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ABSTRA CT

The use of multiple computers/processorscan lead to substantial speedupson

largecomputational problems. However there is a signi¯cant barrier of converting se-

quential code to run in parallel. Several parallel programminglanguagesand libraries

have beendeveloped to easethe task of writing programsfor multiple-processors.

Oneapproach is to add calls to a parallel library in the sequential code. This man-

ual parallelization is consideredto require more expertise. Parallel Virtual Machine

(PVM) and MessagePassingInterface (MPI) are the two most well-known parallel

programming libraries. PVM was usedas the library in this project.

At the other end of the spectrum is automatic parallelization. High Performance

Fortran (HPF) is a widely usedexample. In automatic parallelization, the userpro-

videsdirectivesthat guide the compiler in automatically parallelizing the code. HPF

is seenas requiring lessexpertise.

The goal of this project was to quantitatively and qualitatively evaluatemanual

versusautomatic parallelization using three actual research codes. The three serial

codes are from the areas of Waveform Relaxation, Ocean Currents Simulation in

Mathematics and Data Inversion for Earth Model in Geophysics. The codes were

analyzedand weredeterminedto have substantial parallelism that seemedrelatively

easy to exploit. The experiment went through the processof converting the three
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sequential codes into PVM and HPF, running parallel codes on a 60-node Beowulf

Cluster, and comparingperformanceresults.

In two out of three programs, HPF provided a comparablespeedup to manual

parallelization with PVM. However in the third code, HPF provided a speedupthat

was an order of magnitude less than with PVM. Surprisingly, considerablee®ort

was required to get HPF to perform well. In fact, the e®ort required for manual

parallelization was not substantially more in two out of three cases.
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Chapter 1

INTR ODUCTION

1.1 Rationale and Signi¯cance

The computational needsof scientists from various research areas usually require

tremendousamounts of time on the available computational resources.In order to

improve the performanceof the existing code, researchersoften employ parallel com-

puting techniques. There are many choicesin the areaof parallel libraries/languages.

PVM (Parallel Virtual Machine) and HPF (High- PerformanceFortran) are among

those choices. PVM is one of the most widely usedprogramming libraries in scien-

ti¯c programs,which is basedon the distributed memory model. It requiresparallel

implementation to be hand coded. The usability of PVM in diversi¯ed research ar-

easdependson the interaction betweenresearchersand computer scientists. HPF is

a data-parallel language,which may require conversion/rewriting of existing FOR-

TRAN code. HPF compilerscan automatically parallelize existing codesdirectly or

with the help of a set of directives. Researchers from di®erent areascan convert or

rewrite their sequential code into HPF independently by spending a short learning

period to get familiar with HPF. Besidesthe di®erencesbetween the e®ort people
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put into the development of parallel programs in PVM and HPF, the performance

of the parallel applications is the core concernamongthe developers. A visible and

accuratemeasurement of the performanceis neededto help developersmakedecisions

on adopting parallel computing solutions amongPVM and HPF.

1.2 Background about PVM

Parallel Virtual Machine (PVM) is a public domain software package developed at

Oak RidgeNational Laboratory. PVM enablesa heterogeneouscollectionof Unix and

/or Windows computer systemsto be networked together to act as a single parallel

virtual machine. The overall objective of the PVM system is to use the aggregate

power andmemoryof a collectionof computersfor concurrent or parallel computation.

In this way, large computational problemscan be solved more cost e®ectively.

PVM currently supports C, C++, and FORTRAN languages,which can program

di®erent components in di®erent languages.It is comprisedof two main components.

The ¯rst part is the PVM daemon,called pvmd3, that resideson all the comput-

ers making up the virtual machine. The secondpart is a library of PVM interface

routines, including libpvm3.a, libfpvm3.a and libgpvm3.a. PVM transparently han-

dles all messagerouting, data conversion, and task scheduling acrossa network of

incompatible computer architectures.

PVM is an example of parallel message-passinglanguages. Programmersmust

manually specify the parallel executionof codeon di®erent processors,the distribution
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of data between processors,and managethe exchange of data between processors

when it is needed.

1.3 Background about HPF

High PerformanceFortran (HPF) was designedand developed by the High Perfor-

mance Fortran Forum (HPFF) in 1993[1]. HPF is perhaps the best-known data

parallel language[2].HPF exploits the data parallelism resulting from concurrent op-

erationson arrays. It hassigni¯cant advantagesrelativeto the lower-level mechanisms

that might otherwisebe usedto develop parallel programs. The actual distribution

of data and communication betweenprocessorsin HPF is doneby the compiler. An

HPF compiler normally generatesa single-program,multiple-data (SPMD) parallel

program[3].

HPF provides a convenient syntax for specifying data-parallel execution by just

adding data decomposition directives to sequential FORTRAN programs without

changing the semantics of the programs. HPF directivescan be added to programs

written in either FORTRAN 77 or FORTRAN 90. They serve as hints to specify

how data is to be mapped to processorsand to guide the compiler in automatically

parallelizing the code. For example,programmersspecify data distribution via DIS-

TRIBUTION directive, and parallelization via INDEPENDENT directive.

HPF does not solve all the problemsof parallel programming. Its purposeis to

provide a portable, high-level expressionfor data parallel algorithms. For algorithms



4

that fall into this rather largeclass,HPF promisesto provide somemeasureof e±cient

portabilit y[4].

HPF doesnot adequatelyaddressheterogeneouscomputing or task parallelism[5].

Examples of applications that are not easily expressedby using HPF include pro-

gramsthat interact with user interfacedevicesand applications involving irregularly

structured data such as multi-blo ck codes. On syntax level, HPF eliminates INDE-

PENDENT loopsfrom considerationfor parallelization whenINDEPENDENT loops

containing complicated tasks, such as nested subroutine calls and FORALL state-

ments.

1.3.1 PGHPF

PGHPF is the High PerformanceFortran (HPF) compiler from the Portland Group,

Inc (PGI). The PGHPF compilation systemconsistsof the HPF compiler, a FOR-

TRAN 77 or FORTRAN 90 node compiler, an assembler, a linker, and the PGHPF

runtime libraries[6]. PGHPF understandsparallel architectures, and allows program-

mers to write programsthat compile with e±cient parallel operation very quickly.

The PGHPF compiler targets an SPMD programming model. To generatee±-

cient codes,data locality, parallelism, and communications must be managedby the

compiler[7].
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1.4 Background on Beowulf Cluster

A Beowulf-cluster is a network of computersthat are interconnectedtogether for par-

allel computing. It is cost e±cient by utilizing commodity parts, low cost network-

ing, and high performancepersonalcomputers. The operating system of a typical

Beowulf-cluster is Linux. The ¯rst Beowulf-cluster was developed in 1994 for the

NASA's Earth and SpaceSciencesproject[8].

A Beowulf-cluster consistsof a primary server and a number of client nodes. The

server machine controls the cluster and acts as a gateway to the outside world. The

server is responsible for breaking of job code to many sub-jobs and assigningthe

computing sub-jobsto di®erent client nodes, then collecting results to compute the

¯nal result. The client nodesactually do all of the computational work of the cluster.

The Communication betweencluster nodesis donewith the message-passingscheme.

Thosemessagepassinglibraries, such asParallel Virtual Machine (PVM) andMessage

PassingInterface(MPI) are widely usedin the Beowulf-cluster computing system.

Beowulf-cluster computers range from several node clusters to several hundred

node clusters. A cluster with 64 nodes (128 processors)in Beowulf Cluster Lab

located in the Computer ScienceDepartment at Boise State University is available

for parallel computational needs.All parallel computational experiments neededby

this project have beendonein the Beowulf Cluster Lab.
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1.5 Problem Statemen t

The author hasconverted the sequential codescollectedfrom di®erent research areas

into the parallel programs by using PVM and HPF. The goal is to measurethe

performanceof thesetwo di®erent methodologies,emphasizingon the running speed.

In particularly, there arethree sequential programscarrying on intensivecomputation

involved in the experiment. Each sequential program manipulates large amounts of

data in an iterativ e manner. Parallelization of the iterations will greatly reducethe

time to achieve a solution. A Beowulf Cluster in the rangeof 60 processorswasused

for measuringthe performanceof parallel programsimplemented by using PVM. A

parallelizing HPF compiler (PGHPF) was usedfor the alternative implementations.

As a result, a comparisonof runtime and speedupbetweenthesetwo di®erent parallel

implementations was performed.

1.6 Three sequential FORTRAN Programs

The sequential FORTRAN codeswerewritten in either FORTRAN 77 or FORTRAN

90. The ¯rst code was a new method developed by Dr. Barbara Zubik-Kowal[9]

from the Mathematics Department of Boise State University for solving waveform

relaxation problems. The secondcode was implemented by Dr. Jodi Mead[10]from

the Mathematics Department of Boise State University for ocean currents simula-

tion. The third code performs the inversion of controlled sourceaudio-frequency

magnetotelluric data for a horizontally layered earth model, which was written by
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Dr. Partha Routh[11] from the GeophysicsDepartment of BoiseState University.

The sizeand complexity of the parallel programming tasks in thesethree codes

rangefrom small, medium to large.



Chapter 2

THE APPLICA TION CODES

2.1 Wave Relaxation Schemes (WRS) Code

The WRS code wasimplemented in FORTRAN 90 by Barbara Zubik-Kowal. It does

di®erentiation matrix calculations. The inner coreof the main programwascomposed

of a quadruply-nested loop, one three-dimensionalarray and two two-dimensional

arrays. The outer-most loop iterates 100 times, the second-innerloop iterates 100

times, the third-inner loop iterated 128 times and the inner-most loop iterates 128

times. Pro¯ling shows that the third-inner loop takes up about 93.4%of the total

execution time. Figure 2.1 shows the structure of the quadruply-nestediterations.

The sketch code of this nestedloops in FORTRAN 90 is shown in Appendix A.1.

Sincethe scalarvariable calculation in the third-inner loop is independent of each

other, this loop is suited for parallel implementation. A simple partitioning scheme

works well for the parallel computation.
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!
! mk = 100
!

do k=1, mk+1
!
! A single loop doing variable calculation is omitted
!
! m1 = 100
!

do j=0, m1-1
!
! n = 128
!

do i=1, n-1
!
! n = 128
!

do ii=1, n-1
!
! The array calculation is omitted
!

end do
!
! The array calculation is omitted
!

end do
!
! The array calculation is omitted
!

end do
!
! The doubly-nested loop doing array assignment is omitted
!

end do

Figure 2.1. The Structure of the Quadruply-NestedIterations
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2.2 Ocean Curren ts Simulation (OCS) Code

The OCS code was implemented by Jodi Mead to simulate the forcing of the ocean,

the noise with the direct representer, and multiple °oats. Despite the subroutine

calls to initialize the oceanconditions and plot how °oats are changing with time,

which costsconstant time, the most computationally intensive part of the code is a

doubly-nestedloop in the main program. It usesdata from previousiteration to ¯nd

the coe±cients in the linear model, gets the solution of the linear forward model to

form the priors, calculatesthe matrix with 120representers, doesthe ¯nal sweep,and

updatesthe °oats.

There are four subroutinecalls inside the inner loop residing in the doubly-nested

loop. The job of thesesubroutinesincludesinitializing and ¯nding the impulsefor the

speci¯c representer, ¯nding the solution from the adjoint model, ¯nding the weights

in the forward representer model , and ¯nally ¯nding the mth representer solution

and putting it in the mth row of the representer matrix.

Pro¯ling showsthat the inner loop that calculatesthe matrix with 120representers

takesup about 97.7%the total executiontime. There is no data dependencybetween

each iteration of the inner loop, in other words, each row of the matrix calculation is

independent, hencethe parallel implementation can be employed. Figure 2.2 shows

the structure of the doubly-nested loop. The sketch code of this nested loops in

FORTRAN 90 is shown in Appendix A.2.
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!
! nn=3
!
do n=1,nn

call coef(...)
call oceLmodel(...)

!
! mm=120
!

do m=1,mm
call impulse(...)
call adjLmodel(...)
call weights(...)
call oceLmodel(...)

!
! Omit forall-statement
! Omit forall-statement
! Omit forall-statement
!

end do
call impulse(...)
call adjLmodel(...)
call weights(...)
call oceLmodel(...)
call time_plot(...)

end do

Figure 2.2. The Structure of the Doubly-NestedIterations
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The outer loop also contains someI/O operations and matrix calculations that

take constant time. However, these take an insigni¯cant amount of time and are

henceomitted from the sketch shown above.

The following Figure 2.3 shows subroutine call relationships in the sequential

program.

   

lam_allderv2

 oceLmodel impulse adjLmodel     weights    time_plotCoef

time_derv2

th_allderv2

time_allderv2

th_allderv

lam_allderv

time_allderv

time_derv

aderv

bderv

aderv

bderv

                               Main      Program

Figure 2.3. The Flow Chart of Subroutine Calls for OCS Code
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2.3 In version of Con trolled Source Audio-F requency Magne-

totelluric Data (ICSAMD) Code

The ICSAMD code was implemented by Partha Routh to perform inversionof con-

trolled sourceaudio-frequencymagnetotelluric data for a horizontally layered earth

model. The major program contains over 8,800 lines of code. There are a total of

42 subroutinesand functions. It takes around 12 hours and 30 minutes to run the

program on oneprocessor.

The Figure 2.4 shows the subroutine call relationshipsin the sequential program.

There are up to eleven layersof subroutine calls.

Pro¯ling shows that the loop insidesubroutinedata input takesup about 97.8%

of the total execution time. This loop iterates 56 times. In each iteration, it calls

subroutine invert to perform intensive computation for inversion and storesresults

in the output ¯les. Sincethere is no data dependencybetweeneach loop iteration,

parallel implementation can be employed.

Figure 2.5 shows the structure of the loop that doesall inversion calculations in

the subroutine data input . The sketch code of this loop in FORTRAN 77 is shown

in Appendix A.3.
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Main Program

depthconvinvert

data_input

model_
weight ridgeinit search qrsolv resolution

individual_
misfit

forward_
propagate

seneitivity-

propagate

drspln

qromb

drsple

hankz-
lamda

sens_

polint

trapzd

qrdcmp

individual_
misfit

jacobian

dbitrv

dcool2

dfixrl

dfour2  dfcz

lamda

wts

wts1

tranz

drspln

drsple

dsqrt

dcmplx

rsolv jacobian

qrdcmp

gifpoint

qrsolv

dsvddsqrtfields

jacobian

Figure 2.4. The Flow Chart of Subroutine Calls for ICSAMD Code
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subroutine data_input
!
! Code is omitted.
!

do IRECV= 1, nstn ! nstn=56
! data allocation and variable assignment
call invert(...)
! store data into matrices and write results into output files

end do
!
! Code is omitted.
!
return
end

Figure 2.5. The Structure of the Loop in Subroutine data input



Chapter 3

PARALLELIZING APPLICA TIONS IN PVM

PVM hasexcellent support for MPMD (MIMD) andSPMD (SIMD) modelsof parallel

programming. In the SPMD model, the taskswill executethe samesetof instructions

but on di®erent piecesof data. In the MPMD model, each task executesdi®erent

instructions on di®erent data. The required PVM control statements need to be

inserted to the sourceprogram to selectwhich portions of the code will be executed

by each processorin order to separatethe actions of each process.

² The SPMD Computational Model

(1) The SPMD (singleprogrammultiple data) model is ideal whereeach process

will actually executethe samesourcecode. The program is compiled into exe-

cutable code for each processor,as illustrated in Figure 3.1[12].Each processor

will load a copy of this code into its local memory for execution. Usually there

is one controlling process,a \master process",and the remainder are \slaves"

or \w orkers".

(2) Every processorreceives the sameprogram. However, each processormay

be assignedto executea di®erent part of the program by the programmer.
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(3) In this approach, data is partitioned and distributed amongstmachines in

the PVM con¯guration. All usersusing SPMD start a parallel program from a

host and SPMD invokesthe sameexecutableacrossthe nodesof the cluster.

  
Executables

Compile to suit
processor

Processor 0 Processor n�1

Source
 file

Figure 3.1. SPMD Computational Model

² The MPMD Computational Model

Each processorin the MPMD (multiple program multiple data) model will

have its own program to execute. As illustrated in Figure 3.2[13],someof the

programsto beexecutedcouldbecopiesof the sameprogram,and typically only

two sourceprogramsare written. One for a designatedmaster processorand
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the other one for the remaining processors,which are called slave processors.

Instructions Instructions

 Data     Data

Program

Processor Processor

Program

Figure 3.2. MPMD Computational Model

Although thesethree applicationsare in di®erent sizesand the complexity varies,

the computational structure which neededto be parallelized is similar, that is, the

computation can be divided into a number of completely independent parts, each

of which can be executedby a separateprocessor. Sincethe independent parts are

identical computations and each processrequires di®erent (or the same) data and

producesresults from its input without any needfor results from other process,the

SPMD model is appropriate. This situation will give the maximum possiblespeedup

if all the available processorscan be assignedprocessesfor the total duration of the

computation.

In all these three applications, the parallel computations require results to be

distributed and collected and combined in someway. This suggeststhat initially ,
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and ¯nally , a singleprocessmust be operating alone. The master-slave approach can

be used. The parallel computational structure in PVM of thesethree applications is

shown in Figure 3.3.

Slaves
recv()

send()

Collect results

Master

 

send()

recv()

Send initial data

Figure 3.3. The Master-Slave Approach of SPMD Computational Model

3.1 Rewriting Wave Relaxation Schemes (WRS) Code

3.1.1 Analysis

In the quadruply-nestedloop (seeSection2.1andFigure 2.1) in the main program,the

intensive matrix calculationsin the third inner loop is independent for each iteration.

This situation suggeststhat the third inner loop is suited for parallel computation.

The PVM parallel implementation uses the SPMD computational model and

master-slave approach. Within the program are control statements that selectdi®er-
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ent parts of code for each process. The user can start the parallel program from a

host and SPMD distributes the sameexecutableto other processes.After the master

processhas beendetermined,all the other processeswill work as slaves. The simple

partitioning schemefor task assignment is appropriate.

First, each slaveprocessneedsto ¯nd its part of the job in the parallel computation

in the third inner loop, which is, the computation of a portion of one column in the

matrix. The computation of onecolumn of the matrix is simply divided into separate

parts and each part is computedseparatelyby each slave process.

After each slave ¯nishes the work on its assigneddata, the masterprocesscollects

the results from all the slaves and put them in the (J+1)th column accordingly,

there are M1 columnsto be calculated, as shown in Figure 3.4. During the parallel

computation, the processsynchronization is needed.

Immediately after all the processesexit the secondinner loop, the masterprocess

has to broadcastthe ¯nal result of the matrix to all the slaves,in order to let all the

processescarry the samedata to continue the outermost loop calculations.

The experiment result shows that the speedup was very poor by simply paral-

lelizing one column of the matrix calculation (seethe speedof Slow PVM in Table

3.1) due to the communication overheadbetween the master processand the slave

processes.In the code, the third inner loop calculateseach column of the matrix VN,

and the secondinner loop iterates M1 times to compute M1 columnsof the matrix

VN. If 10 processessharethe work of computing onecolumn of the matrix, after M1
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Slave 1

Slave 2
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Figure 3.4. The Data Partition and Collection of One Column of the Matrix
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iterations of the secondinner loop, there will be at least 10*M1 messagespassing

betweenslavesand the master.

TABLE 3.1: SpeedComparisonbetweenthe Slow PVM Versionand the Fast PVM
Version

Parameters ProcessNumber
N M 1 5 10 15 20 25 30
128 100 Slow PVM(secs) 2.11 3.91 5.78 8.26 10.91 14.17 19.47

Fast PVM(secs) 2.10 1.20 1.56 1.95 2.79 3.22 4.07

It was found that the computation of each entry of the matrix depends on the

resultsof previoustwo columnsin the samerow. By reversingthe order of the second

inner loop and the third inner loop, and parallelizing the newsecondinner loop, each

slave can be assigneda share of (N-1)/(slave number) rows of the matrix, instead

of (N-1)/(slave number) of one column of the matrix, as shown in Figure 3.5. The

parallel runtime improved (seethe speedof Fast PVM in Table 3.1) .

3.1.2 PVM Implemen tation on WRS Code

² Make¯le.aimk for PVM WRS Code

The Make¯le.aimk for PVM WRS is shown in Appendix B.1.1.

² PVM Sketch Code for the WRS Code

The parallel computation of the WRS code in PVM falls into the category

of nearly embarrassinglyparallel computations. The master-slave approach of

SPMD computational model of this code is shown in Figure 3.6. The real time

performanceof PVM tasks is shown in Figure 3.7.
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Figure 3.5. The Data Partition and Collection of a Shareof Rows of the Matrix

A sketch of the code of PVM WRS, which performs slow speed, is shown in

Appendix B.1.2. The sketch code of PVM WRS, which performsfast speed,is

shown in Appendix B.1.3.

3.2 Rewriting Ocean Curren ts Simulation (OCS) Code

3.2.1 Analysis

In the doubly-nestedloop (seeSection2.2 and Figure 2.2) in the main program, the

intensive calculation of 120 rows of the representer matrix in the inner loop is the

part that needsto be parallelized. A simple partitioning schemefor task assignment

is appropriate. The PVM parallel implementation used the SPMD computational
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Slaves

send()

Master

 
recv() Collect results

recv()

send()

Slaves

send()

recv()

Collect results

Read initail data
Read initail data

send()

recv()Slaves

Broadcast intermediate result 

Broadcast intermediate result 

MK iterations

Figure 3.6.: The Master-Slave Approach of SPMD Computational Model in WRS
Code
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Figure 3.7. The Real Time PerformanceSnapshotof PVM WRS
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model and master-slave approach. The master is responsible for collecting all the

data of the mth representer solution from slave processesand putting the solution

in the mth row of the representer matrix. The master iterates 120 times in order to

collect 120representer solutions. The slavesneedto ¯rst calculatetheir own sharesof

job, that is 120/(nprocs-1)of the inner iteration, then iterate 120/(nprocs-1)times to

producethe representer solutions, and sendthe solutions to the master immediately

after each iteration. The data partition and collection of the matrix calculation is

shown in Figure 3.8. During the parallel computation, the processsynchronization is

needed.

Master process

Slave n

Slave 2

Slave 1

P
ar
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ns

Figure 3.8. The Data Partition and Collection of the Matrix Calculation

At this point, one more step the master processneedsto take is to broadcast

the ¯nal representer matrix to all slaves, in order that all processescan carry the

samedata while doing the outer loop calculations. During the rest calculation of the

program, only the master processneedsto do the I/O operations.
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3.2.2 PVM Implemen tation on OCS Code

² Make¯le.aimk for PVM OCS Code

The Make¯le.aimk for PVM OCS is shown in Appendix B.2.1.

² PVM Sketch Code for the OCS Code

The parallel computation of the OCS code in PVM also falls into the category

of nearly embarrassinglyparallel computations. The master-slave approach of

SPMD computational model of this code is the sameas the one shown in Fig-

ure 3.6. The real time performanceof PVM tasks is shown in Figure 3.9. The

PVM sketch code for the OCS code is shown in Appendix B.2.2.

3.3 Rewriting In version of Con trolled Source Audio-F requency

Magnetotelluric Data (ICSAMD) Code

3.3.1 Analysis

The signi¯cant iterativ e computation residesin the subroutine data input (seeAp-

pendix A.3 ), which takesroughly 97.8%of the total executiontime. It is suited for

parallel implementation. The SPMD computational model and master-slaveapproach

was applied to the parallel computation.

It wasdiscoveredby using XPVM (a graphic consoleand monitor for PVM) that

although each processhas an equal amount of data (iteration number), the amount
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Figure 3.9. The Real Time PerformanceSnapshotof PVM OCS
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of execution time required is not distributed equally. Since the parameterspassed

into the subroutine invert in each iteration are di®erent. In addition, the computers

in the cluster may operate at di®erent speeds,the execution time of each iteration

varies. Hence,someprocessorsmight completetheir assignment beforeothers. The

simplepartitioning schemefor job assignment will not provide the optimum solution.

The work pool approach was used to dynamically balancethe work load, in which

each slave is suppliedwith work when it becomesidle (seeFigure 3.10). Speci¯cally,

in the PVM code of ICSAMD, the rangeof iteration numbers forms the work pool.

The master processholds the iteration numbers (work pool), it sendsone iteration

number (the job) at a time to each idle slave processwhenever they return the results

of computation back to the master. This dynamic load balancingapproach can make

the parallel computation more e±cient.

Slave1 Slave2 Slave N�1 Slave N

Master

  Task
Return results/
request new task

Work pool

(1)

(2)
(3) (n)

Figure 3.10. Work Pool Approach
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3.3.2 PVM Implemen tation on ICSAMD Code

² Make¯le.aimk for PVM ICSAMD Code

The sequential ICSAMD code was originally written in FORTRAN 77 and

compiled on Absoft Compiler. The output was not consistent with the re-

sults obtained by using the Portland Group Compiler Technology FORTRAN

77 compiler{ pgf77. In order to achieve the consistent results and very close

speedasthoseproducedby the Absoft Compiler, the original Make¯le hasbeen

modi¯ed by adding the options such as -fast -Kieee-pc 64. The Make¯le.aimk

for PVM ICSAMD is basedon the modi¯ed Make¯le. It is shown in Appendix

B.3.1.

² PVM Sketch Code for the ICSAMD Code

The parallel routines need to be started in the main program (seeAppendix

B.3.2). All processescall the subroutinedata input . The subroutinedata input

carries the parallel parameters,such as the processnumber, the array of the

task identi¯ers, the task identi¯er of the calling PVM process,and the number

of task identi¯ers that were spawned together. The parallel computations run

in the subroutine data input (also seeAppendix B.3.2).

In the subroutinedata input , the main job for the masterprocessis doing the

I/O operation and handling the work pool, and for the slaves it is to carry

the computation of inversion. The parallel computation in the subroutine
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data input is as following: the master processopens input ¯les and reads

the data, then sendsthem to the slave processes.After the slaves receive the

data from the master, all processesneedto allocate the memory for the global

variables.

Next, the master allocates the memory for the local variables, then keepson

sendingtasksfrom the work pool to the slaves,receivingdata from all the slaves

and writing them into the output ¯les. Finally the masterclosesthe output ¯les

and freesthe memory of the local variables.

In the meantime, each slave is ¯rst given oneiteration number by the master to

do the inversioncomputation. From then on, the slave gets another one when

it returns a result, until there are no more numbers in the work pool. So, the

slaveseither get a newtask or get a termination messageto terminate their work

when they ask master to give them a new task. After receivinga new job, the

slaves needto allocate memory for the local variables and call the subroutine

invert to start a computation of inversion. When they ¯nish the computation

of inversion, they needto sendthe output data returned from the subroutine

invert to the master process,and free the memory of local variables.

At the end, all processesfree the memory of the global variables. During the

whole parallelizing computation, processsynchronization is needed.The PVM

sketch code for the ICSAMD is shown in Appendix B.3.2. The real time per-

formanceof PVM tasks is shown in Figure 3.11.
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Figure 3.11. The Real Time PerformanceSnapshotof PVM ICSAMD



Chapter 4

PARALLELIZING APPLICA TIONS IN HPF

In order to simulate the parallel implementation processthat peoplewith no knowl-

edgeof HPF arerequiredto go through, a reasonablelearningcurvehasbeenput into

the experiment. The author spent one week studying the basic knowledgeof HPF

beforestarting to convert FORTRAN code into HPF code. The learning processwas

accompaniedwith the whole period of the HPF implementation on three programs,

which lasted six weeks.

4.1 Rewriting Wave Relaxation Schemes (WRS) Code

4.1.1 Analysis

In the nestedloop (seeSection2.1 and Figure 2.1), the scalarvariable calculation for

the two-dimensionalarray insidethe third-inner loop may beexecutedindependently|

that is, in any order, or interleaved, or concurrently|without changingthe semantics

of the program. The directive INDEPENDENT precedingthe third-inner DO loop

may enable the parallel execution. The mechanism underneath is that the INDE-

PENDENT directive assertsto the compiler that all the iterations in this DO loop
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can be operated independently. Each node or processoron the parallel systemwill

executeits part of computation of DO loop.

There are two compiler-replicatedvariables inside the loop preventing the paral-

lelization. They needto be treated as private variables inside the body of DO loop

insteadof causingerror. In order to make thesevariablesto beunde¯ned immediately

beforeand after each iteration of the loop, they have to beput into the variable-list in

a NEW clause.The index variable for the DO loop must alsobe declaredNEW[14].

There is one scalar accumulator appearing in four reduction statements inside

the DO loop. Sincethe accumulator is compiler-replicated, it needsto be put into

REDUCTION clauseacknowledging the compiler to perform reductions locally on

all processors.Sinceall four reduction statements work for one accumulator, they

can be combined into one statement to reducethe work of the compiler. The code

modi¯cation is needed.

After the NEW clauseand the REDUCTION clausehave beenadded to INDE-

PENDENT directive to assistparallelization of the INDEPENDENT loop, onemore

step has to be taken into account, that is the data distribution. In order to obtain

the highest speed, the two-dimensionalarray inside the parallelizedDO loop has to

be distributed among the memory of processors.The DISTRIBUTE directive will

work. SincePGHPF strictly obeysthe INDEPENDENT annotations, it redistributes

arrays beforeand after loop nestsso that all the annotation speci¯ed parallelism is

exploited.
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4.1.2 The HPF implemen tation on WRS Code

(1) Add PGHPF compiler options to Make¯le

Most FORTRAN nodecompileroptionsarealsovalid for PGHPF. In this case,be-

sidesthe original FORTRAN compileroption, PGHPF Option -Mautopar and -Mmpi

have beenaddedto the Make¯le to enablethe auto-parallelization of FORTRAN DO

loop in MPI environment. The example of the Make¯le for WRS is in Appendix

C.1.1.

(2) Comparisonof the Sketch Codesin FORTRAN and in HPF

The sketch code of WRS in FORTRAN 90 is in Appendix A.1. The sketch code

of WRS in HPF is in Appendix C.1.2.

4.2 Rewriting Ocean Curren ts Simulation (OCS) Code

4.2.1 Analysis

Basedon the successfulexperienceobtained from implementing HPF versionof WRS

program, the ¯rst step to parallelize the inner loop (seeSection2.2 and Figure 2.2)

that iterates 120times to calculate120rows of the representer matrix independently

is to insert INDEPENDENT directive proceedingthe loop. The di®erenceis that

this independent loop contains subroutine calls instead of array calculations.

A PURE pre¯x needsto be addedto thosesubroutinescalled in the INDEPEN-

DENT loop to assert to the compiler that no communication will be generatedbe-

tween these subroutines. Any subroutine referencedin a pure subroutine is also
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declaredpure. An INTERFACE for each of thesepure subroutineshasto be declared

explicitly. The PURE attribute needsto be speci¯ed inside the INTERFACE block.

There are three FORALL assignments inside the inner loop. Although FORALL

assignments can carry-out tightly-coupled parallel executions, they may causethe

compiler'sconfusioninside INDEPENDENT DO loop, hencewill prevent paralleliza-

tion of the INDEPENDENT loops. The modi¯cation of FORALL assignments into

regular DO loopshasbeenmade.

After adding HPF directives,the template for the independent loop's homearray

hasbeencreatedby the compiler, but the independent loop hasnot beensuccessfully

parallelized due to the dependency con°icts or possible misalignment of a set of

dummy variables in the subroutine-calls inside the loop. The program has to be

restructured by creating a di®erent set of dummy variables,and copying the values

of original dummy variables into them just before the INDEPENDENT loop. The

array initializations beforeeach subroutine calls have beenmoved into corresponding

subroutines.

After all the above e®orts,the INDEPENDENT loop is now parallelizedsuccess-

fully, and the performanceof the program hasbeenimproved signi¯cantly.

4.2.2 The HPF implemen tation on OCS Code

(1) Add PGHPF compiler options to Make¯le

PGHPF Option -Mautopar and -Mmpi are added to the Make¯le to enablethe

auto-parallelization of FORTRAN DO loop in MPI environment. Appendix C.2.1



37

shows the exampleof the Make¯le.

(2) Comparisonof the sketch code betweenFORTRAN OCS and HPF OCS

The sketch code of OCS in FORTRAN 90 is in Appendix A.2. The sketch code

of OCS in HPF is in Appendix C.2.2.

4.3 Rewriting In version of Con trolled Source Audio-F requency

Magnetotelluric Data (ICSAMD) Code

4.3.1 Analysis

(1) Converting Sequential code into HPF

Since there is no data dependencybetween each iteration doing inversion, the

INDEPENDENT loop can be applied to the loop inside data input subroutine.

Therefore,the INDEPENDENT directive is insertedproceedingthe loop. The PURE

pre¯xes are addedto thosefunctions and subroutine statements which are called in-

side the loop. In addition, an INTERFACE for each of these pure functions and

subroutinesis declaredexplicitly with the PURE attributes speci¯ed inside the IN-

TERFACE block. Thosecompiler-replicatedvariablenamesappearingin the loop are

listed in the NEW clauseto assistthe compiler in parallelizing the INDEPENDENT

loop.

Herearesomeconstraints that needto be taken into considerationto prevent side

e®ectsbefore the program is to be compiled. First, the ¯le I/O operations inside

the INDEPENDENT loop need to be moved out of the loop to prevent any two
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¯le I/O operations associated with the same¯le or unit interfering with each other.

Technically, the array output from each iteration of the INDEPENDENT loop may

be stored in the memoryby generatinga global output array insteadof beingwritten

into ¯les. After all iterations ¯nish, the output valuesin memorymay be written into

the ¯les.

Secondly, all I/O statements inside a pure subroutine or a pure function, must

be eliminated, sincethe order of the external I/O and ¯le operations would be non-

deterministic in the context of concurrent execution. Instead of being written into

¯les, those output valuescan be returned by PURE subroutinesback to the INDE-

PENDENT loop and stored into the memory. After all iterations ¯nish, they may be

written into the output ¯les.

At this stage, the compiler displayed information that the template for the in-

dependent loop's home array has beencreated, the INDEPENDENT loop has been

parallelized. But the program was aborted under the following run time error, 0:

COPY IN: scalarpassedto nonsequential dummy.

(2) Problem Observation

The constraint speci¯ed in High Performance Fortran LanguageSpeci¯c ation pro-

vided cluesleading to possiblereasonsthat causesthe run time problem. The con-

straint is that a variable namedin the NEW clausemust not be a pointer or dummy

argument.

Seven dummy arguments were found in the variable-list inside the NEW clause.
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Two ways have been tried to solve the problem. The ¯rst attempt was to use -

Minline on the compilation commandline to inline procedurecalls within the INDE-

PENDENT DO loop. Unfortunately, the program met an internal compiler error:

mk assignsptr: upper bound missing. The secondattempt was to restructure the

program by creating a di®erent set of dummy variables, and copying the values of

original dummy variables into them just before the INDEPENDENT loop. It was

a successto convert OCS code into HPF, but failed in the ICSAMD program. The

possiblereasonfor the failure was that the original code writer used pointers and

dynamic allocations inside the INDEPENDENT DO loop which might prevent loop

parallelization.

(3) Another Way to Approach Speedup

By adding -Msequenceon the compilation commandline, all variablesare created

asSEQUENCE variables,wheresequential storageis assumed.In the meantime, the

SEQUENCE directives were added to all pure subroutine scope units to explicitly

declare that both variables and common blocks are to be treated by the compiler

as sequential. The compiler messagedid not display that the INDEPENDENT loop

being parallelized;however, the runtime hasbeenimproved by 69%.

4.3.2 The HPF implemen tation on ICSAMD Code

(1) Add PGHPF compiler options to Make¯le

Just as in the Make¯les for HPF codes of WRS and OCS, PGHPF option -

Mautopar and -Mmpi are added to the Make¯le to enable the auto-parallelization
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of FORTRAN DO loop in the MPI environment. Additionally , PGHPF option -

Msequencewas added to create all variables as SEQUENCE variables. Appendix

C.3.1 shows the exampleof the Make¯le.

(2) Comparisonof the sketch code betweenFORTRAN ICSAMD and HPF IC-

SAMD

The sketch code for FORTRAN ICSAMD is shown in Appendix A.3, and the

sketch code for HPF ICSAMD is shown in Appendix C.3.2.



Chapter 5

COMP ARISON OF RUNNING SPEED BETWEEN THE

PARALLEL IMPLEMENT ATIONS IN PVM VERSUS IN

HPF

A Beowulf-cluster wasusedfor demonstratingthe di®erencesof the speedupbetween

PVM implementations and HPF implementations of WRS code, OCS code and IC-

SAMD code. The cluster has 122 2.4 GHz Intel Xeon processors,64GB of memory,

2.4TB of disk space,private Gigabit network and a Gigabit connectionto the campus

backbone.

The PCs are running RedHat Linux 9.0 with a version 2.4.24-i686SMP kernel.

The PGI version5.0 Cluster Development Kit X86 compilers,in particular, PGF77,

PGF90, PGHPF compilerswereapplied to the experimentations. PVM version3.4.4

and XPVM version1.2.5 [16] are being used.

5.1 The Exp erimen t Result for the WRS Code

Table5.1shows the speedof PVM WRS implementation and the speedof HPF WRS

implementation. Both codesare basedon the modi¯ed sequential code in which the
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order of the secondinner loop and the third inner loop wasreversed,and the loop to

be parallelized was the secondinner loop. Table 5.1 shows the speedof HPF WRS

implementation with the third inner loop parallelized. In this table, the speedsof

HPF WRS run by di®erent number of processorsare very similar with the speedsof

HPF WRS in Table 5.1.

The parameter N is the number of columns of the matrix, which needsto be

calculated. The parameter M represents the number of rows of the matrix to be

computed. The processnumber varies from 1 to 60. There are 4 groups of data

comparisonsbetweenthe PVM implementation and the HPF implementation based

on the di®erent parameters.The sizeof the row decreasesthe sameratio asthe sizeof

the column increases.The performancein Table5.1shows that PVM implementation

outperforms HPF implementation in 2 out of 4 experiments. Table 5.2 shows the

speedupof PVM WRS implementation rangesfrom 1 to 13.98,the speedupof HPF

WRS implementation rangesfrom 0.95to 14.73.

TABLE 5.1: The Runtime of the PVM WRS Code and the HPF WRS Code with
the SecondInner Loop Parallelized

Parameters ProcessNumber
N M 1 10 20 30 40 50 60
128 600 PVM(secs) 1668 321 217 202 238 300 371

HPF(secs) 1665 198 137 119 113 123 126
256 300 PVM(secs) 550 82 71 85 106 148 187

HPF(secs) 554 76 57 52 55 59 63
512 150 PVM(secs) 5258 778 494 433 394 379 376

HPF(secs) 5316 782 532 455 409 393 379
1024 75 PVM(secs) 8631 4047 3754 3662 3626 3607 3600

HPF(secs) 9077 4450 4190 4104 4061 4043 4028
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TABLE 5.2 The Speedupof the PVM WRS Code and the HPF WRS Code
Parameters ProcessNumber

N M 1 10 20 30 40 50 60
128 600 PVM(speedup) 1 5.18 7.67 8.24 6.99 5.55 4.49

HPF(speedup) 1 8.40 12.15 13.98 14.73 13.52 13.21
256 300 PVM(speedup) 1 6.70 7.74 6.47 5.19 3.72 2.94

HPF(speedup) 0.99 7.24 9.65 10.58 10 9.48 8.73
512 150 PVM(speedup) 1 6.75 10.64 12.14 13.35 13.87 13.98

HPF(speedup) 0.98 6.72 9.88 11.55 12.86 13.38 13.83
1024 75 PVM(speedup) 1 2.13 2.30 2.36 2.38 2.39 2.40

HPF(speedup) 0.95 1.94 2.06 2.10 2.13 2.13 2.14

TABLE 5.3: The Runtime of the HPF WRS Code with the Third Inner Loop Paral-
lelized

Parameters ProcessNumber
N M 1 10 20 30 40 50 60
128 600 HPF(secs) 1670 198 138 128 113 123 125
256 300 HPF(secs) 561 76 57 52 55 58 64
512 150 HPF(secs) 5322 782 532 454 409 393 380
1024 75 HPF(secs) 9064 4450 4185 4102 4058 4035 4023

5.2 The Exp erimen t Result for the OCS Code

The parametermm represents the iteration number of the inner loop, nn represents

the iteration number of the outermost loop. Table 5.2 shows that the PVM OCS

implementation outperforms the HPF OCS implementation. Table 5.2 shows that

the speedupof PVM OCS implementation rangesfrom 1 to 24.90, the speedupof

HPF OCS implementation rangesfrom 0.54to 22.86.
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TABLE 5.4 The Runtime of the PVM OCS Code and the HPF OCS Code
Parameters ProcessNumber

nn mm 1 10 20 30 40 50 60
3 120 PVM(secs) 532 63 38 31 31 32 34

HPF(secs) 794 98 57 43 38 37 37
6 240 PVM(secs) 1743 236 132 102 88 71 70

HPF(secs) 3223 349 189 134 108 95 83
12 480 PVM(secs 6702 1012 507 367 312 286 275

HPF(secs) 12906 1355 729 504 401 344 293

TABLE 5.5 The Speedupof the PVM OCS Code and the HPF OCS Code
Parameters ProcessNumber

nn mm 1 10 20 30 40 50 60
3 120 PVM(speedup) 1 8.44 14 17.16 17.16 16.62 15.65

HPF(speedup) 0.67 5.43 9.33 12.37 14 14.38 14.38
6 240 PVM(speedup) 1 7.39 13.20 17.09 19.81 24.55 24.90

HPF(speedup) 0.54 4.99 9.22 13.01 16.14 18.35 21
12 480 PVM(speedup) 1 6.62 13.20 18.25 21.47 23.41 24.34

HPF(speedup) 0.52 4.94 9.19 13.29 16.67 19.46 22.86

5.3 The Exp erimen t Result for the ICSAMD Code

Table 5.3 shows that the performanceof the PVM ICSAMD code is higher than the

performanceof the HPF ICSAMD code. Table 5.3 shows that the speedupof PVM

ICSAMD implementation ranges from 1 to 39.15, the speedup of HPF ICSAMD

implementation rangesfrom 3.02to 3.20.

TABLE 5.6: The Runtime of the PVM ICSAMD Code and the HPF ICSAMD Code
Parameters ProcessNumber

Iterations 1 10 20 30 40 50 60
56 PVM(secs) 44760 5420 2817 1926 1687 1396 1143

HPF(secs) 13966 14172 14164 14173 14169 14364 14825
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TABLE 5.7: The Speedupof the PVM ICSAMD Code and the HPF ICSAMD Code
Parameters ProcessNumber

Iterations 1 10 20 30 40 50 60
56 PVM(secs) 1 8.26 15.88 23.23 26.52 32.06 39.15

HPF(secs) 3.20 3.16 3.16 3.16 3.16 3.12 3.02

5.4 The Exp erimen t Discussion

The sizeof someof the intensive computations,such asthe onein WRS code and the

onein ICSAMD code, can not be changedto even bigger in the parallel experimenta-

tions due to the designof the programs,otherwise,the programswill produceinvalid

values. It is also the main reasonwhy maximum 60 processesout of 120-processor

cluster beingusedin the experiments. The other reasonfor using60 processesis that

the speeduplimitations are reached for most of the experiments.

To sumup, in two out of three parallel programs,such asOCScodeand ICSAMD

code, the parallel performanceresults verify that the hand written message-passing

programsarefasterthan the data parallel programsbasedon an automatically parallel

compilation system.



Chapter 6

CONCLUSIONS

6.1 Summary and Conclusions

In two out of three programs,HPF provided a comparablespeedupto manual paral-

lelization with PVM. However in the third code, HPF provided a speedupthat was

an order of magnitude less than with PVM. The e®ort required for manual paral-

lelization was not substantially more in two out of three cases,which are OCS code

and ICSAMD code. Table 6.1 shows the approximate time of parallelizing each code.

The time put into converting PVM codesincludesthe time of studying the sequential

codes.

TABLE 6.1 The Approximate Time of Parallelizing Each Code
Parallel library/language WRS Code OCS Code ICSAMD Code

PVM 20 hours 2 weeks 1 month
HPF 3 hours 1 1/2 weeks 1 month

High PerformanceFortran (HPF) aims to support natural scientists in their e®ort

to write parallel solutionsfor their ever growing computational problems. The result-

ing HPF standard supports the data-parallel programming paradigm, provides lots

of featuresfor data-distribution, and permits to write parallel programswith much
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lessprogramming e®ort than with standard communication libraries, such as PVM

or MPI. The performanceof compiled HPF programs is consideredlow becauseof

the communication overhead[15].The HPF implementation of Portland Group PGI

on the Linux cluster is no exceptionto this rule.

Even in worse, this experiment suggeststhat the e®ort required to understand

the sequential code and HPF languagewell enoughand to select the proper HPF

annotations for the FORTRAN program, can be comparableto the e®ortrequired to

rewrite the sequential FORTRAN code into PVM code. Also someknowledgeof HPF

compiler techniquesmight be neededin converting complicatedFORTRAN code into

HPF code.

The author's personalexperiencesobtained from thesesix parallel programming

experimentations suggestthat HPF doesbetter when parallelizing the operationson

arrays and code structure is simpler. If there are large amounts of the interactions

with user interfacedevicesand (or) subroutine calls in the parallelizing scope, PVM

is likely to be more e±cient.

For a scientist, she (or he) can parallelize an application by hand which may

be more complicated but which results in a faster parallel program, or, she (or he)

can useHPF which may be easierto program but which usually results in a slower

runtime.
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App endix A

THE SKETCH CODES IN CHAPTER 2

A.1 Sketch Code: the Quadruply-Nested Iterations in the
Sequential WRS Code in FORTRAN 90

!
! Code is omitted.
!

DO200 K=1, MK+1
!
! Code is omitted.
!

DO600 J=0, M1-1
!
! Code is omitted.
!

DO3 I=1,N-1
q=1/(qq-H0*(DM(I,I,M)+1.0d0-VS(I,J+1-MC)))
VN(I,J+1)=0.0d0
DO4 II=1, N-1

!
! Code is omitted.
!
4 ENDDO

VN(I,J+1)=VN(I,J+1)+(DM(I,0,M)+DM(I,N,M))*tt*e
VN(I,J+1)=VN(I,J+1)*H0
VN(I,J+1)=VN(I,J+1)+3*VN(I,J)-1.5d0*VN(I,J-1) &

& +VN(I,J-2)/3.0d0
VN(I,J+1)=VN(I,J+1)*q

3 ENDDO
600 ENDDO
!
! Code is omitted.
!
200 ENDDO
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A.2 Sketch Code: the Doubly-Nested Lo ops in the Sequen-
tial OCS Code in FORTRAN 90

do 1000 n=1,nn
!
! Code is omitted.
!

do 2000 m=1,mm
!
! Initialize the impulse, then find it for the mth representer.
!

fh=0.d0
flam=0.d0
fth=0.d0
call impulse(NI,NJ,NK,mm,m,m,i_pos,j_pos,k_pos,bhat,

1 fh,flam,fth)
!
! Initialize the solution from the adjoint model, then find it.
!

hnm1=0.d0
lamnm1=0.d0
thnm1=0.d0
h=0.d0
lam=0.d0
th=0.d0
call adjLmodel(NI,NJ,NK,dalp,dbet,dt,tt,fh,flam,fth,

1 lamnm1,thnm1,h,lam,th)
!
! Initialize the weights in the forward representer model, then find it.
!

flam=0.d0
fth=0.d0
call weights(NI,NJ,NK,dalp,dbet,dt,lamnm1,thnm1,

1 lam,th,flint,ftint,flpint,ftpint,flam,fth)
!
! Initialize the representer solution, then find it.
!

h=0.d0
lam=0.d0
th=0.d0
call oceLmodel(NI,NJ,NK,dalp,dbet,dt,tt,flint,ftint,
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1 flpint,ftpint,flam,fth,zeros,zeros,zeros,h,lam,th)
!
! Put the mth representer solution in the mth row of the representer matrix.
!

forall (i=1:mm/3)
1 rr(m,i)=lam(i_pos(i),j_pos(i),k_pos(i))

forall (i=1:mm/3)
1 rr(m,mm/3+i)=th(i_pos(i),j_pos(i),k_pos(i))

forall (i=1:mm/3)
1 rr(m,2*mm/3+i)=h(i_pos(i),j_pos(i),k_pos(i))

2000 end do
1000 end do

A.3 Sketch Code: the Single Lo op in Subroutine data input
in the Sequential ICSAMD Code in FORTRAN 77

c
c Main program
c

call data_input
stop
end

c
c Subroutine data_input
c

subroutine data_input
c
c Variable declarations are omitted.
c
c Start of data input to the program and allocate memoryfor arrays
c and matrices.
c
c Each iteration does the inversion computation and store the result
c in the output files
c
c nstn = 56
c

do IRECV= 1, nstn
c
c Omit the code for data assignment
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c
call invert (

1 nfreq,freq_array,ndata,dobs,sd,dpred,
1 INVFLAG,DATFLAG,nl,sref,depth,
1 sigma0,hh,chifact,misfact,alpha_s,
1 alpha_z,niter,mis_exa,mis_exp,mis_eya,mis_eyp,
1 mis_hxa,mis_hxp,mis_hya,mis_hyp,mis_rxy,mis_pxy,
1 mis_ryx,mis_pyx,mis_hza,mis_hzp)

c
c Update the output files
c

end do
c
c Free the memoryof arrays and matrices and close the files
c

return
end

c
c All other subroutines and functions are omitted here.
c
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App endix B

PVM IMPLEMENT ATIONS IN CHAPTER 3

B.1 PVM Implemen tation on WRS Code

B.1.1 The Mak e¯le.aimk of PVM WRS Code

SHELL = /bin/sh
PVMDIR = $(HOME)/pvm3
SDIR = $(PWD)/..
BDIR = $(HOME)/pvm3/bin
XDIR = $(BDIR)/$(PVM_ARCH)
FC = pgf90
DEBUGON = -D DEBUG
CFLOPTS = -O -Wall
CFLAGS = $(CFLOPTS)-I$(PVM_ROOT)/include $(ARCHCFLAGS)
PVMLIB = -lpvm3
PVMHLIB = -lpvm3
OBJECTS = timing.o
LIBS = $(PVMLIB) $(ARCHLIB)
HLIBS = $(PVMHLIB)$(ARCHLIB)
GLIBS = -lgpvm3
FORT = pgf90
FFLOPTS = -fast -Mextend
FFLAGS = $(FFLOPTS)$(ARCHFFLAGS)
FLIBS = -lfpvm3
LFLAGS = $(LOPT) -L$(PVM_ROOT)/lib/$(PVM_ARCH)
FPROGS = cl2$(EXESFX)

default: cl2$(EXESFX)
all: f-all
f-all: $(FPROGS)

clean:
rm -f ~/*.out ~/*.dat
rm -f $(PWD)/cl2.o w.o shift.o
rm -f $(HOME)/pvm3/bin/LINUXI386/$(FPROGS)
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$(XDIR):
- mkdir $(BDIR)
- mkdir $(XDIR)

cl2$(EXESFX): $(SDIR)/cl2.f $(SDIR)/w.f $(SDIR)/shift.f $(XDIR) $(OBJECTS)
$(FORT) $(FFLAGS)-o $@$(SDIR)/cl2.f $(SDIR)/w.f \

$(SDIR)/shift.f $(LFLAGS)$(OBJECTS)$(FLIBS) $(GLIBS) $(LIBS)
mv $@$(XDIR)

B.1.2 The WRS Sketch Code in PVM with Slow Speed

!
! Enroll in PVMand get my TID.
!

call pvmfmytid(my_tid)
!
! Determine the size of my sibling list.
!

call pvmfsiblings(ntids, -1, idum)
IF (ntids .gt. MAXNPROC)ntids = MAXNPROC
DOI=0, ntids-1

call pvmfsiblings(ntids, I,tids(I))
ENDDO

!
! Assign number to each process.
!

me = 0
DOI=0, ntids-1

IF(tids(I).EQ.my_tid) THEN
me = I
EXIT

ENDIF
ENDDO

!
! All processes join the group ``cl''.
!

call pvmfjoingroup('cl', numt )
IF( numt .lt. 0 ) THEN

call pvmfperror( 'joingroup: ', my_info)
call pvmfexit( my_info )
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stop
ENDIF
call pvmffreezegroup('cl',ntids,my_info)

!
! Data patitioning zone, detailed code is omitted.
!
!
! The following is the outermost loop calculations.
!

DO K=1,MK+1
!
! The following is the second inner loop calculations.
!

DO J=0,M1-1
!
! Somedata calculations is omitted here.
!
! In the following third inner loop, for each iteration, the
! calculations of one column of the matrix is parallelized.
!

IF(me .EQ. 0)THEN
DOs=1,ntids-1

call pvmfrecv(-1, msgtag_1, my_info)
call pvmfunpack(integer4,mm, 1, 1, my_info)
call pvmfunpack(integer4,kk, 1, 1, my_info)
call pvmfunpack(real8,VN(mm:kk,J+1),(kk-mm+1),1,my_info)

ENDDO

ELSE
!
! The slaves compute their own shares of one column of the matrix VN
! and send results back to the master
!

DO I=mm,kk
!
! Initialize data.
!
! The forth inner loop calculations
!
! The computation of matrix VN
!

ENDDO
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call pvmfinitsend(PVMDATARAW,my_info)
call pvmfpack(integer4,mm, 1, 1, my_info)
call pvmfpack(integer4,kk, 1, 1, my_info)
call pvmfpack(real8,VN(mm:kk,J+1),(kk-mm+1),1,my_info)
call pvmfsend(tids(0), msgtag_1, my_info)

ENDIF
!
! Process synchronization
!

call pvmfbarrier('cl',ntids, my_info )
ENDDO

!
! After all processes exit the second inner loop, the master process
! broadcasts final result to all slaves.
!

IF(me .EQ.0)THEN
call pvmfinitsend(PVMDATARAW,my_info)
call pvmfpack(real8,vs(1,1),(N+1)*(M1+MC3+1),1,my_info)
call pvmfbcast('cl', msgtag_2,my_info)

ELSE
call pvmfrecv(tids(0), msgtag_2, my_info)
call pvmfunpack(real8,vs(1,1),(N+1)*(M1+MC3+1),1,my_info)

ENDIF

call pvmfbarrier('cl',ntids, my_info )
ENDDO
call pvmfbarrier('cl',ntids, my_info)

!
! All processes leave the group ``cl''.
!

call pvmflvgroup( 'cl', my_info)
!
! PVMexits.
!

call PVMFEXIT(my_tid)
stop
END
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B.1.3 The WRS Sketch Code in PVM with Fast Speed

!
! The following code only include the quadruply-nested loops, the rest part
! is the sameas the code in Appendix B.1.2.
!
! The outermost loop
!

DO K=1,MK+1
!
! Somedata calculations is omitted here.
!
!
! The following is the second inner loop computation which is parallelized.
!

IF(me .EQ. 0)THEN
!
! The master colloects a share of rows of the matrix VN from each slave.
!

DOs=1,ntids-1
VT=0.0d0
call pvmfrecv(-1, msgtag_1, my_info)
call pvmfunpack(integer4,mm, 1, 1, my_info)
call pvmfunpack(integer4,kk, 1, 1, my_info)
call pvmfunpack(real8, VT(0:(M1-1),mm),(kk-mm+1)*(M1+MC3+1), &

& 1,my_info)
DOI=mm,kk

DOJ=0,M1-1
VN(I,J+1) = VT(J,I)
ENDDO

ENDDO
ENDDO

ELSE
!
! The slaves compute their own shares of the matrix and send results to
! the master.
!

DO3 I=mm,kk
DO601 J=0,M1-1

!
! Initialize data.
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!
! The forth inner loop calculations
!
! The computation of matrix VN
!
601 ENDDO
3 ENDDO

call pvmfinitsend(PVMDATARAW,my_info)
call pvmfpack(integer4,mm, 1, 1, my_info)
call pvmfpack(integer4,kk, 1, 1, my_info)
call pvmfpack(real8, VT(0:(M1-1),mm),(kk-mm+1)*(M1+MC3+1),1,my_info)
call pvmfsend(tids(0), msgtag_1, my_info)

ENDIF
!
! Prcess synchronization
!

call pvmfbarrier('cl',ntids, my_info )
!
! The master process broadcasts final result to all slaves.
!

IF(me .EQ.0)THEN
call pvmfinitsend(PVMDATARAW,my_info)
call pvmfpack(real8,vs(1,1),(N+1)*(M1+MC3+1),1,my_info)
call pvmfbcast('cl', msgtag_2,my_info)

ELSE
call pvmfrecv(tids(0), msgtag_2, my_info)
call pvmfunpack(real8,vs(1,1),(N+1)*(M1+MC3+1),1,my_info)

ENDIF
!
! Prcess synchronization
!

call pvmfbarrier('cl',ntids, my_info )
ENDDO

B.2 PVM Implemen tation on OCS Code

B.2.1 The Mak e¯le.aimk of PVM OCS Code

SHELL = /bin/sh
PVMDIR = $(HOME)/pvm3
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SDIR = $(PWD)/..
BDIR = $(HOME)/pvm3/bin
XDIR = $(BDIR)/$(PVM_ARCH)
FC = pgf90
DEBUGON = -D DEBUG
CFLOPTS = -O -Wall
CFLAGS = $(CFLOPTS)-I$(PVM_ROOT)/include $(ARCHCFLAGS)
PVMLIB = -lpvm3
PVMHLIB = -lpvm3
OBJECTS = timing.o
LIBS = $(PVMLIB) $(ARCHLIB)
HLIBS = $(PVMHLIB)$(ARCHLIB)
GLIBS = -lgpvm3
FORT = pgf90
FFLOPTS = -fast -Mextend
FFLAGS = $(FFLOPTS)$(ARCHFFLAGS)
FLIBS = -lfpvm3
LFLAGS = $(LOPT) -L$(PVM_ROOT)/lib/$(PVM_ARCH)
FPROGS = figure10$(EXESFX)

default: figure10$(EXESFX)
all: f-all
f-all: $(FPROGS)
clean:

rm -f ~/*.out ~/*.dat
rm -f $(PWD)/figure10.o dgefa.o dgesl.o
rm -f $(HOME)/pvm3/bin/LINUXI386/*.dat
rm -f $(HOME)/pvm3/bin/LINUXI386/*.out
rm -f $(HOME)/pvm3/bin/LINUXI386/$(FPROGS)

$(XDIR):
- mkdir $(BDIR)
- mkdir $(XDIR)

figure10$(EXESFX): $(SDIR)/figure10.f $(SDIR)/dgefa.f $(SDIR)/dgesl.f \
$(XDIR) $(OBJECTS)

$(FORT) $(FFLAGS)-o $@$(SDIR)/figure10.f $(SDIR)/\
dgefa.f $(SDIR)/dgesl.f $(LFLAGS)$(OBJECTS)$(FLIBS)\
$(GLIBS) $(LIBS)

mv $@$(XDIR)
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B.2.2 The OCS Sketch Code in PVM

!
! Enroll in PVMand get my TID
!

call pvmfmytid(my_tid)
!
! Determine the size of my sibling list
!

call pvmfsiblings(ntids, -1, idum)
IF (ntids .gt. MAXNPROC)ntids = MAXNPROC
DOI=0, ntids-1

call pvmfsiblings(ntids, I,tids(I))
ENDDO

!
! Assign number to each process
!

me = 0
DOI=0, ntids-1

IF(tids(I).EQ.my_tid) THEN
me = I
EXIT

ENDIF
ENDDO

!
! All processes join the group ``figure10''
!

call pvmfjoingroup('figure10', numt )
IF( numt .lt. 0 ) THEN

call pvmfperror( 'joingroup: ', my_info)
call pvmfexit( my_info )
stop

ENDIF
call pvmffreezegroup('figure10',ntids,my_info)

!
! Code is omitted
!
!
! All processes start the outermost iteration.
!

DO1000 n=1,nn
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!
! Code is omitted
!

call pvmfbarrier('figure10',ntids, my_info )
!
! The master process receives the partial solutions from slaves
!

IF(me .EQ. 0)THEN
DO2000 q=1,mm

m, h, lam, th = 0
call pvmfrecv(-1, msgtag_1, my_info)
call pvmfunpack(integer4,m, 1, 1, my_info)
call pvmfunpack(real8,h(1,1,1), NI*NJ*NK, 1, my_info)
call pvmfunpack(real8,lam(1,1,1), NI*NJ*NK, 1, my_info)
call pvmfunpack(real8,th(1,1,1), NI*NJ*NK, 1, my_info)

!
! The master put the mth representer solution in the mth row of the
! representer matrix.
!

forall (i=1:mm/3)
1 rr(m,i)=lam(i_pos(i),j_pos(i),k_pos(i))

forall (i=1:mm/3)
1 rr(m,mm/3+i)=th(i_pos(i),j_pos(i),k_pos(i))

forall (i=1:mm/3)
1 rr(m,2*mm/3+i)=h(i_pos(i),j_pos(i),k_pos(i))

2000 ENDDO
!
! The master process sends the final results to all slaves.
!

call pvmfinitsend(PVMDATARAW,my_info)
call pvmfpack(real8,rr(1,1), mm*mm,1, my_info)
call pvmfbcast('figure10', msgtag_2,my_info)

ELSE
!
! Data Partittion part for slave processes is omitted.
!
!
! The slave process calculates its own share of matrix
!

DOm=j, k
!
! Initialize the impulse, then find it for the mth representer.
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! The code on data initialization is omitted.
!

call impulse(...)
!
! Initialize the solution from the adjoint model, then find it.
! Thecode on data initialization is omitted.
!

call adjLmodel(..)
!
! Initialize the weights in the forward representer model, then find it.
! The code on data initialization is omitted.

call weights(..)
!
! Initialize the representer solution, then find it.
! The code on data initialization is omitted.
!

call oceLmodel(..)
!
! The slave sends data back to the master process.
!

call pvmfinitsend(PVMDATARAW,my_info)
call pvmfpack(integer4,m, 1, 1, my_info)
call pvmfpack(real8,h(1,1,1), NI*NJ*NK, 1, my_info)
call pvmfpack(real8,lam(1,1,1), NI*NJ*NK, 1, my_info)
call pvmfpack(real8,th(1,1,1), NI*NJ*NK, 1, my_info)
call pvmfsend(tids(0), msgtag_1, my_info)

ENDDO
!
! The slave receives the final result from the master process.
!

call pvmfrecv(tids(0),msgtag_2, my_info)
call pvmfunpack(real8,rr(1,1), mm*mm,1, my_info)

ENDIF
!
! Process sychronization
!

call pvmfbarrier('figure10',ntids, my_info)
!
! The code for outermost loop is omitted.
!
1000 ENDDO
!
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! All processes exit PVM.
!

call pvmfbarrier('figure10',ntids, my_info)
call pvmflvgroup( 'figure10', my_info)
call PVMFEXIT(my_tid)

!
! The end of the program
!
stop
end

!
! All other subroutines are omitted here.
!

B.3 PVM Implemen tation on ICSAMD Code

B.3.1 The Mak e¯le.aimk of PVM ICSAMD Code

SHELL = /bin/sh
PVMDIR = $(HOME)/pvm3
SDIR = $(PWD)/..
BDIR = $(HOME)/pvm3/bin
XDIR = $(BDIR)/$(PVM_ARCH)
FC = pgf77
DEBUGON = -D DEBUG
CFLOPTS = -O -Wall
CFLAGS = $(CFLOPTS)-I$(PVM_ROOT)/include $(ARCHCFLAGS)
PVMLIB = -lpvm3
PVMHLIB = -lpvm3
OBJECTS = timing.o
LIBS = $(PVMLIB) $(ARCHLIB)
HLIBS = $(PVMHLIB)$(ARCHLIB)
GLIBS = -lgpvm3
FORT = pgf77
FFLOPTS = -fast -Kieee -pc 64
FFLAGS = $(FFLOPTS)$(ARCHFFLAGS)
FLIBS = -lfpvm3
LFLAGS = $(LOPT) -L$(PVM_ROOT)/lib/$(PVM_ARCH)
FPROGS = csamt_latest$(EXESFX)
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default: csamt_latest$(EXESFX)

all: f-all

f-all: $(FPROGS)

clean:
rm -f $(HOME)/chisq.log $(HOME)/fit.dat\
$(HOME)/inv_model.plt $(HOME)/model.norm\
$(HOME)/JTJ.dat $(HOME)/G.dat\
$(HOME)/J.dat $(HOME)/modeliter\
$(HOME)/csamt.log $(HOME)/csamt.con\
$(HOME)/pred_exa.dat $(HOME)/pred_exp.dat\
$(HOME)/pred_eya.dat $(HOME)/pred_eyp.dat\
$(HOME)/pred_hxa.dat $(HOME)/pred_hxp.dat\
$(HOME)/pred_hya.dat $(HOME)/pred_hyp.dat\
$(HOME)/pred_rho_xy.dat $(HOME)/pred_phs_xy.dat\
$(HOME)/pred_rho_yx.dat $(HOME)/pred_phs_xy.dat\
$(HOME)/pred_hza.dat $(HOME)/pred_hzp.dat\

rm -f $(PWD)/\
csamt_latest.o\
uselam_fields.o \
dsvd.o \
qromb.o \
trapzd.o \
polint.o \
sort3.o \
indexx.o \
rminmax.o \
dfcz.o \
dromb2.o \
tranz.o \
dbitrv.o \
dfixrl.o \
drsple.o \
hankz.o \
wts1.o \
dcool2.o \
dfour2.o \
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drspln.o \
lamda.o \
wts.o \
rtbis.o \
tran.o \
hank.o \
dfconv.o
rm -f $(HOME)/pvm3/bin/LINUXI386/*.dat
rm -f $(HOME)/pvm3/bin/LINUXI386/*.out
rm -f $(HOME)/pvm3/bin/LINUXI386/$(FPROGS)

$(XDIR):
- mkdir $(BDIR)
- mkdir $(XDIR)

csamt_latest$(EXESFX): $(SDIR)/csamt_latest.f \
$(SDIR)/uselam_fields.f $(SDIR)/dsvd.f \
$(SDIR)/qromb.f $(SDIR)/trapzd.f \
$(SDIR)/polint.f $(SDIR)/sort3.f \
$(SDIR)/indexx.f $(SDIR)/rminmax.f \
$(SDIR)/dfcz.f $(SDIR)/dromb2.f \
$(SDIR)/tranz.f $(SDIR)/dbitrv.f \
$(SDIR)/dfixrl.f $(SDIR)/drsple.f \
$(SDIR)/hankz.f $(SDIR)/wts1.f\
$(SDIR)/dcool2.f $(SDIR)/dfour2.f \
$(SDIR)/drspln.f $(SDIR)/lamda.f \
$(SDIR)/wts.f $(SDIR)/rtbis.f \
$(SDIR)/tran.f $(SDIR)/hank.f \
$(SDIR)/dfconv.f $(XDIR)
$(FORT) $(FFLAGS)-o $@$(SDIR)/csamt_latest.f \
$(SDIR)/uselam_fields.f $(SDIR)/dsvd.f \
$(SDIR)/qromb.f $(SDIR)/trapzd.f \
$(SDIR)/polint.f $(SDIR)/sort3.f \
$(SDIR)/indexx.f $(SDIR)/rminmax.f \
$(SDIR)/dfcz.f $(SDIR)/dromb2.f \
$(SDIR)/tranz.f $(SDIR)/dbitrv.f \
$(SDIR)/dfixrl.f $(SDIR)/drsple.f \
$(SDIR)/hankz.f $(SDIR)/wts1.f\
$(SDIR)/dcool2.f $(SDIR)/dfour2.f \
$(SDIR)/drspln.f $(SDIR)/lamda.f \
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$(SDIR)/wts.f $(SDIR)/rtbis.f \
$(SDIR)/tran.f $(SDIR)/hank.f \
$(SDIR)/dfconv.f $(LFLAGS)$(FLIBS) $(GLIBS) $(LIBS)
mv $@$(XDIR)

B.3.2 The ICSAMD Sketch Code in PVM

c=====================================================================
c The main program
c=====================================================================

include '/usr/share/pvm3/include/fpvm3.h'
c=====================================================================
c Start parallel routine
c=====================================================================

integer MAXNPROC,my_info
parameter (MAXNPROC= 120)
integer tids(0:MAXNPROC-1),ntids,me,my_tid,idum,numt

c=====================================================================
c Enroll in PVMand get my TID
c=====================================================================

call pvmfmytid(my_tid)
c=====================================================================
c Determine the size of my sibling list
c=====================================================================

call pvmfsiblings(ntids, -1, idum)
if (ntids .GT. MAXNPROC)ntids = MAXNPROC
DOI=0, ntids-1

call pvmfsiblings(ntids, I,tids(I))
ENDDO

me = 0
DOI=0, ntids-1

IF(tids(I).EQ.my_tid) THEN
me = I

ENDIF
ENDDO

call pvmfjoingroup('csamt', numt )
if( numt .lt. 0 ) then



68

call pvmfperror( 'joingroup: ', my_info)
call pvmfexit( my_info )
stop

endif
call pvmffreezegroup('csamt',ntids,my_info)

call data_input(me, ntids, my_tid,tids,MAXNPROC)
c===================================================================
c Exiting PVM
c===================================================================

call pvmfbarrier('csamt',ntids, my_info)
call pvmflvgroup( 'csamt', my_info)
call pvmfexit(my_tid)

stop
end

c********************************************************** ** *** ** **
c
c INPUTSUBROUTINETO PASSPARAMETERSTO MAINPROGRAM(parallel)
c
c********************************************************** ** *** ** **

subroutine data_input (me, ntids, my_tid, tids,MAXNPROC)

include '/usr/share/pvm3/include/fpvm3.h'
c==================================================================
c Variable declarations...omitted.
c==================================================================

C********************************************************** ** *** ** *
C................ STARTOF DATAINPUTTO THEPROGRAM.............*
C********************************************************** ** *** ** *
c==================================================================
c Only process 0 (master) does the job of openning the input
c files and reading data.
c==================================================================

if (me .eq.0) then
OPEN(UNIT=10,FILE='csamt.inp',STATUS='OLD')

c==================================================================
c The codes on reading files are omitted
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c==================================================================
c==================================================================
c Process 0 sends data it read from csamt.inp and file1 to
c process 1,2 ... nproc-1
c==================================================================

call pvmfinitsend(PVMDATARAW,my_info)
call pvmfpack(integer4,niter, 1, 1, my_info)
call pvmfpack(real8,chifact,1,1,my_info)
call pvmfpack(real8,misfact,1,1,my_info)
call pvmfpack(integer4, INVFLAG,1,1,my_info)
call pvmfpack(integer4 ,DATFLAG,1,1,my_info)
call pvmfpack(integer4, IREF,1,1,my_info)
call pvmfpack(real8,alpha_s,1,1,my_info)
call pvmfpack(real8,alpha_z,1,1,my_info)
call pvmfpack(integer4, nfmax,1,1,my_info)
call pvmfpack(real8,xc1,1,1,my_info)
call pvmfpack(real8,yc1,1,1,my_info)
call pvmfpack(real8,xc2,1,1,my_info)
call pvmfpack(real8,yc2,1,1,my_info)
call pvmfpack(integer4, nstn,1,1,my_info)
call pvmfbcast('csamt', msgtag_2,my_info)

else

c===================================================================
c Process 1 to nproc-1 receive data from process 0
c===================================================================

call pvmfrecv(tids(0), msgtag_2, my_info)
call pvmfunpack(integer4,niter, 1, 1, my_info)
call pvmfunpack(real8,chifact,1,1,my_info)
call pvmfunpack(real8,misfact,1,1,my_info)
call pvmfunpack(integer4, INVFLAG,1,1,my_info)
call pvmfunpack(integer4 ,DATFLAG,1,1,my_info)
call pvmfunpack(integer4, IREF,1,1,my_info)
call pvmfunpack(real8,alpha_s,1,1,my_info)
call pvmfunpack(real8,alpha_z,1,1,my_info)
call pvmfunpack(integer4, nfmax,1,1,my_info)
call pvmfunpack(real8,xc1,1,1,my_info)
call pvmfunpack(real8,yc1,1,1,my_info)
call pvmfunpack(real8,xc2,1,1,my_info)
call pvmfunpack(real8,yc2,1,1,my_info)
call pvmfunpack(integer4, nstn,1,1,my_info)
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end if

c====================================================================
c Processes are synchronized
c====================================================================

call pvmfbarrier('csamt',ntids, my_info)

c===================================================================
c Allocate memoryfor global variables (code is omitted).
c===================================================================

c===================================================================
c Process 0 continues reading data from file1, file2 and file3
c and sends them to process 1,2...nproc-1 (code is omitted)
c===================================================================

c====================================================================
c Process 1 to nproc-1 receive all data sent from
c process 0(code is omitted).
c====================================================================

c====================================================================
c Processes are synchronized
c====================================================================

call pvmfbarrier('csamt',ntids, my_info)

c====================================================================
c Process 0 closes file 1,2,3 then open output file 4,7,8,9,10,
c 11,12,13,14,16,17,18,19,20,21,99 (code is omitted)
c====================================================================

C********************************************************** ** *** ** *
C.................. ENDOF DATAINPUTTO THEPROGRAM.............*
C********************************************************** ** *** ** *

C********************************************************** ** *** ** *
C................. STARTOF THEINVERSIONPROCESS................*
C********************************************************** ** *** ** *

if(me .eq. 0)then
c====================================================================
c Process 0 allocates memoryfor local variables
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c ( code is omitted )
c====================================================================

c====================================================================
c Process 0 first sends tasks to all slaves
c====================================================================

ntids_slave = ntids -1
my_count = 0
if(ntids-1 .GT. nstn) then

ntids_slave = nstn
end if

do i=1, ntids_slave
call pvmfinitsend(PVMDATARAW,my_info)
call pvmfpack(integer4,i,1,1,my_info)
call pvmfsend(tids(i), msgtag_10,my_info)
end do

nstn_number = ntids_slave

do while(my_count .NE. (ntids-1))
nstn_number = nstn_number +1

c===================================================================
c Process 0 receives result data from the slave processes
c doing inversion loops
c===================================================================

ptr_sig = MALLOC(8*nl)
call pvmfrecv(-1, msgtag_1, my_info)
call pvmfunpack(integer4,my_meNumber, 1, 1, my_info)
call pvmfunpack(integer4,my_IRECV, 1, 1, my_info)
call pvmfunpack(real8,mis_exa,1,1,my_info)
call pvmfunpack(real8,mis_exp,1,1,my_info)
call pvmfunpack(real8,mis_eya,1,1,my_info)
call pvmfunpack(real8,mis_eyp,1,1,my_info)
call pvmfunpack(real8,mis_hxa,1,1,my_info)
call pvmfunpack(real8,mis_hxp,1,1,my_info)
call pvmfunpack(real8,mis_hya,1,1,my_info)
call pvmfunpack(real8,mis_hyp,1,1,my_info)
call pvmfunpack(real8,mis_rxy,1,1,my_info)
call pvmfunpack(real8,mis_pxy,1,1,my_info)
call pvmfunpack(real8,mis_ryx,1,1,my_info)
call pvmfunpack(real8,mis_pyx,1,1,my_info)
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call pvmfunpack(real8,mis_hza,1,1,my_info)
call pvmfunpack(real8,mis_hzp,1,1,my_info)
call pvmfunpack(real8,depth(1),nl,1,my_info)
call pvmfunpack(real8,sigma0(1),nl,1,my_info)
call pvmfunpack(real8,xr,1,1,my_info)
call pvmfunpack(integer4,nfreq, 1, 1, my_info)
call pvmfunpack(integer4,ndata, 1, 1, my_info)
ptr_dpred = MALLOC(8*ndata)
ptr_farray = MALLOC(8*nfreq)
ptr_Jac = MALLOC(8*nl*ndata)
ptr_JTJ = MALLOC(8*nl*nl)
ptr_G = MALLOC(8*nl*nl)
call pvmfunpack(real8,dpred(1),ndata,1,my_info)
call pvmfunpack(real8, freq_array(1),nfreq,1,my_info)
call pvmfunpack(real8,Jac(1),nl*ndata,1, my_info)
call pvmfunpack(real8,JTJ(1),nl*nl,1,my_info)
call pvmfunpack(real8,G(1),nl*nl,1,my_info)

c====================================================================
c Process 0 sends new tasks to each slave after the slave
c returned the results of previous task, or sends a terminator
c messageto the slave if no more tasks in the ``work pool''
c====================================================================

call pvmfinitsend(PVMDATARAW,my_info)
if(nstn_number .GT. nstn) then

call pvmfpack(integer4, -1,1,1,my_info)
call pvmfsend(tids(my_meNumber), msgtag_11,my_info)
my_count = my_count +1
else

call pvmfpack(integer4,nstn_number,1,1,my_info)
call pvmfsend(tids(my_meNumber), msgtag_11,my_info)
end if

c==================================================================
c After received the result data from the slave, process 0
c needs to write those data into file 4,7,8,9,10,11,12,13,
c 14,15,16,17,18,19,20,21,99,101,202,and 303( code is ometted).
c==================================================================

c==================================================================
c Process 0 closes file 4,7,8,9,10,11,12,13,14,15,16,17,18,
c 19,20,21,99,101,202,and 303, then free the memoryfor the
c local variables (code is omitted).
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c==================================================================

else
c********************************************************** ** *** ** **
c INVERSIONLOOPBEGINSHERE.THIS CALLSTHESUBROUINE"INVERT"
c REPEATEDLYFOREACHSTATION.
c********************************************************** ** *** ** **

c===================================================================
c All processes except process 0 parallelize inversion loop
c===================================================================

nstn_number = 0
call pvmfrecv(tids(0), msgtag_10, my_info)
call pvmfunpack(integer4,nstn_number,1,1,my_info)
IRECV= nstn_number

do while( IRECV.NE. -1)
c===================================================================
c Part of the executable statements are omitted...
c===================================================================

call invert (
1 nfreq,freq_array,ndata,dobs,sd,dpred,
1 INVFLAG,DATFLAG,nl,sref,depth,
1 sigma0,hh,chifact,misfact,alpha_s,
1 alpha_z,niter,mis_exa,mis_exp,mis_eya,mis_eyp,
1 mis_hxa,mis_hxp,mis_hya,mis_hyp,mis_rxy,mis_pxy,
1 mis_ryx,mis_pyx,mis_hza,mis_hzp,Jac,JTJ,G)

c====================================================================
c Process 1 to nproc-1 send result data coming out from invert
c subroutine to process 0 in order to store them in appropriate
c place
c====================================================================

call pvmfinitsend(PVMDATARAW,my_info)
call pvmfpack(integer4,me, 1, 1, my_info)
call pvmfpack(integer4,IRECV, 1, 1, my_info)
call pvmfpack(real8,mis_exa,1,1,my_info)
call pvmfpack(real8,mis_exp,1,1,my_info)
call pvmfpack(real8,mis_eya,1,1,my_info)
call pvmfpack(real8,mis_eyp,1,1,my_info)
call pvmfpack(real8,mis_hxa,1,1,my_info)
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call pvmfpack(real8,mis_hxp,1,1,my_info)
call pvmfpack(real8,mis_hya,1,1,my_info)
call pvmfpack(real8,mis_hyp,1,1,my_info)
call pvmfpack(real8,mis_rxy,1,1,my_info)
call pvmfpack(real8,mis_pxy,1,1,my_info)
call pvmfpack(real8,mis_ryx,1,1,my_info)
call pvmfpack(real8,mis_pyx,1,1,my_info)
call pvmfpack(real8,mis_hza,1,1,my_info)
call pvmfpack(real8,mis_hzp,1,1,my_info)
call pvmfpack(real8,depth(1),nl,1,my_info)
call pvmfpack(real8,sigma0(1),nl,1,my_info)
call pvmfpack(real8,xr,1,1,my_info)
call pvmfpack(integer4,nfreq, 1, 1, my_info)
call pvmfpack(integer4,ndata, 1, 1, my_info)
call pvmfpack(real8,dpred(1),ndata,1,my_info)
call pvmfpack(real8, freq_array(1),nfreq,1,my_info)
call pvmfpack(real8,Jac(1),nl*ndata,1, my_info)
call pvmfpack(real8,JTJ(1),nl*nl,1,my_info)
call pvmfpack(real8,G(1),nl*nl,1,my_info)
call pvmfsend(tids(0), msgtag_1, my_info)

c=================================================================
c Free the memoryof the local variables ( code is ometted )
c=================================================================

c=================================================================
c The slave receives new task from the master
c=================================================================

call pvmfrecv(tids(0), msgtag_11, my_info)
call pvmfunpack(integer4,nstn_number,1,1,my_info)
IRECV= nstn_number

end do
end if

call pvmfbarrier('csamt',ntids, my_info)

C********************************************************** ** *** ** *
C................. ENDOF THE INVERSION PROCESS................*
C********************************************************** ** *** ** *

c==================================================================
c All processes need to deallocate the global variables
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c ( code is omitted )
c==================================================================

call pvmfbarrier('csamt',ntids, my_info)

return
end

c==================================================================
c All other subroutines and functions are omitted here.
c==================================================================
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App endix C

HPF IMPLEMENT ATIONS IN CHAPTER 4

C.1 HPF Implemen tation on WRS Code

C.1.1 The Mak e¯le of HPF WRS Code

HPFC = pghpf
OPT = -Mautopar -Minfo -Mmpi
HFLAGS = -Mfreeform -fast $(OPT)
OBJS = cl2.o w.o shift.o

cl2: Makefile $(OBJS)
$(HPFC) $(HFLAGS)-o $@$(OBJS)

shift.o: shift.hpf
$(HPFC) $(HFLAGS)-c shift.hpf

w.o: w.hpf
$(HPFC) $(HFLAGS)-c w.hpf

cl2.o: cl2.hpf
$(HPFC) $(HFLAGS)-c cl2.hpf

clean:
rm -f *.o cl2 *.out *.dat

realclean:
rm -f $@

C.1.2 The Sketch Code of HPF WRS Code

!HPF$ DISTRIBUTE(BLOCK,*) :: VN
!HPF$ PROCESSORSPROCN(6)
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!
! Code is omitted
!

DO200 K=1, MK+1
!
! Code is omitted
!

DO600 J=0, M1-1
!
! Code is omitted
!

!HPF $ INDEPENDENT,NEW(I,q,VN), REDUCTION(VN)

DO3 I=1,N-1
q=1/(qq-H0*(DM(I,I,M)+1.0d0-VS(I,J+1-MC)))
VN(I,J+1)=0.0d0
DO4 II=1, N-1

!
! Code is omitted
!
4 ENDDO

VN(I,J+1)=((VN(I,J+1)+(DM(I,0,M)+DM(I,N,M))*tt*e)*H0+
& 3*VN(I,J)-1.5d0*VN(I,J-1)+VN(I,J-2)/3.0d0)*q

3 ENDDO
600 ENDDO
!
! Code is omitted
!
200 ENDDO

C.2 HPF Implemen tation on OCS Code

C.2.1 The Mak e¯le of HPF OCS Code

HPFC = pghpf
OPT = -Mautopar
HFLAGS = -fast -Mmpi -Mautopar=levels:7
OBJS = figure10.o dgefa.o dgesl.o
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figure10: $(OBJS)
$(HPFC) $(HFLAGS)-o $@$(OBJS)

dgefa.o: dgefa.hpf
$(HPFC) $(HFLAGS)-c dgefa.hpf

dgesl.o: dgesl.hpf
$(HPFC) $(HFLAGS)-c dgesl.hpf

figure10.o: figure10.hpf
$(HPFC) $(HFLAGS)-c figure10.hpf

clean:
rm -f *.o figure10 *.out *.dat

realclean:
rm -f $@

C.2.2 The Sketch Code of HPF OCS Code

!HPF$ PROCESSORSPROCN(60)

interface
pure subroutine weights(...)

!
! The scope units are omitted.
!

end subroutine

pure subroutine impulse(...)
!
! The scope units are omitted.
!

end subroutine

pure subroutine adjLmodel(...)
!
! The scope units are omitted.
!
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end subroutine

pure subroutine oceLmodel(...)
!
! The scope units are omitted.
!

end subroutine

!
! More interface declarations are omitted.
!

end interface

do 1000 n=1,nn
!
! Code is omitted.
!
! Create temporary dummyvariables for the subroutine calls
! inside INDEPENDENTloop
!

do i=1,mm/3
temp_i_pos(i) = i_pos(i)
temp_j_pos(i) = j_pos(i)
temp_k_pos(i) = k_pos(i)

end do
my_flint=0.d0
my_ftint=0.d0
my_flpint=0.d0
my_ftpint=0.d0
my_zeros =0.d0

!HPF$ INDEPENDENT
do 2000 m=1,mm

call impulse( NI,NJ,NK,mm,m,m,temp_i_pos,temp_j_pos,temp_k_pos,
1 bhat,fh,flam,fth)

call adjLmodel(NI,NJ,NK,dalp,dbet,dt,tt,fh,flam,fth,
1 lamnm1,thnm1,h,lam,th)

call weights(NI,NJ,NK,dalp,dbet,dt,lamnm1,thnm1,
1 lam,th,my_flint,my_ftint,my_flpint,my_ftpint,flam,fth)

call oceLmodel(NI,NJ,NK,dalp,dbet,dt,tt,my_flint,my_ftint,
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1 my_flpint,my_ftpint,flam,fth,my_zeros,my_zeros,my_zeros,
1 h,lam,th)

!
! Put the mth representer solution in the mth row of the
! representer matrix.
!

do i=1, mm/3
rr(m,i)=lam(i_pos(i),j_pos(i),k_pos(i))

end do
do i=1,mm/3

rr(m,mm/3+i)=th(i_pos(i),j_pos(i),k_pos(i))
end do
do i=1,mm/3

rr(m,2*mm/3+i)=h(i_pos(i),j_pos(i),k_pos(i))
end do

2000 end do
1000 end do

C.3 HPF Implemen tation on ICSAMD Code

C.3.1 The Mak e¯le of HPF ICSAMD Code

OBJS= csamt_latest.o uselam_fields.o dsvd.o \
qromb.o trapzd.o polint.o sort3.o \
indexx.o rminmax.o dfcz.o dromb2.o \
tranz.o dbitrv.o dfixrl.o drsple.o \
hankz.o wts1.o dcool2.o dfour2.o \
drspln.o lamda.o wts.o rtbis.o \
tran.o hank.o dfconv.o

HPFC = pghpf
HFLAGS= -Msequence -Mautopar=level:7 -Mmpi -Minfo -Mextend

-Mg -fast -Kieee -pc 64

csamt_latest:$(OBJS)
$(HPFC) $(HFLAGS)-o $@ $(OBJS)

uselam_fields.o: uselam_fields.hpf
$(HPFC) $(HFLAGS)-c uselam_fields.hpf

dsvd.o: dsvd.hpf
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$(HPFC) $(HFLAGS)-c dsvd.hpf

qromb.o: qromb.hpf
$(HPFC) $(HFLAGS)-c qromb.hpf

trapzd.o: trapzd.hpf
$(HPFC) $(HFLAGS)-c trapzd.hpf

polint.o: polint.hpf
$(HPFC) $(HFLAGS)-c polint.hpf

sort3.o: sort3.hpf
$(HPFC) $(HFLAGS)-c sort3.hpf

indexx.o: indexx.hpf
$(HPFC) $(HFLAGS)-c indexx.hpf

rminmax.o: rminmax.hpf
$(HPFC) $(HFLAGS)-c rminmax.hpf

dfcz.o: dfcz.hpf
$(HPFC) $(HFLAGS)-c dfcz.hpf

dromb2.o: dromb2.hpf
$(HPFC) $(HFLAGS)-c dromb2.hpf

tranz.o: tranz.hpf
$(HPFC) $(HFLAGS)-c tranz.hpf

dbitrv.o: dbitrv.hpf
$(HPFC) $(HFLAGS)-c dbitrv.hpf

dfixrl.o: dfixrl.hpf
$(HPFC) $(HFLAGS)-c dfixrl.hpf

drsple.o: drsple.hpf
$(HPFC) $(HFLAGS)-c drsple.hpf

hankz.o: hankz.hpf
$(HPFC) $(HFLAGS)-c hankz.hpf

wts1.o: wts1.hpf
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$(HPFC) $(HFLAGS)-c wts1.hpf

dcool2.o: dcool2.hpf
$(HPFC) $(HFLAGS)-c dcool2.hpf

dfour2.o: dfour2.hpf
$(HPFC) $(HFLAGS)-c dfour2.hpf

drspln.o: drspln.hpf
$(HPFC) $(HFLAGS)-c drspln.hpf

lamda.o: lamda.hpf
$(HPFC) $(HFLAGS)-c lamda.hpf

wts.o: wts.hpf
$(HPFC) $(HFLAGS)-c wts.hpf

rtbis.o: rtbis.hpf
$(HPFC) $(HFLAGS)-c rtbis.hpf

tran.o: tran.hpf
$(HPFC) $(HFLAGS)-c tran.hpf

hank.o: hank.hpf
$(HPFC) $(HFLAGS)-c hank.hpf

dfconv.o: dfconv.hpf
$(HPFC) $(HFLAGS)-c dfconv.hpf

csamt_latest.o: csamt_latest.hpf
$(HPFC) $(HFLAGS)-c csamt_latest.hpf

clean:
/bin/rm -f *.o csamt_latest

C.3.2 The Sketch Code of HPF ICSAMD Code

c=============================================================
c The main program
c=============================================================
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call data_input
stop
end

c=============================================================
c The subroutine data_input
c=============================================================

subroutine data_input

integer niter,nl,INVFLAG,DATFLAG,IREF,nstn,MALLOC
integer ndata,ifreq_sum,IZ,kf,nfmax,NFIELD
integer sum_my_nfreq,sum_ndata,my_nfreq,temp_num
integer temp_1, temp_2, mm,tt,k,ii
pointer (ptr_nfreq_stn,nfreq_stn)
pointer (ptr_array_99, array_99)
pointer (ptr_depth_array, depth_array)
pointer (ptr_sigmod_array, sigmod_array)
pointer (ptr_freq_array_array, freq_array_array)
pointer (ptr_dpred_array,dpred_array)
pointer (ptr_ndata_array, ndata_array)
pointer (ptr_Jac_array, Jac_array)
pointer (ptr_JTJ_array, JTJ_array)
pointer (ptr_G_array, G_array)
integer*4 array_99(*), ndata_array(*)
integer*4 nfreq_stn(*)
real*8 depth_array(*), sigmod_array(*)
real*8 freq_array_array(*), dpred_array(*)
real*8 Jac_array(*),JTJ_array(*),G_array(*)

real*8 xr,yr,xc1,yc1,xc2,yc2,misfact,fmin,fmax,chifact
real*8 sig_homo,alpha_s,alpha_z
real*8 mis_exa,mis_exp,mis_eya,mis_eyp
real*8 mis_hxa,mis_hxp,mis_hya,mis_hyp
real*8 mis_rxy,mis_pxy,mis_ryx,mis_pyx
real*8 mis_hza,mis_hzp

pointer (ptr_fstn,fstn),(ptr_xstn,xstn)
pointer (ptr_ystn,ystn),(ptr_sref,sref)
pointer (ptr_Jac, Jac),(ptr_JTJ,JTJ),(ptr_G,G)
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real*8 fstn(*),xstn(*),ystn(*),sref(*)
real*8 Jac(*),JTJ(*),G(*)

pointer (ptr_sd,sd),(ptr_farray,freq_array)
pointer (ptr_sigmod,sigmod),(ptr_data,data)
pointer (ptr_sig,sigma0),(ptr_dph,depth)
pointer (ptr_hh,hh),(ptr_dobs,dobs)
pointer (ptr_dpred,dpred),(ptr_fitexa,fitexa)
pointer (ptr_fitexp,fitexp),(ptr_fiteya,fiteya)
pointer (ptr_fiteyp,fiteyp),(ptr_fithya,fithya)
pointer (ptr_fithyp,fithyp),(ptr_fithxa,fithxa)
pointer (ptr_fithxp,fithxp),(ptr_fitrxy,fitrxy)
pointer (ptr_fitryx,fitryx),(ptr_fitpxy,fitpxy)
pointer (ptr_fitpyx,fitpyx),(ptr_fithza,fithza)
pointer (ptr_fithzp,fithzp)

real*8 freq_array(*),sigmod(*),data(*),sigma0(*)
real*8 depth(*),hh(*),dobs(*),dpred(*),sd(*)
real*8 fitexa(*),fitexp(*),fiteya(*),fiteyp(*)
real*8 fithxa(*),fithxp(*),fithya(*),fithyp(*)
real*8 fitrxy(*),fitryx(*),fitpxy(*),fitpyx(*)
real*8 fithza(*),fithzp(*)

pointer (ptr_exa_o,exa_o),(ptr_exp_o,exp_o)
pointer (ptr_eya_o,eya_o),(ptr_eyp_o,eyp_o)
pointer (ptr_hxa_o,hxa_o),(ptr_hxp_o,hxp_o)
pointer (ptr_hya_o,hya_o),(ptr_hyp_o,hyp_o)
pointer (ptr_hza_o,hza_o),(ptr_hzp_o,hzp_o)
pointer (ptr_rho_xy,rho_xy),(ptr_phs_xy,phs_xy)
pointer (ptr_rho_yx,rho_yx),(ptr_phs_yx,phs_yx)

pointer (ptr_err_exa,err_exa),(ptr_err_exp,err_exp)
pointer (ptr_err_eya,err_eya),(ptr_err_eyp,err_eyp)
pointer (ptr_err_hxa,err_hxa),(ptr_err_hxp,err_hxp)
pointer (ptr_err_hya,err_hya),(ptr_err_hyp,err_hyp)
pointer (ptr_err_hza,err_hza),(ptr_err_hzp,err_hzp)
pointer (ptr_err_rxy,err_rxy),(ptr_err_pxy,err_pxy)
pointer (ptr_err_ryx,err_ryx),(ptr_err_pyx,err_pyx)

real*8 exa_o(*),exp_o(*),eya_o(*),eyp_o(*)
real*8 hxa_o(*),hxp_o(*),hya_o(*),hyp_o(*)
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real*8 hza_o(*),hzp_o(*)
real*8 rho_xy(*),rho_yx(*),phs_xy(*),phs_yx(*)

real*8 err_exa(*),err_exp(*),err_eya(*),err_eyp(*)
real*8 err_hxa(*),err_hxp(*),err_hya(*),err_hyp(*)
real*8 err_hza(*),err_hzp(*)
real*8 err_rxy(*),err_ryx(*),err_pxy(*),err_pyx(*)

character*60 file1,file2,file3
CHARACTER*60INPF

common/loc/xr,yr,xc1,yc1,xc2,yc2

!HPF SEQUENCE::niter,nl,INVFLAG,DATFLAG,IREF,nstn,MALLOC,
!HPF*ndata,ifreq_sum,IZ,kf,nfmax,NFIELD,sum_my_nfreq,sum_nd at a,
!HPF*my_nfreq,temp_num,temp_1, temp_2, mm,tt,k,ii,array_99,
!HPF*ndata_array,nfreq_stn,depth_array, sigmod_array,
!HPF*freq_array_array, dpred_array,Jac_array,JTJ_array,G_array,
!HPF*xr,yr,xc1,yc1,xc2,yc2,misfact,fmin,fmax,chifact,sig_ho mo,
!HPF*alpha_s,alpha_z,mis_exa,mis_exp,mis_eya,mis_eyp, mis_hxa,
!HPF*mis_hxp,mis_hya,mis_hyp,mis_rxy,mis_pxy,mis_ryx,mis_py x,
!HPF* mis_hza,mis_hzp,fstn,xstn,ystn,sref,Jac,JTJ,G,freq_array,
!HPF*sigmod,data,sigma0,depth,hh,dobs,dpred,sd,fitexa,fitex p,
!HPF*fiteya,fiteyp,fithxa,fithxp,fithya,fithyp,fitrxy,fitry x,
!HPF*fitpxy,fitpyx,fithza,fithzp,exa_o,exp_o,eya_o,eyp_o,
!HPF*hxa_o,hxp_o,hya_o,hyp_o,hza_o,hzp_o,rho_xy,rho_yx,phs_ xy,
!HPF*phs_yx,err_exa,err_exp,err_eya,err_eyp,err_hxa,err_hxp ,
!HPF*err_hya,err_hyp,err_hza,err_hzp,err_rxy,err_ryx,err_px y,
!HPF*err_pyx,/loc/,file1,file2,file3,INPF

!HPF$ PROCESSORSPROCN(50)

c====================================================================
c Interface declarations ( two examples)
c====================================================================

interface
pure subroutine invert (
1 nfreq,freq_array,ndata,dobs,sd,dpred,
1 INVFLAG,DATFLAG,nl,sref,depth,
1 sigma0,hh,chifact,misfact,alpha_s,
1 alpha_z,niter,mis_exa,mis_exp,mis_eya,mis_eyp,
1 mis_hxa,mis_hxp,mis_hya,mis_hyp,mis_rxy,mis_pxy,
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1 mis_ryx,mis_pyx,mis_hza,mis_hzp,Jac,JTJ,G)

include '/usr/local/pgi/linux86/5.0/include/pglocal.f'
integer nfreq,iter,nl,istop,lk,l,m,INVFLAG,DATFLAG
integer ndata,idata,niter,imis

real*8 sigma0(*),hh(*),sref(*),xr,yr,xc1,yc1,xc2,yc2
real*8 freq_array(*),dobs(*),sd(*),dpred(*),depth(*)

real*8 chisq1,chisqNL,chistop,chifact
real*8 alpha_s,alpha_z,phim_small,phim_flat,ratio
real*8 chitar,ridge,ridge1,misfact
real*8 mis_exa,mis_exp,mis_eya,mis_eyp
real*8 mis_hxa,mis_hxp,mis_hya,mis_hyp
real*8 mis_rxy,mis_pxy,mis_ryx,mis_pyx
real*8 mis_hza,mis_hzp

pointer (ptr_wsm,wsm),(ptr_wzm,wzm)
pointer (ptr_JTdeld,JTdeld),(ptr_deld,deld)
pointer (ptr_delm,delm),(ptr_iterphid,phid_iter)
pointer (ptr_delb,delb),(ptr_barray,barray)
pointer (ptr_sigmaold,sigma_old),(ptr_cq,cq)
pointer (ptr_ws,ws),(ptr_wf,wf),(ptr_dq,dq)
pointer (ptr_wm,wm),(ptr_tphim,total_phim)

real*8 wsm(*),wzm(*),total_phim(*),JTdeld(*),deld(*)
real*8 delm(*),phid_iter(*),Jac(*),JTJ(*),G(*)
real*8 barray(*),delb(*),sigma_old(*),cq(*),dq(*)
real*8 ws(*),wf(*),wm(*)

logical sing

common/obsdat1/idata
common/loc/xr,yr,xc1,yc1,xc2,yc2

!HPF SEQUENCE::nfreq,iter,nl,istop,lk,l,m,INVFLAG,DATFLAG,ndata,
!HPF*idata,niter,imis,sigma0,hh,sref,xr,yr,xc1,yc1,xc2,yc2
!HPF*freq_array,dobs,sd,dpred,depth, chisq1,chisqNL,chistop,chifact,
!HPF*alpha_s,alpha_z,phim_small,phim_flat,ratio,chitar,ridg e, rid ge1,
!HPF*misfact, mis_exa,mis_exp,mis_eya,mis_eyp, mis_hxa,mis_hxp,
!HPF*mis_hya,mis_hyp,mis_rxy,mis_pxy,mis_ryx,mis_pyx,mis_hz a, mis_hzp,
!HPF*wsm,wzm,total_phim,JTdeld,deld,delm,phid_iter,Jac,JTJ, G,
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!HPF*barray,delb,sigma_old,cq,dq,ws,wf,wm,MAXCPUS,mycpu,ncp us,
!HPF*sing,/obsdat1/,/loc/

end subroutine
end interface

interface
pure SUBROUTINEDBITRV(DATA,NPREV,N,NREM)
IMPLICIT REAL*8(A-H,O-Z)
DIMENSIONDATA(*)

!HPF SEQUENCE::/DATA/
end subroutine
end interface

c==================================================================
c More interface declarations are omitted...
c==================================================================

c********************************************************** ** *** ** *
c................ STARTOF DATAINPUTTO THEPROGRAM.............*
c (code is omitted)
c********************************************************** ** *** ** *

c********************************************************** ** *** ** *
c.................. ENDOF DATAINPUTTO THEPROGRAM.............*
c (code is omitted)
c********************************************************** ** *** ** *

c********************************************************** ** *** ** *
c................. STARTOF THEINVERSIONPROCESS................*
c********************************************************** ** *** ** *

c==================================================================
c The loop calling subroutine invert has been parallelized
c==================================================================

!HPF$ INDEPENDENT,new(array_99,freq_array_array,dpred_array,
!HPF$*depth_array,sigmod_array,jac_array,JTJ_array,G_array,
!HPF$*fitexa,fitexp,fiteya,fiteyp,fithxa,fithxp,fithya,fith yp,
!HPF$*fithza,fithzp,fitrxy,fitryx,fitpxy,fitpyx,freq_array,
!HPF$*dobs,sd,dpred,farray,sref,depth,sigma0,hh,jac,JTJ,G,n fr eq,
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!HPF$*ndata,kf,j,k,sigmod,data),
!HPF$*REDUCTION(temp_num,temp_1,temp_2)

do IRECV= 1, nstn

c==================================================================
c Omit the code for data assignment.
c==================================================================

call invert (
1 nfreq,freq_array,ndata,dobs,sd,dpred,
1 INVFLAG,DATFLAG,nl,sref,depth,
1 sigma0,hh,chifact,misfact,alpha_s,
1 alpha_z,niter,mis_exa,mis_exp,mis_eya,mis_eyp,
1 mis_hxa,mis_hxp,mis_hya,mis_hyp,mis_rxy,mis_pxy,
1 mis_ryx,mis_pyx,mis_hza,mis_hzp, Jac,JTJ,G)

c===================================================================
c Store output values into memoryin each iteration.
c===================================================================

enddo

C********************************************************** ** *** ** *
C................. ENDOF THE INVERSION PROCESS................*
C********************************************************** ** *** ** *

c==================================================================
c Store output data in memoryinto files and deallocate those
c pointers ( code is omitted ).
c==================================================================

return
end

c==================================================================
c All other subroutines and functions are omitted here.
c==================================================================


