure Stress Greens_Function(N,N)
Main()
Read fault_data()
[* Begin stress Green' s function computation loop */
WHILE (j,i< number_of patches)
[* Compute each stress transfer coefficient */
Procedure Stress Greens Function(j,i)
END WHILE
Output_computed Stress Green's_Function()

end

B.1.2 Main, EQ_Simulator.c:

Procedure Main ‘EQ_Simulator’;
[*Computes the state of stress on segment i at timet. */

Procedure Stress_ State Compute(N,s,Number_time_steps);



Main()

Read fault_data()

Read friction_data()

Read Stress Greens Funtions()
WHILE (t < number_of time steps)

WHILE(N<number_of segments)

time =time + time _index * time_gep;
* Compute new value of stress on segment i */
Procedure Stress State Compute(i,time);

/* Check to see which segmentshave s;(t) 3 siF */

WHILE (any si(t) 3 siF )
WHILE (i<N)

I Updaedipsi) */

qi)=4) + Ds;/K; + random number;

END WHILE

END WHILE

/* Record time and state of dip in EQ Higtory.d */

Output_computed Stress State()

END WHILE
END WHILE

end

B.2 Parallel Code (Master/Slave)

B.2.1 Master - SG_Compute.c

[*Computes the diress transferred from fault i to fault
amount. */

] whenfaulti dips by aunit



Main():
Read_fault_data()
WHILE (N < number_of_patches)

DO

IF receive_ready message()
Pack _location_id_of segment()
Send_message to dave()
++outstanding

ENDIF

|F outstanding & & receive finish message()
Receive Stress Green's Function()
Unpack_Stress Green's Function()
--outstanding

ENDIF

UNTIL outstanding == 0 && num_evauated ==
END DO

END WHILE

B.2.2 Slave - SG_Compute.c
Main():

Locq]=read in faultgeometry data()
Parameterq]=read_in_sourceparameters()

LOOP FOREVER

Send ready message()
Receave fault_message()
Unpack_location_index
Stress Green's Functions =
Cdculate Stress Green's Functions(Locq],Parameterd])

Pack_Stress Green's Function_into_message()
Send_result_message()

END LOOP



B.2.3 Master, EQ_Simulator.c

[* Computes the state of stress on segment i at timet. */

Main():

Read fault_data()

Read friction_data()

Read Stress Greens Funtions()

WHILE (t < number_of time steps)
WHILE(N<number_of segments)

IF Stress(N) > Failure_stress

DO
IF receive ready message()
Pack_dip rates()
Pack_Friction Parameters()
Pack Stress Green's Functions()
Send message to dave()
++outstanding
ENDIF
|F outstanding & & receive finish message()
Receive Stress State()
Unpack_Stress State()
--outstanding
ENDIF
END DO
Check _dtress gstate on_each _segment()
END IF
END WHILE

UNTIL outstanding == 0 && time_steps ==

END WHILE

B.2.3 Slave, EQ_Simulator.c

Main():



Locd]=read in_faultgeometry data()
Parameterq]=read_in_sourceparametery()

LOOP FOREVER

Send ready message()
Receive stress message()
Unpack_ dip_rates()
Unpack_Friction_Parameters()
Unpack _Stress Green's Functions()
Stress State =
Cdculate Stress State(Slip_rate]],Friction]],Green's_Function)
Pack Stress State into_message()
Send_result_message()

END LOOP
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Figure 1. How chart, genetic dgorithm inverson program.
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Figure 2. Higoric seiamicity, southern Cdifornia (Southern Cdifornia Earthquake
Center, http://www.scecdc.scec.org/clickmap.html).




Fgure 3. Map of the 215 fault segments used in the implementation of the Virtud
Cdiforniagmulaion. Only the strike dip faults are represented in this Smplified modd.
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Figure4: How diagram for pardlelization of Virtual California earthquake
smulation program.




FUNCTION RICHTER RICHTER TO KOCH KOCH KOCH TO RICHTER
SPHERE 3940 1025 545 420
ELLIPSE 6300 1220 830 625

TABLE 1: Time, in seconds, to process 1000 generations with
the processors listed. "Richter to Koch" means that the
master process was resident on Richter and there were two

slave processes, one on Richter and one on Koch.
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