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Abstract

A three dimensional, second order finite difference method was used to create synthetic
seismograms for elastic wave propagation in heterogeneous media. These synthetic seismograms are
used to model rough seafloor, the shallow crust, or complex structural and stratigraphic settings with
strong lateral heterogeneities. The finite difference method is preferred because it allows models of
any complexity to be generated and includes all multiple scattering, wave conversion and diffraction
effects. The method uses a fully staggered grid as developed by Virieux (1986). Wavefront snapshots
and time series output allow the scattering and focussing of different wave modes with direction to
be visualized.

The extensive calculations required for realistic size models stretches the resources of serial
computers like the VAX 8800. On the Connection Machine, a massively parallel computer, the
finite difference grid can be directly mapped onto the virtual processors, reducing the nested time
and space loops in the serial code to a single time loop. As a result, the computation time is reduced
dramatically. , C
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1 Introduction

Most computers used today are based on the von Neuman (serial) architecture. Serial computers
have a single central processing unit (CPU) and memory; data from memory is passed to the CPU
one data element at a time and instructions are executed in sequence. These computers are termed
single-instruction, single-datastream (SISD) architecture since one instruction at a time is executed
on a single data item. Although the efficiency of SISD computers may be enhanced by hardware
techniques such as pipelining and vector processors, the time required to complete computationally
intensive programs is often prohibitive.

Parallel systems can Le grouped into two broad categories: single-instruction, multiple-datastream
(SIMD) and multiple-instruction, multiple-datastream (MIMD). SIMD computers are characterized
by a large number of simple processors, each with its own local memory connected by a network com-
munications system. MIMD computers typically have a smaller number of conventional processors
with shared memory which execute portions of a program concurrently.

In an application such as synthetic seismograms, which requires both large volumes of data
and extensive calculations, the time required to cycle all the data through one CPU places severe
limitations on the size of models which can be run on a serial computer. This report documents the
procedure used to implement a software system to compute 3-dimensional synthetic seismograms
by the finite differences method on the Connection Machine, a SIMD computer. The advantage of
parallel processing on a SIMD computer is that each node of the 3D model can be assigned to a
single processor. Calculations are then performed simultaneously on all grid points. An operation
which would normally be performed within a repetitive loop is replaced by a single operation on
many processors acting in parallel.

Two dimensional synthetic seismogram models were previously coded in FORTRAN 77 to run
on VAX 11/780, VAX 8800, Cyber 205 and Cray XMP-12 computers (Hunt and Stephen, 1986). A
FORTRAN 77 program for a three-dimensional solution to the elastic wave equation by the method
of finite differences, which runs on the VAX 8800, was used as the basis for the parallel programs
written in C*. The parallel program is called wave_3d.

1.1 The Connection Machine

The Connection Machine (CM) is a massively parallel computer developed by Thinking Ma-
chines, in Cambridge, MA. Massively parallel, or fine-grain computers have many simple processors,
each with its own local memory. The Connection Machines used in this project are located at
the Naval Research Laboratory (NRL) Connection Machine Facility and at the Northeast Paral-
le! Architectures Center (NPAC) at Syracuse University. NRL has two CM-2 machines, one with
8k processors (Bambi) and one with 16k processors (Godzilla). NPAC also has two Connection
Machines, a 32k CM-1 (CUBE) and a 32k CM-2 (SON-OF-CUBE).

The Connection Machine processors are divided into groups of 8k or 16k processors. A single
Connection Machine can have one, two or four groups of processors. The 16k NRL CM-2 has two
groups of 8k processors; the NPAC 32k CM-2 has 4 groups of 8k processors. Each group of processors
is associated with a sequencer which interprets the instructions sent by a front-end computer. In
order to use the Connection Machine system, the front-end must logically attach itself to one or
more sequencers.




Each processor on the Connection Machine model CM-2 has 64K bits (2048 words) of memory;
each CM-1 processor has 4k bits of memory. The Connection Machine processors are connected by
a network communications system so that any processor can communicate with any other processor
via a routing device wired in an n-cube pattern (Hillis,1987). The CM can be configured in software
for virtual to physical processor ratios that are a power of 2, as long as there is enough memory per
virtual processor to accomodate the required calculations and variables.

The memory requirements of the wave_3d program limits the maximum virtual processor ratio
to 16:1. On the 16k NRL Connection Machine (Godzilla), the maximum number of virtual processors
available for the 3D grid is 262,144 (64x64x64 or 256k); on the 32k NPAC CM-2 Connection Machine
(SON-OF-CUBE), the maximum number of grid points is 524,288 (64x64x128 or 512k).

1.2 Programming the Connection Machine

The CM is connected by a high speed bus to a conventional serial computer which serves as the
user-interface. Program development is accomplished on the front-end computer using the editors
and compilers of the front-end processor. All of the Connection Machines used in this project support
C*, C/Paris, *Lisp and CM Fortran.

The NRL Connection Machines Bambi (8k) and Godzilla (16k) are connected to four front-end
computers:

1. cmvax (VAX 8800)
2. cmsun (SUN 4/280)
3. THINK75 (Symbolics 3675)
4. THINK40 (Symbolics 3640)

The NRL CMs are interfaced to the front-ends as follows:

Interface  cmvax emsun THINK75 THINK40
0 Bambi Bambi Godzilla Bambi
1 Godzilla Godzilla

The VAX front-end (cmvax) runs the ULTRIX operating system; the SUN front-end (¢cmsun)
runs the UNIX operating system.

The two Connection Machines at NPAC (CUBE and SON-OF-CUBE) are connected to a VAX
front-end (cmx) which runs ULTRIX 2.2, a 4.2BSD-based system.

The parallel program is downloaded onto the CM at runtime. The synthetic seismogram program,
wave_34, is written in C*, an extension of the C programming language, developed to allow parallel
execution. The wave_3d program contains both serial and parallel code.

2 The Model

The finite difference method is used to create synthetic seismograms for models containing lateral
heterogeneity; this method is preferred because it allows models of any complexity to be generated
and includes all multiple scattering, wave conversion, and diffraction effects. Most analytical mod-
elling techniques use assumptions, such as primary scattering (Born and Rytov approximations),
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which limit their applicability to weak heterogeneity situations. Modelling of a rough seafloor, the
shallow crust, or complex structural and stratigraphic settings, however, must be able to handle
strong lateral heterogeneities. In addition, the finite difference technique can be used for all ratios
of scatterer size to wavelength.

2.1 Background

The finite difference method involves the spatial and temporal discretization of the wave equation
on a regular grid which represents the model of interest. The method has been successfully applied
to an extremely wide range of seismic wave propagation problems including earthquake seismology
(Alterman and Karal, 1968; Frankel and Clayton, 1986; Toksoz et al., 1988), marine refraction
(Stephen 1983; Dougherty and Stephen, 1988), reflection seismology (Kelly et al. 1976; Virieux,
1986; Fornberg, 1987), VSP (Stephen, 1984), and full waveform acoustic logging (Stephen et al.,
1985). A number of formulations have been utilized for these applications, including second and
fourth order formulations, and the pseudospectral method. Fornberg (1987) presents a comparison
of these different methods. The higher order schemes are more accurate, require fewer grid points per
wavelength, and are more computationally demanding. The lower order schemes are more efficient
computationally, but require more grid points per wavelength, and therefore more computer memory.
The second order scheme has been fully validated against analytic methods (Stephen, 1983, 1988)
and can handle complicated interfaces and boundaries. In addition, the use of fully staggered grids
for displacements and stresses (Virieux, 1986; Dougherty and Stephen, 1988) improves the accuracy
and stability of the formulation at no additional cost in computation or memory. The second order
scheme has been successfully applied to 2-D heterogeneous media by Dougherty and Stephen (1988),
and 3-D media by Etgen and Yomagida (1988). Because the primary interest is in modelling rough
interface effects, even the pseudospectral method will need fine grid spacing to accurately represent
such interfaces. Therefore, the memory requirement differences between the lower order methods
and the pseudospectral method are not as great as for other types of applications.

2.2 Approach

The system of equations we wish to solve is given by:
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Where u,v,w represent the x,y,z displacements, A and u are the Lame parameters, p is the
density, 7;; the stress terms, and t represents time. For heterogeneous media, the Lame parameters
and density all vary spatially in three dimensions. A unique staggered spatial grid can be constructed
to solve this system with centered differences. This grid is a direct extension of the two dimensional
grid given in Virieux (1986).

In order to avoid grid dispersion in the model, the highest frequency component to be modelled
must be sampled by 10 - 30 grid points per wavelength (Kelly et al., 1976; Stephen, 1983).

A dilatational or explosive point source is introduced into the grid using the method developed
by Nicoletis (1981). This method computes a force distribution over a finite volume of the three
dimensional grid to represent a dilatational source. The accuracy of this representation increases
as the grid volume on which it is imposed is increased. The time dependency of the source takes
the form of the derivative of the Gaussian distribution with any given center frequency (Kelly et al.
1976; Stephen et al., 1985).

Boundary conditions for this 3-dimensional staggered grid formulation are fairly straight forward.
The source is introduced inside the model, and the six planes which define the model limits are
treated as absorbing boundaries using the telegraph equation in a zone around each of the planes
(Levander, 1985; Dougherty and Stephen, 1988). Because the finite difference model is formulated
for heterogeneous media, interfaces within the model do not require any specific boundary conditions
to be coded. Interfaces of any complexity are handled implicitly (with the caveat that steeply dipping
interfaces must be adequately sampled by the spatial grid).

The memory and computational requirements for numerical modelling in three dimensions are
great. For the second order three-dimensional code which we have developed, twelve (12) real
variables must be stored for each grid point in the heterogeneous section of the model (three dis-
placement values at three time steps, plus two elastic constants and density). In order to reduce the
memory requirements on the VAX, the model assumes a heterogeneous zone sandwiched between
two homogeneous zones. As an example of the memory and computational requirements on a serial
machine, a model containing 80 x 80 x 50 grid points needs 12.5 Mbytes of central memory and the
run time for 400 time steps was about 20 hours on a VAX 8800. These requirements can be reduced
by reducing the heterogeneous zone to as small a volume as needed for the models of interest or by
segmenting the model into several runs.

Fortunately, computer hardware advances in parallel processing can solve this problem. On a
massively parallel processing machine the finite difference grid can be directly mapped onto the
processors, reducing the nested time and space loops in the serial code to a single time loop in the
paraliel code. As a result, the computation time is reduced dramatically. Other parallel machines are
designed with fewer more powerful processors. On these types of machines, each processor might run
the finite difference code for a segment of the model, and communicate displacement values at the
end of each time step. Any parallel computer can greatly reduce computation time and, therefore,
make three dimensional numerical modelling feasible.




3 Running the synthetic seismogram program

This section describes the steps necessary to define the model, run the synthetic seismogram
program and view the three-dimensional model created by the program wave_3d. Although some
familiarity with the UNIX operating system is helpful, the following sections provide a complete
description of the steps required.

To run program wave._3d:

1. Log on to the front-end via telnet (from the WHOI RED VAX)
2. Define the model parameters in the file xmodel.dat

3. Run the wave_3d program on the Connection Machine

4. View the results by either:

(a) copying the ASCII output files to the VAX (via ftp) and using the SNAPSHOT program
on the WHOI THISLE VAX Workstation, or

(b) running wave_3d with the frame buffer option set and viewing the results on the CM
Graphic Display System (GDS) high resolution color monitor (note that there should be
someone at NRL or NPAC who can physically watch the frame buffer monitor!)

3.1 Logging on via telnet

Access to the Connection Machine front-end computers at NRL and NPAC is via the ARPA
Internet link using telnet (figure 1).

1. log on to the WHOI Red VAX

To access the Connection Machine at NRL:
RED.$ telnet 134.207.7.12  (for the VAX interface - cmvax)
RED.$ telnet 134.207.7.4  (for the SUN interface - cmsun)

To access the Connection Machine at NPAC:
RED_$ telnet cmx.npac.syr.edu  (for the VAX interface - cmx)

Note: when using telnet, you could get the following message:

RED.$ telnet 134.207.7.12
Trying...Attempt to connect to foreign host failed: ~Network is unreachable

RED.$ <<< at this point, just wait and try again later! > >>
2. log on to ecmvax, cmsun or cmx; after logging on, one of the following prompts wili appear:
cmvax’, (if logged on to the VAX front-end at NRL)

cmsun’, (if logged on to the SUN front-end at NRL)
cmx¥ (if logged on to the VAX front-end at NPAC)




Figure la. Logging on to the NRRL SUN front-end (cmsun)
RED.S$ telnet 134.207.7.4

Trying... Open
Connected to 134.207.7.4.
Escape character is '~ ]°’.

Sun0S UNIX (cmsun)

login: allen
Password: <<<type password here >>>

Last login: Thu Aug 31 08:37:32 from RED.WHOI.EDU
Sun0S Release 4.0 (CMSUK) #64: Tue Aug 22 12:45:06 EDT 1989

KRL Connection Kachine Facility - Sun 4/280

<< < system messages here >>>
TERK = (vt100) <<< hit return here >>>
allen.cmsun¥, lo

Connection closed to 134.207.7.4
RED_$ <<< back to DCL prompt on RED VAX >>>

Figure 1b. Logging on to the NRL VAX front-end (cmvax).
RED.$ telnet 134.207.7.12

Trying... Open
Connected to 134.207.7.12.
Escape character is ’°]°’.

cmvax login: allem
Password: <<< type password here >>>

Last login: Tue Aug 8 11:31:48 from 128,128.16.79
Ultrix-32 V3.0 (Rev 64) System #7: Sat Jul 8 17:34:53 EDT 1989

" NRL Connection Machine Facility - VAX 8800
<<< system messages here >>>

TERM = (vt100) <<< hit return here >>>
allen.cmvax¥ lo

Connection closed to 134.207.7.12

RED_$ <<< back to DCL prompt on RED VAX >>>

Figure 1c. Logging on to the NPAC VAX front-end (cmx).

RED.$ telnet cmx.npac.syr.edu

Trying...

Open

Connected to cmx.npac.syr.edu.
Escape character is ’~}’.

Ultrix-32 V3.0 (Rev 64) (cmx.npac.syr.edu)

login: jallen
Password: <<< type password here >>>

Last login: Tue Sep § 09:17:39 from RED.WHOI.EDU

Ultriz-32 V3.0 (Rev €4) System #1: Mon Jul 17 11:24:58 EDT 1989
<<< system messages here >>>

Tue Sep 5 09:17:40 EDT 1989

cax’ lo

Connection closed to cmx.npac.syr.edu
RED_$ <<< back to DCL prompt on RED VAX >>>

Figure 1: Example of logging on and off the NRL and NPAC Connection Machines




3.2 Defining the model input parameters

Input to program wave.3d is via the ASCII file xmodel.dat. The contents of xmodel.dat

are as follows:
nt

dx,dy,dz,dt
snap_file,snap_fb
outfb,outxy,out_yz,out_xz
1sXx,isy,1sz,fpeak

nzones

(for each zone:)
nxl,nyl,nzl,nxn,nyn,nzn
cclamb,cemu,trho

where:

nt
dx,dy,dz
dt
snap-file
snapfb
out_fb

out_xy
out_yz
out.xz
i8X,isy,18z
fpeak
nzones

nx1,nyl,nzl
nxn,nyn,nzn

cclamb
ccmu
trho

= number of time steps

= grid spacing in x,y,z directions, in meters

= time step increment, in seconds

= interval for output of ASCII files (number of time steps)

= interval for output to frame buffer (number of time steps)

= 0 for no output to frame buffer

= 1 to output xy plane to frame buffer, at snap_fb intervals

= 2 to output yz plane to frame buffer, at snap_fb intervals

= 3 to output xz plane to frame buffer, at snap.fb intervals

= 1 to output xy divergence and curl z to ASCII files, at snap_file intervals
= 1 to output yz divergence and curl x to ASCII files, at snap_file intervals
= 1 to output xz divergence and curl y to ASCII files, at snap_file intervals
= location of point source (grid points)

= peak frequency of source (hz)

= number of homogeneous zones in model

= start point for zone in x,y,z directions (meters)

= end point for zone in x,y,z directions (meters)

= Lame’s parameter - lambda

= Lame’s parameter - mu (shear modulus)

= density (kg/m )

Figure 2a shows a sam,.'e input data file for the model illustrated in figure 2b. Note that when
defining the boundaries of the model areas, the indices (nx1,nyl,nz1,nxn,nyn,nzn) should range from
0 to 63, rather than from 1 to 64.

Use the vi editor on the front-end to edit this file or use the edt editor on the WHOI RED VAX
and ftp the xmodel.dat file to the CM front-end (see section 3.4 for directions on transferring files

via ftp).




Figure 2a. Sample file xmodel.dat for heterogeneous model.

This file describes the parameters for the model in figure 2b. The 3D grid is 64x64x64;
the point source is located at (10,31,10); there will be no output to the frame buffer; ASCII
files created will be: div_xy.dat, curl_z.dat, divxz.dat, curl_y.dat, div_yz.dat, and
curlx.dat. The model will be calculated for 250 time steps and data will be output to the

files at every 50 time steps.

250

50 50 50 0.007
50 2

0111

10 31 10 3.

3

000 63 63 31
2.25€09 0.0 1000.
0 0 32 31 63 63
2.25e09 0.0 1000.
32 0 32 63 63 63
16.0e09 8.0e09 2000.

(number of time steps)

(dx, dy, dz, dt)

(snap_files, snap_fb)

(out_fb, out_xy, out_yz, out_xz)

(isx, isy, isz, fpeak)

(number of zones)

(nx1, nyi, nzi, nxn, nyn, nzn for zone 1)
(cclamb, ccmu, trho for zone 1)

(nx1, nyi1, nzil, nxn, nyn, nzn f~r zone 2)
(cclamb, ccmu, trho for zone 2)

(nx1, ny1, nzi, nxn, nyn, nzn for zone 3)
(cclamb, ccmu, trho for zone 3)

Figure 2b. Three dimensional model calculated in the examples presented in

this technical report.

63

<

Figure 2: Sample input data file (xmodel.dat)




3.3 Running the program

Program wave_3d is configured for a model with dimensions 64x64x64; this model requires
262144 (256k) virtual processors. The program has been optimized to run at a maximum virtual
processor ratio of 16:1. This means that a minimum of 16k processors is necessary to run this model.
When running the program at NRL, all 16k processors of the Godzilla Connection Machine must be
allocated. On the 32k NPAC CM, only two of the four sequencers on SON-OF-CUBE are needed to
run the program. The program can also be configured to run a model with dimensions 64x128x64
on the NPAC 32k CM if all four sequencers on SON-OF-CUBE are used (see section 4.8).

To run the wave_3d program (figure 3):

1) Determine if the required sequencers on the CM are available using the cmfinger and cmuser
commands (figure 4); you will not be allowed to attach to the CM if it is busy

2a) on the NRL CM, type the following command:
cmvax’, cmattach -b 0.95 -p 16k -v 256k -il wave_3d > wave_3d.out &

2b) on the NPAC CM, use this command:
cmx) cmattach -b 0.95 -p 16k -v 256k -C S wave_3d > wave_3d.out &

The file wave _3d.out will contain the runtime diagnostic messages and the timing information
after program completion. If the CM is busy and you wish to attach and ’wait for resources’, add
the -w flag to the command line:

cmvax’, cmattach -b 0.95 -p 16k -v 256k -w -il wave_.3d > wave_3d.out &
or
cmx? cmattach -b 0.95 -p 16k -v 256k -w -C S wave.3d > wave_3d.out &

This option will cause the cmattach program to wait (possibly forever) for the desired resources
(namely both sequencers of Godzilla or two sequencers of SON-OF-CUBE) to be freed. Note that
this is a fairly primitive implementation and simply causes the job to be resubmitted once every
minute. If the sequencers are freed up during the minute that the job is waiting, they can be attached
by anyone else. If you are in a hurry, it is safer, and usually faster, to use cmfinger to keep an eye
on which sequencers are free and then resubmit the cmattach command. The c-shell has a history
command that is useful for this:

cnx’ !cma (the most recent command beginning with cma will be executed)

The output file should have a unique name on the NRL CM. If a file with that name exists
already, the following message will appear:

¢msuny, cmattach -b 0.95 -p 16k -v 256k -i1l wave.3d > wave_3d.out &
[1] 13999

wave 3d.out file exists

cmsun

Either choose a different name for the output file on the command line, or remove the current
file and re-submit the attach command:




cmsun’ rm wave.3d.out
rm: remove wave3dd.out? y
cmsun’ !cma

On the NPAC CM, the file will be overwritten if it already exists.

To have diagnostic messages appear on the terminal screen rather than in a file, simply omit the
redirection (> wave_3d.out):

cmsun cmattach -b 0.95 -p 16k -v 256k -il wave.3d &
or

cmx’ cmattach -b 0.95 -p 16k -v 256k -C S wave_3d &

3.4 Viewing the results

In order to view the results of the 3-dimensional synthetic seismogram program, 2-dimensional
slices’ through the center of the model may be:

1. output as ASCII files and transferred to a VAXstation for plotting, or

2. output to the Connection Machine frame buffer during runtime.

3.4.1 Plotting ASCII files on the VAXstation

Program wave.3d writes two ASCII files (one containing divergence and the other containing
curl) for each 2-dimensional plane selected, every time step interval. The filenames are determined
by the 2-dimensional plane and the time step:

output option files description
out_xy divxy.N.dat xy plane at z = 2-dimension/2-1
curlz_N.dat
out.yz divyz_N.dat yz plane at x = x-dimension/2-1
curlx_N.dat
out_xz divxz_N.dat xz plane at y = y-dimension/2-1
curly_N.dat

where N is the time step.

The procedure for plotting ASCII files of divergence and curl on the VAXstation is as follows:

1. Transfer the ASCII files from the CM front-end to the RED VAX using ftp:

RED_$ ftp 134.207.7.12 (refer to section 4.4)

usernane: allen

password: <<type password here>>

* get divxz_200.dat (to'transfer divxz_200.dat from cmvax to RED)
» get curly_200.dat (to transfer curly.200.dat from cmvax to RED)
* ex (to exit ftp)
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Figure 4a - Example of cmnfinger and cmuscrs commands on the NRL cmvax front-end

cavax’% cmfinger

Connection Machine: BAMBI

nobody CMSUX: 0 Kot attached.
TRINK7S Not attached.
whitcomb CMVAX:0 Sequencer ports (0)

Connection Machine: GODZILLA

ancona CMSUN: 1 Sequencer ports (1)
webb THINK40 Not attached.
jennings CMVAX:1 Not attached.

cmvax’, cmusers

Interface User CHM-Idle Status
0 whitcomb ATTACHED running “starlisp”
1 jennings :03 ATTACHED running “cmattach"
cavax’,

Figure 4b - Example of cmfinger and cmusers commands on the NRL cmvax front-end

cmsun’ cmfinger

Connection Machine: BAMBI

tedwards CMSUN:0 Sequencer ports (1)
THINK75 Kot attached.
mandelbe CMVAX: 0 Sequencer ports (0)

Connection Machine: GODZILLA

allen CNSUN: 1 Sequencer ports (0 1)
webb TBIRK40 Not attached.
nobody CHVAX:1 ot attached.

casun’, cnusers

Interface User CN-Idle Status
0 tedvards ATTACHED running "emattach”
1 allen ATTACHED running “wave_3d"
- root 147 DETACHED

casun¥

Figure 4c - Example of cmfinger and cmusers commands on the NPAC emx front-end
cax’% cmfinger

Connection Machine: THE-CUBE

nobody CHX.NPAC.SYR.EDU:0 Not attached.

Connection Machine: SON-OF-CUBE

nobody CMX.NPAC.SYR.EDU:1 Not attached.
root CMX.NPAC.SYR.EDU:2 Sequencer ports (3)
nobody CHX_NPAC.SYR.EDU:3 Not attached.

CM1S Bot attached.

cax¥ cmusers

Interface User CH-Idle Status
2 root 1:62 ATTACEED running “1%

cmx¥

Figure 4: Example of cmfinger and cmusers commarnds
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RED.$

. On the RED VAX, convert the ASCII output files to binary format using the convert program:

RED_$ @convert

Enter CM (input) filename: divxz_200.dat
Enter binary output filename: cmxz0200.div
Enter scale factor (1 for no scaling): 1
FORTRAN STOP

RED_$ @convert

Enter CM (input) filename: curly_200.dat
Enter binary output filename: cmxz0200.crl
Enter scale factor (1 for no scaling): 1
FORTRAR STOP

RED.$

. Log onto the VAX Workstation THISLE (THISLE is on the VAX cluster so the default data
directory RNR2:[FIND.JMA1] can be accessed from either RED or THISLE).

. On THISLE, run snap fix to enlarge the images, if desired (this example will enlarge a 64x64
image to 256x256):

THISLES r snap-fix

Enter input filename (fin): cmxz0200.div
Enter output filename (fout): cbxz0200.div
Enter x,z dimensions (max 128): 64,64
Enter xinx,zinc: 4,4

FORTRAN STOP

THISLE.$

. On THISLE, execute the command SNAP to send the image to the workstation screen and/or
create an image file. The example in figure 5 creates an image file named ¢bxz0200.img.

. To get a hardcopy of the image file(s) created by SNAP, log back onto the RED VAX and run
the command file img. Output is to the Imagen laser printer (figure 6):

RED_$ @img cbxz0200.img

3.4.2 Using the CM frame buffer

The CM graphics display system (GDS) consists of a frame buffer and a high-resolution color

monitor (19 inch, 1280 x 1024 pixels), which combine to display images computed on the CM-2.
The GDS can be programmed to display any 2-dimensional grid of virtual processors.

If the variable out_fb is set to 1, 2 or 3 in the file xmodel.dat, images will appear on the default

frame buffer at NRL or NPAC in ’'real-time’ (this is obviously only useful if there is someone at NRL
or NPAC who is watching the monitor!).

At NRL, the four frame bufler locations are as follows:
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<<< note that caps are required for portions of this program >>>

THISLE_$ SNAP
ENTER FILEID

CBXZ

ISTAT= o]

ERROR 29 OPENING FILE CBXZ.PAR
ISTAT= 29

ENTER MM,NN,ND,DELZ

64,64,0,50

ENTER TIMESTEP

200

ERTER TOP FILE EXTENT

DIV

ENTER BOTTOM FILE EXTENT (“N" FOR NO)
CRL

FILE OPENED: CBXZ0200.D1V
FILE OPENED: CBXZ0200.CRL
ENTER REDUCE FACTOR
1
1
ENTER RANGE MIN,MAX (POINTS)
1,64
1 64
ENTER DEPTH MIN,MAX (POINTS)
1,64
1 64
ENTER CLIPPING MIN,MAX VALUES
-0.01,0.01
CLIPPING VALUES= -9.9999998E-03 0.9999998E-03
ENTER ANNOTATION FOR TITLE
<<< hit return here >>>
OUPUT TO WORKSTATION MONITOR? (Y/N)
Y <<< use the workstation mouse to manipulate the menus >>>
KEW COLOR MAP ? (Y/N)
¥
RESCALE ? (Y/N)
|
OUTPUT IMAGE ? (Y/N)
Y
FORTRAR STOP
THISLE_$

Figure 5: Example of running SNAP on THISLE
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tn
00 00 OO 00 00 00 00 00 OO0 0

0. 2.0. %. 8.110.112. 1
RANGE (Xm)

Section along the x-z plane at time step 200 of 3-dimensional
synthetic seismogram calculated with program wave_3d. The
model] calculated is shown in figure 2. Image displayed on microVAX
workstation using program SNAPSHOT.

Figure 6: Hardcopy image on the laser printer
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CM interface sequencer FB location

Bambi 0 0 User room

Bambi 0 1 Anderson/Whaley office
Godzilla 1 0 Room with coffee maker/fridge
Godzilla 1 1 Shirron’s office

At NPAC, the frame buffers are attached to sequencers 0 and 2 of SON-OF-CUBE.

4 Guide to programming on the Connection Machine

The first step in writing a program to run on the Connection Machine is to learn to think in
paralle] terms. ”Learning to write programs for parallel machines requires thinking in ways that are
quite different from those demanded by sequential computers.” (Hillis, 1987)

4.1 Special cases and boundary conditions

The large number of processors in the Connection Machine are controlled by the front-end
computer, which sends a single instruction to all the processors simultaneously. For every instruction,
each processor must either execute or not execute. Special cases and boundary conditions are one
weakness of parallel processing. Algorithms which contain special cases should be redesigned, if
possible.

For example, consider the calculation of boundary conditions. On a serial machine, the interior
of the model would be calculated with one equation and the edges of the model with another. On the
Connection Machine, however, it is most efficient for every processor to perform the same equation
simultaneously. One solution is to add a damping term to the wave equation to eliminate unwanted
reflections from the edges of the model. Then the same equation can be used for every processor
with only the damping parameter changing with position on the grid (Charrette, 1987).

4.2 Timing considerations

Another power of programming on a massively parallel computer such as the Connection Ma-
chine is that increasing the size of the model (within the hardware limits of the computer) will not
change the time required to perform the parallel calculations, although serial operations such as
initialization will take longer. For example, wave_3d, the 3D synthetic seismogram program, has
three main sections:

1. code to read model parameters and perform parallel initialization
2. code to perform paralle] calculations within a serial time loop
3. serial code for output of results

It is difficult to make an accurate comparison of runtimes on the CM and runtimes on the VAX
8800. The timing facility on the CM gives real time and CM time (time spent in parallel mode)
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while the VAX timing facility gives real time and CPU time. Comparison of real times is not entirely
valid because of multi-tasking on the computers. In this report, we are comparing real time on the
Connection Machine with CPU time on the VAX; the performance of the Connection Machine is
actually under-estimated.

A 3D model with dimensions 64x128x64 and 200 time steps took 0.5 seconds (real time) for
initialization and 1253.6 seconds (real time) total on the 32k Connection Machine at NPAC.

A 3D model with dimensions 80x80x50 and 200 time steps took 400 minutes (CPU time) on the
VAX 8800. The following table surnmarizes the timing calculations:

Computer  Number of grid points seconds / time step
CM-2 (32k) 524288 (64x128x64) 6.3 (real time)
VAX 8800 320000 (80x80x50) 120 (CPU time)

The Connection Machine is approximately twenty times faster than the VAX for a model with
60% more points. Although models computed on the Connection Machine are constrained by the
number of virtual processors available, it may be possible to compute larger models using the
DataVault, a high speed mass storage device attached to the Connection Machine (see section 6.0).

4.3 Converting serial FORTRAN to parallel C*
This section outlines some special features of C* and some guidelines to assist a programmer in
developing and modifying C* code for the Connection Machine.

The original 3-dimensional synthetic seismogram program was written in FORTRAN and devel-
oped to run on the VAX, a serial computer. The conversion of the serial FORTRAN code to parallel
C* code was accomplished in four basic steps:

1. convert from FORTRAN to standard C

2. determine portions of the code which could be run in parallel

3. convert from standard C to paralle] C*

4. optimize the C* code
4.3.1 Convert from FORTRAN to standard C
One of the most common coding errors in converting from FORTRAN to C is in indexing.
FORTRAN indexes from 1 to N while C indexes from 0 to N-1. For example, a source located at the

center of a 64x64x64 model would have indices (32,32,32) in FORTRAN while the source located at
the center of the same model would have indices (31,31,31) in C.

4.3.2 Determine portions of the code which could be run in parallel
The C* programming language was designed specifically for the Connection Machine. C* is an

extension of the C programming language that incorporates some of the object-oriented features of
C++ to enable paraliel processing.
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The C* language encourages the programmer to think in terms of groups of related quantities,
similar to the struct concept in standard C. In C*, the keyword domain extends the struct concept
by allowing functions, as well as data objects, to be associated members of a group. Domains are
based on the class concept from C++. Once a domain is defined and member space is allocated,
each instance of the domain can be thought of as having its own virtual processor. A program can
contain both serial and parallel code; code is parallel only within a member function of a domain
or within a selection statement which has activated a domain. Otherwise, the parallel code appears
just like serial code.

Parallel variables are the default when declared within a member function and within a selection
statement and can be explicitly declared with the poly keyword within serial code. Serial variables
require the keyword mono if declared within a paraliel context.

Many of the computations in the original synthetic seismogram program involved large, 3-
dimensional FORTRAN do loops where the same computation was performed for each node of
the 3-dimensional model. These computations are relatively easy to think of in a parallel sense.
Instead of processing each node of the model in sequence, all nodes are processed in parallel by
placing the same code on each of the parallel processors. The first step is to allocate a virtual pro-
cessor for each grid point using the nd.grid library routine make_grid (see Appendix A). A domain
with 23 common variables and 20 parallel functions was defined for the 3D model (Figure 7). Once
the parallel domain is defined, operations which require a 3-dimensional do loop in FORTRAN are
reduced to a single operation in C* (Figure 8).

4.3.3 Convert from standard C to parallel C*

The following C* header files are available for parallel C* programs:

<stdio.hs> standard i/o library header file
<math.hs> math routines header file

<nd._grid.hs> header for n-dimensional NEWS routines
<fb.hs> header for frame buffer routines
<cm/cmtimer.hs> CM timer functions

<cm/emfs.hs> CM file structure (DataVault) functions

<em/cmdfilehs>  DataVault functions

4.3.4 Optimize the C* code

Each processor on the CM-2 has 64k bits of memory and this was found to be the major
constraint on the maximum size model that could be run. Techniques used to decrease the amount
of memotry required by the program and maximize model size include:

1. re-compute values rather than store them in memory
2. break up large functions into smaller functions in order to reduce the amount of memory

required

There is a ’bug’ in the C* compiler which causes any floating point constant which is not implicitly
appended with an fto be double precision. This causes any calculations using that constant to be
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/* common definitions for 3D finite difference modeling %/

#define XDIM 64
#define YDIM 64
#define ZDIM 64
#define TOTAL XDIM*YDIM*ZDIM

/% define the domain for the parallel variables - 27 variables = 108
bytes =/

domain model {

float ud,ul,u?;

float v0O,v1,v2;

float wO,w1,w2;

float clamb;

float cmu;

float clp2mu;

float rho;

float txxdx,txydy,txzdz;

float txydx,tyydy,tyzdz;

float txzdx,tyzdy,tzzdz;

float alpha;

float div,curlx,curly,curlz;
float alpha_fct(int indx);
void boundary(void);

void calc_adisp(float *adisp);
void calc_bdisp(float *bdisp);
void calc_cdisp(float *cdisp);
void calc_displ(void);

void calc_txxdx(void);

void calc_txydy(void);

void calc_txzdz(void);

void calc_txydx(void);

void calc_tyydy(void);

void calc_tyzdz(void); -

void calc_txzdx(void);

void calc_tyzdy{(void);

void cale_tzzdz(void);

void divcurl(void);

void initialize(void);

void output_fb(void);

void stress(void);

void update(void);

} point[TOTAL];

Figure 7: Declaration of domain for 3D synthetic seismograms
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c:::::==============================================================

c FORTRAN subroutine update — update arrays after completion
< of a time step
C=================================:============ ---- SESSESSESRSEE ===
subroutine update
c
include ’dspall.blk’
common/values/ ltmout,ixout,iyout,izout,nx,ny,nz,nt,ntil
c
do 300 iz = 1, nz
do 200 iy = 1, ny
do 100 ix = 1, nx
uwold(ix,iy,iz) = u(ix,iy,iz)
vold(ix,iy,iz)} = v(ix,iy,iz)
wold(ix,iy,iz) = w(ix,iy,iz)
c
u(ix,iy,iz) = unew(ix,iy,iz)
v(ix,iy,iz) = wvnew(ix,iy,iz)
w(ix,iy,iz) = vnew(ix,iy,iz)
100 continue
200 continue
300 continue
return
end
C====s|ss=s===== === = = == =
/#=s=s==z=== ==== == == */
/* */
/* C* function update - update arrays after completion of */
/* a time step */
/* */
/#===========sssscs==ss=ssssSsSSSsSSssSssSSssssSossssssas /
#include “wave_3d.hs"
void model: :update(void) /* function type is domain model #*/
{
uold = u;
vold = v;
wold = w;
u = unew;
vV = vnew,
W = wnew,;
}
/* ===z */

Figure 8: Example of serial FORTRAN vs parallel C*
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done in double precision, thus wasting valuable memory resources. To avoid this problem, append
an fto all floating point constants in the C* program, for example:

#define PI 3.14159f (instead of #define PI 3.14159)

alpha = 8in(((ix-(nx-NTEL))/(NTEL/2.0f))*PI/2.0£)%(0.11);

To detect lines containing values which would cause double precision computations, use the -w
flag with the compile command:

cmx’ ¢s -O -w -0 progname progname.cs -Inrlcstar &

There is a timing facility in C* for accumulating and reporting elapsed real time and CM time.
To use the timing facility, include the header file:

#include <cm/cmtimer.hs>

The timer functions used in the current program are:

CM._start_timer(l) begin accumulating timing information
CM.stop-timer(1l) stop accumulating and print timing information
CM_reset_timer()  reset the clock

These functions were used to time the initialization stage of the program and the total run-time.
T} e timer functions can be implemented as C preprocessor macros as follows:

#define TIMERON CM.start_timer(1)
#define TIMER.RESET CM.reset.timer()

#define TIMEROFF CM_stop-timer(1)

4.4 File transfer via ftp

The internet connection to NRL is very slow. For this reason, most of the program coding and
editing was done on the Red VAX at WHOI. Programs were then transferred to the CM front-end
over the network using file transfer protocol (FTP), illustrated in Figure 9.

1. ftp to connect to the CM front-end
RED.$ ftp 134.207.7.12 <<< to connect to the NRL VAX >>>
RED 8 ftp 134.207.7.4 <<< to connect to the NRL SUN >>>
RED.$ ftp cmx.npac.syr.edu <<< to connect to the NPAC VAX >>>
cmx’, ftp red.whoi.edu <<< to connect to the WHOI RED VAX >>>

2. c¢d to the desired directory if files are in a directory other than HOME

3. use get to copy files FROM the CM front-end, use put to copy files TO the CM front-end

21
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4. ex to exit ftp from the WHOI VAX, (bye to exit from the UNIX front-ends)

4.5 Debugging C* Code

Debugging the parallel portions of a C* program can be difficult. It is generally best to start
with a simple model and print out intermediate values for selected processors. If a printf statement
is used within a parallel context, it must be immediately followed with:

ff1lush(stdout);

This will ensure that all buffered data is sent to the output stream before parallel commands are
executed.

Section 5.3.3 of the Connection Machine System C* User’s Guide explains how to run C* pro-
grams with the dbz debugger.

4.6 Compile and link CM programs

Source code to be run on the CM should have the file extent .cs and header files should have
the extent .ks. Figure 10 illustrates compilation of wave_3d on the NRL and NPAC front-end
computers.

To compile and link a C* program to run on the NRL Connection Machine (the NRL C* library
is installed as nricstar):

cmvax’ cs -O -w -0 progname progname.cs -Ilnrlcstar &

where:
-0 sets the flag for the optimizer
-w causes double precision calculations to be flagged
-0 progname causes the executable file to be named progname
instead of a.out
progname.cs is the C* source code file
-Inrlcstar links the program with the NRL C* library
-lemfb links the program with the frame buffer library
& the UNIX command for running in the background

To compile and link a C* program to run on the NPAC Connection Machine (the NRL C* library
routines are local):

cmx’, cs -O -w -0 progname progname.cs nd_grid.o fb.o &

4.7 Running a C* program on the Connection Machine

To run a program on the NRL Connection Machine:
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Figure 10a - Example of compiling wave.3d on the NRL cmsun front-end

cmsuny, ¢s -O -w -0 wave._3d wave_3d.cs -Inrlcstar &

(1] 18467

wave_3d.cs: Cx-compiling => wave_3d..c

C+ Compiler Version 5.0.21

“wave_3d.cs", line 98: warning: Underflow from flcating-point literal 0.0.
“wave_3d.cs"”, line 98: warning: Underflow from floating-point literal 0.0.
“wave_3d.cs", line 100: warning: Underflow from floating-point literal 0.0.
"wave_3d.cs", line 977: warning: Underflow from floating-point literal 0.0.
wave_3d.cs: C-compiling wave_23d..c

Linking

[1] Done cs -0 -w -0 wave_3d wave_3d.cs -lnrlcstar
cmsun?,

Figure 10b - Example of compiling wave_3d on the NPAC cmx front-end

cnx’ ¢s -O -w -0 wave_3d wave.3d.cs nd_grid.o fb.o &

(1] 5996

cmx¥% wave_3d.cs: Cx-compiling => wave_3d..c
C*¢ Compiler Version 5.0

wave_3d.cs: C-compiling wave_3d..c

Linking
{1] Done cs -0 -w ~o wave_3d wave_3d.cs nd_grid.o fb.o
cmx’%

Figure 10: Compilation of wave_3d
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cmsun’ cmattach -b 0.95 -p nprocs -v nvprocs -i interface progname > output file &

To run a program on the NPAC Connection Machine:

cmx’% cmattach -b 0.95 -v nvprocs -p nprocs -C CM_name progname > output file &

where:

-b 0.95 ’ causes 95% of the memory per virtual processor (vp) to be available (defauit
is 0.75)

-p nprocs attach nprocs CM processors; legal values for nprocs: 4k or 8k for BAMBI,
(default is 4k) 8k or 16k for GODZILLA (default 8k) 8k, 16k or 32k for
SON-OF-CUBE (default 8k)

-V nvprocs configure the CM to have nvprocs virtual processors (must be at least the
number of physical processors allocated)

-i interface attaches the CM via interface 0 (BAMBI) or interface 1 (GODZILLA) on
NRL CM

-C CM_name attaches to the CM named 'CM._name’ {use -C S for SON-OF-CUBE at
NPAC)

progname your executable C* program

output file file containing log of batch session

& causes program to run in the background

The Connection Machine System C* User’s Guide (section 4.3) includes instructions for executing
C* programs interactively.

4.8 Re-configuring wave_3d

The wave_3d program is currently configured for models with dimensions 64x64x64, which is
the largest model that will run on a 16k Connection Machine. The 32k Connection Machine at
NPAC can accomodate a model with dimensions 64x128x64. To change the model dimensions in
the wave_3d program:

1. edit the header file wave_3d.hs and modify any or all of the following lines (note that model
dimensions MUST be a power of 2!):

#define XDINM 64
#define YDIM 64
#define ZDIN 64

2. re-compile the wave_3d program (refer to section 4.6)

cmx¥ cs -0 -w -0 wave_3d wave_3d.cs nd_grid.o fb.o &

3. edit xmodel.dat to incorporate the new model parameters
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4. attach and run the program, making the appropriate changes to the cmattach parameters
(refer to section 4.7)

cmx¥% cmattach -b 0.95 -p 32k -v 512k -C S wave_3d > wave_3d.out &

5 Frame Buffer

The Connection Machine graphic display system consists of a framebuffer and a high resolution
color monitor. The framebuffer contains a display memory capable of storing an image 2048 by
1024 pixels with three eight-bit color buffers and a four-bit overlay buffer. The color monitor has a
resolution of 1280 by 1024 pixels. Since the display memory can store more pixels than the monitor
can display, pan and zoom operations are supported.

The CM graphic display system allows each virtual processor to be mapped to a pixel on the color
monitor. As values from the virtual processors are written to the display memory, the image on the
monitor changes. For the 3D synthetic seismograms, a 2-dimensional plane is selected (for example,
the xz plane) and ’slices’ through the model are displayed at selected time steps in ’'real-time’.

The framebuffer is normally accessed via C/PARIS (Connection Machine PARallel Instruction
Set) calls. The wave_3d program uses the NRL C* library fb which is a collection of functions
used to display pixels on the framebuffer (see Appendix A). To use these functions in a C* program,
include the header file:

#include "fb.cs"
and link with the library: -1nrlestar (if using NRL Connection Machine) or £b.o (if using NPAC
Connection Machine).

6 DataVault

The DataVault is a 5-Gigabyte mass storage system which provides a data parallel file system
for the Connection Machine. Data can be transferred to and from the CM-2 in parallel at high speed
(40 megabytes per second) or it can be read and written directly from the front-end without using
the CM-2.

The amount of memory per processor and the number of physical processors on the Connection
Machine constrains the maximum size of the 3D mode] that can be computed.

In order to calculate 3D synthetic seismograms for models with dimensions of 128x128x128
(actual dimensions 124x128x124 with overlap), the model can be divided into four segments with an
overlap of 4 grid points (figure 11). Each segment can be copied to a temporary file on the DataVault
at each time step. Preliminary calculations indicate that approximately 2 seconds per time step are
required to write the 23 parallel domain variables to four temporary files on the DataVault.
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127

123

0 123

Three-dimensional model divided into four segments; each segment has di-
mensions 64x128x64. The segments overlap four grid points in the x- and z-
directions, giving total model dimensions of 124x128x124. At every time step,
the variables calculated for each segment will be stored on the DataVault.

Figure 11: Segmentation of large model using DataVault
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Appendices

A NRL cstar library

The NRL cstar library consists of functions written to provide a simple interface to many of the
Connection Machine features that can only be accessed directly via C/Paris. The library modules
were written to solve specific problems encountered by users at NRL. A full description of the library
can be found in the README file located in the nrl-cstar-lib directory on the NRL and NPAC
front-end computers (cmvax, cmsun and cmx).

The NRL C* library resides on the NRL front-end computers in the directory:
/cm~lights/library/nrl-cstar-1id
On the NPAC front-end computer, the NRL C* library is located in the directory:

/public/cm-lights/nrl-cstar-1idb

A.1 N-dimensional grid

The finite differences method uses many ’nearest-neighbor’ calculations. Although C* supports
a NEWS package to perform nearest neighbor calculations in two dimensions, this package currently
does not support three-dimensional NEWS communications. The nd_grid module of the NRL C*
library provides fast nearest neighbor communications on N-dimensional grids (up to 8 dimensions).

For more information on the NRL C* n-dimensional grid library(figure 12):

emx’% cd /public/cm-lights/nrl-cstar-lib/nd.grid
cmx’ more README

A.2 Framebuffer

The NRL C* library module fb is a simple interface to the high speed, high resolution CM
graphics display system. This module consists of functions to initialize the framebuffer, set up a
color table, and display pixels on the color monitor.

For more information on the NRL C* framebufler library (figure 13):

cmx¥ cd /public/cm-lights/nrl-cstar-lib/fb
cax¥% more README

B cmusers group

NRL supports a users’ forum for exchanging questions, ideas and experiences among program-
mers using the Connection Machine Facility. Mail can be directed to cmusers and questions usually

28




A1e1q)] pUS-pu 10§ o]y FWAVIY ‘3T 2aB1g

“9pod (0408 PUO (8 [0s0d Ylog U
4J0M 0} POpOO|IeA0 8| PJIBTWOITXEPU] T pup ‘L *x ooao:_vsoow u.;w

SDY YI[ys Jo88e20Jd O 0) xepu| Jebeju| ey) usaid s| xepuj—s0.d

tioq = 00} [xepuj~301d]y N4y
2(z ‘L 'x)ppibTwos ;Txepu| = xovcwloo.a
txopujTo0sd jJu)

to)dwox3

t(*+ "@"piood W )IP1I6Twos ) "xepu| YUy
1%D3u4g

“epod |D)Jes pup (@) |0JDd
Y10Q JO) Ppapoo|JeAc 8| p[s6TwWosTaejujod ‘T puo ‘K 'x -o.o:.v;hoh_v_ao

S04 YI|ys J088930.4d D 0) J03U|0d D JO BN DA ey} uea(d s JejujodToosd

$J0Q = 00j<-s0)Uj0dTo01d
H(Z ‘A 'x)p|a6Twos Ti03u|0d = Jejujodo0id
'103u]0dT204d PlOA ¢ UjDWOP

to)dwoxy

Tt ‘7RI JU)PII6TWOI S TIe ul0d PloA ¢ ujDWOP
1xDYUAS

‘@ VOISURW|p U] }) UDY} Jemo| JOSEed0.d
9y} wolj onjoA oyy UeAIb 8] | | uojsusw|p uj }) O} )| uoy) Jeybjy

J0889204d 9y} WOJ) ONJDA oy} UGAID 8) O -$10880501d Bujioqubjeu woJ}
Kleap1oedeas [ pup q 3O SON{DA ey} UA|D 1D | PuD D J0SSed0sd Aseae vl

H{t] .0W>o;u -}
297 ‘1)ixu = 0
toydwoxy

t(on|DAe 3001} ‘uojsusW|p Ju| Quow)asisd DO}
t(onjoae poubjeun ‘uojsuow}p Ju| ouow)aesd peubjsun
t(on|DAe JUL ‘Uo|SUdW|P JU| ouow)Aeid (V|

t(en|DAe )00} ‘UO|BUSW|P JU| OUOW)}XeU }D0|}
t(onjoae poubjsun ‘uojsuew|p Ju| oucw)ixeu peubjsun
t(oN(DAe UL ‘UC|BUSWIP U] ouow)IxXeU U]

1x0}ulg

cjZmmh fgmmX  GOLT LI SOIDUIPIOOD Y)iM 108880044
oy} Ul "1 UO|SUSEIP U| ®10U|PICOD SY) O eNjDA oy} ueaib &) £ puo ¢
UOISUGW|P U] 91DU|PIOOD By} JO SNIDA 8y} Uea|b sy X 10880203d Aseae u]

1(1)o10u|pIo0d B Y} = K
1 {(9)9I0U|PIOOOTB (Y] = X

1dwox3

t(UO|SUSW|P JU| OUOW)SIDUIPICOITE Y} U IPIOA
1xpyuis

*PIB Tx:°TXTXTXYXTXT © U] 840888204d N sesnbyjuod

t()p1abTeqnosediy~exow
o (dwox3

t(p1oa)ptsbTeqnosediyTeyow proa
1xDIVAS

‘om} 40 Jomod |0iB0U} UD 8] IOy} JEQUAU D 6Q ISNW [V | UO|SUSUIP 4303
t[z818)11ns) {isebuoso ‘sejddo juj} poo) ujowop

:1A0JJ0D jPuUOjSUSH|p SUO Q-OG_. o SO v.ssﬂ—-eco oq pinhoys ujowop

oyl MO 3HL OL GIHOVILY SHOSSIO0Ud 11V ILVIOTTY LS ujowdp ey}
1043 O3ON .o»..a_ocw L 0} @ wol) oBuDs #03I0U|PIOOD T uo|SuUW|Q
COAISNIU| IS O) @ WO oBuDs | PUD Q SUO|SUSH|P JO) SEIOVU|PIOOD Y)Y
‘pjsb jouojsusw)p ¢ © Uj ss0880001d (GXZCXZE) Z6IS sesnbjuod

1(8°TL TLIP1 167 on0w
dwox3

(7 ‘eTVMIWIITWIP (V| )P1a0T 00N ploA
B TITTS

*8408699044 860390 0}

p1ab wolj~iejujod o p1i6TWOIJTXEPU] SUC|IOUN) By} een 8AOm|D plhoys

swoibosd si0jeseyy ‘ebubyd o) 10efqns 8| pud Jo[Dw UWN|0D JO so[Dw MmoJ

jou 8} p1i0 ey) 3o JUGWEBUDIID SYL SUO|SUSHIP JO BIEQUNU LI, (P

Yiim puo (300]) puo ‘peubjisun ‘ju|) sedAy 2]80Q Sy} MM NIOM |||a

Aoy} OS PePDO|I8A0 84D SUO|IIUN) YL °BUG|)IOUN) I|EDQ § 90 o.o:»
:ebosn

*o|qd| |OAD

0810 8| Pj4b 0qnosedAy ¥ "SuO|SUSMIP @ JO “°° °C ‘T ‘L OADY UDD

P149 ¥ -(P1iB SMIN S4) 8D O} Pesiejes Ue}jo) ep)ib jouoisSUW| PN VO

SUO |10 |UNWWOD JOQUB|eU (88JOBU (80 JO) PEER 8JO BUO|IJun) esey)
tesoding

. (uN 10 dey 0)1S) onL CCIRLIREYNY)
10~y (Zol) 1ouoyy
000S-S.5£0Z  "O0°Q ‘uvoybuiysom
SIS #pOd
Q0 ydJoessy IDADN
Ao joum Yieqoy ty1ow SN
0440 ° JWd—1 JU@AS | DYA t)jow-3

Ao joym y40Qoy 404Ny




Author: Robert Whaley

E-mail: whaieyOnri—cmf .arpo
US mail: Robert Wholey
Naval Research Laob
Code 5150 R
washington, D.C. 20375-5000
Phone ; (202) 404-7019
Affiliote: TMC (Site Rep at NRL)
Purpose:

These functions are used to display pixels on the fromebuffer.

Usage:
The framebuffer is first initialized, then the color map can be set,
pixels displayed ond finally the fromebuffer reieased.

Syntox:
void init_frame_buffer(int x_size, Int y_size);

Example:
init_frome_buffer(512, 512);

Attoch the framebuffer and configure it so that there are 512 pixels
horizontally and 512 pixels vertically.

Syntax:
set_color(int color_id, int red, Int green, int blue);

Exomple:
set_color(100, 128, 6, 128);

Set the colior map so that the color 100 is dork purple. The default
color mop is gray scale from ® (black), to 255 (white). 255 colors can
be set. Red, green, ond blue con eoch ronge from @ to 255 giving a totat
of 16 million possible shades. Color ® is the background color, so it is
usually @ good ides to leave It block (redemd, greenwd, blue=d).

" Exomple:
for (im@; i<25; i++) set_color(i+200, ist@, @, 250 - ie10);

Set the color mop values from 200 through 224 to range from bright
biue (value 200) to bright red (value 224) with progressive shades
of purple between.

Syntox:
plot_from_grid(unsigned chor color);

Exomple:
unsigned char heat:
plot_from_grid(heat);

Each selected processor updates o singie pixel to the color specified by
the variable *heot’. The pinels updated are the ones with the same x, y
coordinates as the processor. [t is aon error to call this routine if
the processors are not arranged os a 2-d grid.

Syntax:
plot_x_y(unsigned short x, unsigned short y, unsigned char color);
Example:
unsigned short plx_x, pix y;
unsigned char pix_color;
plotux y(pix_x, plx.y. pix.color);
Each selected processor sets the pixel at ‘pix_x', ‘pix_y’ to the
color ‘pix_color’.
Syntax:
Y vold relecse_fraome_buffer(vold):

Exomple:
release_frome_buffer():

Frees the fromebuffer to be used by other progroms.

Figure 13: README file for fb library
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receive quick and thorough responses. Since all members of the cmusers group receive the mail,
you can learn about problems/bugs with new compilers, upcoming classes and talks, innovative
algorithms, etc. To join this forum, simply mail your request to be added to the mailing list to
cmusers.

To get help on the mail facility:

cmsun’, man mail

NPAC supports an online consultant service. To get help, send mail to consult.
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C Structure diagram for wave_3d.cs

initialize |

i calc_adisp |

i calc_bdisp |

_calc.displ | W calccdisp |
I update | calc_tzzdz

force }_’l hh |
fton e teverse ]

32




D Source Code

D.1 wave_3d program

/* === S=S=S -+ 4t ¢+t + 4+
/* program wave_3d
/*
/* Programmer: Julie Allen
/* Date: 28 February 1889
/*
/‘ P32 3 A 2ttt i3 4t i 4 431 SESm=S==
/*
/* Copyright (c) 1989
/* Information Processing and Communications Laboratory
/* Woods Hole Oceanographic Imstitution
/» All rights reserved.
/*
/* This material cannot be distributed or sold without
/* prior permission of the author(s).
/*
/*
/*
/* %cs -0 ~o wave_3d wave_3d.cs nd_grid.o
/* Y%cmattach -b 0.95 -p 16k -v 256k -C S wave_3d &
/*
/*
#include <stdio.hs>
#include <cm/catimer.hs>
#include <math.hs>
#include <string.h>
#include <ctype.h>
#include *“nd_grid.hs"
#include “fb.hs"
#include “wave_3d.hs"
void main()
{
int i;
/+ tunction declarations */
void input_defs(void);
void hetiso(void);
void make_grid{int d0, int d1, int d2);
void setup_tb(void);
printf("\n ssshesssns Program vave_3d ++esxssssss\n\n");

printf(”3D finite difference modeling program\n");
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printf (“Running on Thinking Machines CM/2 Parallel Processor\n");
printf("Array size: %d XDIM: %d YDIM: %d ZDIM: %d\n",
TOTAL, XDIM, YDIM, ZDIM);

/% define the 3D grid */
(domain model] .{ make_grid(XDIM,YDIM,ZDIM);}

/* setup the frame buffer and color table =/
setup_1tb();

/% input model definition and parameters */
TIMER_OK; /* start timer =/
(void) input_dets();

printf("Time for function input_defs:\n");
TIMER_OFF; /* stop timer */
TIMER_ON; /+* start timer */

/* set up initialize conditions */
(domain model].{initialize();}
printf(“Time for initialization:\n");
TIMER_OFF; /% stop timer =/
TIMER_ON; /* start timer =/

/* perform hetergeneous/isotropic finite difference calculations %/
(void) hetiso();

printf("Time for rest of program:\n");
TIMER_OFF; /* stop timer =/
printf(“End of program wave_3d.cs\n");

}
/%= */
/* */
/* Function alpha_fct */
/* */
/== ==== */
float model::alpha_fct(int indx)
{
if{indx < NTEL)
return(sin( ((NTEL-indx-1)/(NTEL/2))*P1/2.2)*(0.10¢));
else
return(sin(((indx-(ZDIM-RTEL))/(NTEL/2))*PI/2.1)*(0.101));
}
/% === = = s==sz==zz=z===zzz== %/
/* «/
/* Function boundary */
/* */
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{

}

/*

s/

void model: :boundary(void)

int ix,iy,iz;
float alphx = 0.0f, alphy = 0.0f, alphz = 0.0f;

alpha = 0.0f;
ix = this_coordinate(0);
iy = this_coordinate(1);
iz = this_coordinate(2);

if(iz < WTEL || iz >= (ZDIM - KTEL))
if(iz < NTEL/2 || iz >= (ZDIX - NTEL/2))
alphz = 0.10f1;
else
alphz = alpha_fct(iz);

if(iy < NTEL || iy >= (YDIM - KTEL))
if(iy < ¥TEL/2 )| iy >= (YDIM - NTEL/2))
alphy = 0.10¢;
else
alphy = alpha_fct(iy);

if(ix < NTEL || ix >= (XDIM - NTEL))
if(ix < NTEL/2 || ix >= (XDIM - NTEL/2))
alphx = 0.10%;
else
alphx = alpha_fct(ix);

alpha
alpha

(alphx > alphy) ? alphx : alphy;
(alphz > alpha) ? alphz : alpha;

/% s=sszsazazsss =

/*
/*
/*
/*

Function calc_adisp

*/
*/
*/

void model::calc_adisp(float *adisp)

{

float tnOu,tniu,tn2u,tnlv,tnlw;
float tpOu,tplv,tpiv,tplw;

/* set up temporary ’next’ values */
tnOu = next(0,&ul);

tniu = next(1,gul);
tn2u = next(2,kui);
tnOv = next(0,&v1);
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tnOw = next(0,&wl);

/* set up temporary ’prev’ values %/

tpOu = prev(0,&ul);
tpOv = prev(0,&vi);
tpiv = prev(l,&vl);
tpOw = prev(0,&wi);

/* term 1: differences placed in ’a’ array
consists of difference terms used in the d/dx stress term %/

*(adisp+0) = (tnOu - ul) * xlamb;

s (adisp+1) = (ul - tpOu) * xlamb;

*(adisp+2) = (vi - tpilv) * xylamb;

*(adisp+3) = (tpOv ~ prev(1,&tpOv)) # xylamb;

*(adisp+4) = (w1 - prev(2,kwi)) * xzlamb;

*(adisp+5) = (tpOw -~ prev(2,&tpOw)) * xzlamb;

#(adisp+6) = (next(2,&tnOu) - tnOu) * xzlamb;

*(adisp+7) = (tn2u -~ ul) * xzlamb;

*(adisp+8) = (tn0w - wi) * xlamb;

*(adisp+9) = (w1 - tpOw) * xlamb;

*(adisp+10) = (next(1,&tn0u) - tnOu) * xylamb;

#(adisp+11) = (tniu - ui) * xylambd;

*(adisp+12) = (tnOv - v1) * xlamb;

*(adisp+13) = (v1 - tpOv) * xlamb;
}
/* = %/
/* */
/* Function calc_bdisp */
/* «/
/#* ss==== */
void model::calc_bdisp(float *bdisp)
{

float tnlOu,tniu,tniv,tn2v,tniw;
float tpiu,tplv,tpiv,tpiw,tp2w;

/* set up temporary ’next’ values */

tnOu = next(0,&kul);
tniu = next(1,&ut);
tniv = next(1,&vl);
tn2v = next(2,&vi);
tniv = next(1,&wl);

/* set up temporary ’prev’ values */

tpiu = prev(i,&uil);
tpOv = prev(0,&vi);
tpiv = prev(l,&vi);
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}

/*
/*
/*
/*
/®

prev(1,&wl);
prev{(2,&wl);

tplw
tp2w

/* term 2: differences placed in ’b’ array
terms used in the d/dy stress term s/

*(bdisp+0) = (next(1,&tnOu) - tniu) * xylamb;

*(bdisp+1) = (tnOu - ul) * xylamb;

*(bdisp+2) = (tniv - vi) * ylamb;

*(bdisp+3) = (v1 - tpiv) * ylamb;

*(bdisp+4) = (tniw - prev(2,&tniw)) * yzlamb;

*(bdisp+5) = (w1 - tp2w) * yzlamb;

*(bdisp+6) = (tniu - ul) * ylamb;

*(bdisp+7) = (ul - tpiu) * ylamb;

*(bdisp+8) = (vl - tpOv) * xylamb;

*(bdisp+8) = (tplv - prev(1,&tpOv)) * xylamb;

*(bdisp+10) = (tn2v - v1) % yzlamb;

*(bdisp+11) = (next(2,&tpiv) - tpiv) * yzlamb;

*(bdisp+12) = (tnivw - wi) * ylamb;

*(bdisp+13) = (w1l - tpiw) #* ylamb;
*/
*/

Function calc_cdisp */

*/
*/

void model::calc_cdisp(float =cdisp)

{

float tnlOu,tn2u,tn2v,tniv,tn2w;
float tp2u,tpiv,tp2v,tpiw,tp2w;

/* set up temporary ’next’ values */

tnOu = next(0,&ul);
tn2u = next(2,&ul);
tn2v = next(2,&kvl);
tniv = next(1,avwl);
tn2v = next(2,&wl);

/% set up temporary ’prev’ values */
tp2u = prev(2,&ul);
tpiv = prev(1,avl);
tp2v = prev(2,&vl);
tpOw = prev(0,&wi);
tp2v = prev(2,&vl);

/% term 3: differences placed in ’c’ array

consists of difference terms used in the d/dz stress term */
#(cdisp+0) = (next(2,&tn0u) - tn2u) * xzlamdb;
#(cdisp+1) = (tnOu - ul) * xzlamdb;

37




*(cdisp+2) = (tn2v - next(2,tpiv)) * yzlamb;
*(cdisp+3) = (v1 - tplv) * yzlamb;
*(cdisp+4) = (tn2w ~ wi) * zlamb;
*(cdisp+5) = (w1l - tp2w) * zlamb;
*(cdisp+6) = (tn2u ~ ui) * zlamb;
*(cdisp+7) = (ul - tp2u) * zlamb;
*(cdisp+8) = (w1 - tpOw) » xzlamb;
*(cdisp+9) = (tp2w - prev(2,2tpOw)) * xzlamb;
*(cdisp+10) = (tn2v - v1) * zlamb;
*(cdisp+11) = (vi - tp2v) * zlamb;
*(cdisp+12) = (tniw - ¥wi) * yzlamb;
*(cdisp+13) = (prev(2,ktniw) - tp2w) * yzlamb;
}
/% = */
/* */
/* Function calc_displ */
/* */
/% ====== ==== */
void model::calc_displ(void)
{
int ix,iy,iz;
float alphi,alph2,alph3;
ix = this_coordinate(0);
iy = this_coordinate(1);
iz = this_coordinate(2);
it((ix < 1 || ix >= XDIM) || (iy < 1 || iy >= YDIM) ||
(iz < 1 [l iz >= ZDIN))
else
{
alphi = 2.f - alpha * alpha;
alph2 = 1.1 - 2.2 * alpha;
alph3 = 1.1 + 2.2 * alpha;
u0 = (alphl * ui - alph2 * u2 + txxdx + txydy + txzdz)/alph3;
vO = (alphl * vi - alph2 * v2 + txydx + tyydy + tyzdz)/alph3;
w0 = (alphl * wi - alph2 * w2 + txzdx + tyzdy + tzzdz)/alph3;
}
}
/e = */
/% */
/* Function calc_txxdx */
/* */
/* */
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void model: :calc_txxdx(void)
{
int ix,iy,iz;
float alp2ui,alp2u?2;
float amuxzl,amuxz?2,amuxz3,amuxz4,amuxz5,amuxz6;
float amuxyil,amuxy2,amuxy3,amuxy4,amuxyb,amuxy6;
float amuyz1,amuyz2,amuyz3,amuyz4,amuyz5,amuyz6;
float amuyz7,amuyz8;
float abigul,abigu2;
float alambi,alamb2;
float temp;
float tnO,tni,tn2,tp0,tpl,tp2;
float adisp[14];

/* first get the displacement difference terms */
calc_adisp(adisp);

/% set up temporary values */
tn0 = next(0,&clp2mu);
tp0 = prev(0,kclp2mu);

/% find the lambda+2mu values for the txx,tyy,tzz positions */
alp2ui = (clp2mu + tn0)/2.f;
alp2u2 = (clp2mu + tp0)/2.%;

/% set up temporary values */
tn0 = next(0,&cmu);
tnl = next(1,&cmu);
tn2 = next(2,&kcmu);
tp0 = prev(0,&cmu);
tpl = prev(1,kcmu);
tp2 = prev(2,&cmu);

/% next, the mu value for the txz positions */
amuxzi = (cmu + tn2)/2.f;

amuxz?2 = (next(0,&kcmu) + next(2,ktn0))/2.f1;
amuxz3 = (cmu + prev(2,&cmu))/2.1;

amuxz4 = (next(0,&kcmu) + prev(2,&tn0))/2.1;
amuxz6 = (prev(0,&kcmu) + next(2,ktp0))/2.1;
amuxz6 = (prev(0,&cmu) + prev(2,8tp0))/2.1;

/* now, the mu for the txy positions */
amuxyi = (cmu + next(1,&cmu))/2.f;
amuxy2 = (next(0,kcmu) + next(1,&tn0))/2.1;
amuxy3 = (cmu + prev(i,&cmu))/2.1;

amuxy4 = (next(0,&cmu) + prev(i,&tn0))/2.1;
amuxys = (prev(0,&kcmu) + next(1,&tp0))/2.1;
amuxy8 = (prev(0,&cmu) + prev(i,&tp0))/2.1;
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/* finally, the mu for the tyz positions %/

temp = next(1,&tnd);

amuyzl = {cmu + tn0O + tnil + next(1,&tn0) + tn2 +
next(2,&tn0) + next(2,&tn1) + next(2,&temp))/8.t;

temp = next(1,&tn0);

amuyz2 = (cmu + tn0 + tnl + next(1,&tn0) + tp2 +
prev(2,&tn0) + prev(2,&tn1) + prev(2,ktemp))/8.1;

temp = prev(1,&tn0);

amuyz3 = (cmu + tn0 + tpl + prev(i,&tn0) + tn2 +
next(2,&tn0) + next(2,&tpl) + next(2,ttemp))/8.f;

temp = prev(1,&tn0);

amuyz4 = (cmu + tn0 + tpi + prev(i,&tn0) + tp2 +
prev(2,&tn0) + prev(2,&tpl) + prev(2,ktemp))/8.1;

temp = next(1,&tp0);

amuyzb = (cmu + tp0 + tnl + next(1,&tp0) + tn2 +
next(2,xtp0) + next(2,&tnl) + next(2,&temp))/8.1;

temp = next(1,&tp0);

amuyzé = (cmu + tp0 + tnl + next(1,&tp0) + tp2 +
prev(2,&tp0) + prev(2,&tnl) + prev(2,ktemp))/8.1;

temp = prev(1,&tpl);

amuyz?7 = (cmu + tp0 + tpl + prev(i,&tp0) + tn2 +
next(2,&tp0) + next(2,&tpl) + next(2,&ktemp))/8.f;

temp = prev(1i,&tp0);

amuyz8 = (cmu + tp0 + tpl + prev(1,ktp0) + tp2 +
prev(2,2tp0) + prev(2,&tpl) + prev(2,&temp))/8.1;

/% next, get the lambda value for txx,tyy,tzz positions #/
abigul = (amuxzi + amuxz2 + amuxz3 + amuxz4 +

+
amuxyl + amuxy2 + amuxy3 + amuxy4d +
amuyzi + amuyz2 + amuyz3 + amuyz4)/12.f;

abigu2 = (amuxzl + amuxz3 + amuxzb + amuxzé +
amuxyl + amuxy3 + amuxyb + amuxyé +
amuyzb + amuyz8 + amuyz?7 + amuyz8)/12.f;

alambi = alp2ui - 2.f * abigui;
alamb2 = alp2u2 - 2.f * abigu2;

txxdx = (alp2ui * adisp[0] - alp2u2 * adisp[1]) +
(alambl * adisp[2] - alamb2 * adisp[3)) +
(alambi * adisp[4] - alamb2 * adisp(5]);

*

/* now include density term */
txxdx = txxdx/rho;

}
/s = S—— .
/* */
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/*
/*
/*

Function calc_txydx

void model::calc_txydx(void)

{

/%
/*
/*
/*
/*

float amuxyl,amuxy2;
float rhov;

float tnO,tnt;

float adisp[14];

/* first get the displacement difference terms */
calc_adisp(adisp);

/% set up temporary values =/
tn0 = next(0,&cmu);

tnl = next(i,&cmu);

/* now, the mu for the txy positions ¢/
amuxyl = (cmu + next(1,kcmu))/2.f;

amuxy2 = (next(0,kcmu) + next(1,&tn0))/2.f;

txydx = (amuxy2 * adisp[10] - amuxyl * adisp[11]) +
(amuxy2 * adisp[12) - amuxyl * adisp[13]);

/* set up temporary values */
tn0 = next(0,&rho);
tnl = next(1,&rho);

/* density term for y~displacement */
rhov = (rho + tn0 + tnl + next(1,2tnd))/4.1;

/% now include density term =/
txydx = txydx/rhov;

Function calc_txydy

void model::calc_txydy(void)

{

float amuxyl,amuxy3;
float bdisp[14];

/% first get the displacement difference terms */
calc_bdisp(bdisp);
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/*
/*
/*
/*
/*

/* now, the mu for the txy positions &/
amuxyl = (cmu + next(1,kcmu))/2.f;
amuxy3 = (cmu + prev(1,&cmu))/2.f;

txydy = (amuxyl * bdisp(6) - amuxy3 * bdisp([7]) +
(amuxyl * bdisp(8] - amuxy3 * bdisp(8]) ;

/* now include density term */
txydy = txydy/rho;

*/

Function calc_txzdx

*/
*/
s/

void model::calc_txzdx{void)

{

float amuxzi,amuxz2;
float xhow;

float tnl,tn2;
float adisp[14];

/* tirst get the displacement difference terms */
calc_adisp(adisp);

/* set up temporary values */
tn0 = next(0,&cmu);
tn2 = next(2,&cmu);

/* next, the mu value for the txz positions */
amuxzi = (cmu + tn2)/2.f;
amuxz2 = (next(0,&cmu) + next(2,&tn0))/2.¢;

txzdx = (amuxz2 ¢ adisp[6] - amuxzi * adisp[7]) +
(amuxz2 * adisp[8] - amuxzi * adisp(9]);

/* set up temporary values */
tn0 = next(0,&rho);
tn2 = next(2,&rho);

/* density term for z-displacement */
rhow = (rho + tnO + tn2 + next(2,&tn0))/4.1;

/* now include density term */
txzdx = txzdx/rhow;

=‘/

g./
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/*
/*
/*
/*

Function calc_txzdz

void model::calc_txzdz(void)

{

}

/*
/*
/*
/*
/*

float
float
float

/* first get the displacement difference terms */

amuxzl,amuxz3;
tn2;
cdispl14];

calc_cdisp(cdisp);

/% set up temporary values #/

tn2 =

next(2,&cmu);

/* next, the mu value for the txz positions */
amuxzi = (cmu + tn2)/2.f;
amuxz3 = (cmu + prev(2,&cmu))/2.f;

txzdz

= (amuxzl * cdisp(6] - amuxz3 * cdisp(7]) +
(amuxzl * cdisp[8] - amuxz3 *» cdisp[9]);

/* now include density term #/
txzdz = txzdz/rho;

Function calc_tyydy

void model::calc_tyydy(void)

{

float
float

float
float
float
float
float
float
float
float

alp2uil,alp2u3;
amuxzi,amuxz2,amuxz3,amuxz4,
amuxz7,amuxz8,amuxz9, amuxza;
amuxyi,amuxy2,amuxy3, amuxy4, anuxy?, amuxys;
amuyzi,amuyz2,amuyz3, amuyz4, asuyz9, amuyza;
abigui,abigu3;

alambi,alamb3;

rhov;

temp,temp2,temp3,tonp4d;
tn0,tni,tn2,tpl,tpl,tp2;

bdisp(14];

/* tirst get the displacement difference terms #*/
calc_bdisp(bdisp);
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/* set up temporary values */
tn0 = next(0,&clp2mu);

/* find the lambda+2mu values for the txx,tyy,tzz positions &/
alp2ul = (clp2mu + tn0)/2.f;
alp2u3 = (next(1,&clp2mu) + next(1,&tn0))/2.1;

/% set up temporary values */

tn0 = next(0,&cmu);
tni = next(1,&cmu);
tn2 = next(2,&cmu);
tp0 = prev(0,&cmu);
tpl = prev(1,&cmu);
tp2 = prev(2,kcmu);

/* next, the mu value for the txz positions */

amuxzi = (cmu + tn2)/2.f1;

amuxz2 = (next(0,&cmu) + next(2,&tn0))/2.¢;
amuxz3 = (cmu + prev(2,&kcmu))/2.f;

amuxz4 = (next(0,&cmu) + prev(2,&tn0))/2.f;
amuxz7 = (next(1,&cmu) + next(2,&tn1))/2.¢;

temp = next(1,&tn0);

amuxz8 = (next(1,&tn0) + next(2,ktemp))/2.1;
amuxz9 = (next(1,&cmu) + prev(2,&tni))/2.1;
temp = next(1,&tn0);

amuxza = (next(1,&tn0) + prev(2,&temp))/2.f;
/% now, the mu for the txy positions ¢/

amuxyi = (cmu + next(1i,&cmn))/2.%;
amuxy2 = (next(0,&cmu) + next(1,&tn0))/2.1;
amuxy3 = (cmu + prev(i,&cmu))/2.f;
amuxy4 = (next(0,&cmu) + prev(i,&tn0))/2.1;
amuxy7 = (next(i,&cmu) + next(1,&tn1))/2.f;

temp = next(1,&tn0);
amuxy8 = (next(1,&tn0) + next(1,ktemp))/2.f;

/+ finally, the mu for the tyz positions =/

temp = next(1,&tn0);

amuyzi = (cmu + tnO + tnl + next(1,&tn0) + tn2 +
next(2,&tn0) + next(2,&tn1) + next(2,xtemp))/8.1;

temp = next(1,&tn0);

amuyz2 = (cmu + tn0 + tnl + next(1,&tn0) + tp2 +
prev(2,&tn0) + prev(2,&tn1) + prev(2,2temp))/8.¢;

temp = prev(1,&tn0);

amuyz3 = (cmu + tn0 + tpl + prev(1,&tn0) + tn2 +
next(2,&tn0) + next(2,ktpl) + next(2,ktemp))/8.1;

temp = prev(1,&tn0);

amuyz4 = (cmu + tn0 + tpl + prev(1,&tn0) + tp2 +
prev(2,&tn0) + prev(2,&tpi) + prev(2,&temp))/8.1;
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/*
/=
/*
/*
/*

temp = next(1,&tn0);

temp2 = next(1,&tn2);
temp3 = next(1,&tnd);
temp3 = next(1,&temp3);
temp4 = next(1,&tnl);

amuyz9 = (cmu + next(1,&temp) + tnl + temp + next(1,&temp2) +
next(2,&temp3) + next(2,&tni) + next(2,ktemp4))/8.f;
temp = next(1,&tn0);

temp2 = next(1,&tni);
temp3 = next(1,&tn0);
temp3 = next(1,ktemp3);
temp4 = next(1,&tn0);

amuyza = (next(1,&tn1) + next(1,&temp) + tnl + next(1,&tn0) +
prev(2,&temp2) + prev(2,ktemp3) + prev(2,&tnl) +
prev(2,ktemp4))/8.1;

/* next, get the lambda value for txx,tyy,tzz positions */
abigul = (amuxzi + amuxz2 + amuxz3 + amuxz4 +
amuxyl + amuxy2 + amuxy3 + amuxy4 +
amuyzi + amuyz2 + amuyz3 + amuyz4)/12.f;
abigu3 = (amuxz7 + amuxz8 + amuxz9 + amuxza +
amuxy7 + + amuxyi + amuxy2 +
+ + + amuyza)/12.1;

anuxy8s

amuyzi + amuyz2 + amuyz$
alambil

alamb3

alp2ul - 2.f * abigui;
alp2u3 - 2.f * abigud;

tyydy = (alamb3 * bdisp[0] - alambi * bdisp[1]) +
(alp2u3 * bdisp[2] - alp2ui # bdisp[3]) +
(alamb3 * bdisp[4] - alambi » bdisp[5]);

*

/* set up temporary values */
tn0 = next(0,&rho);
tni = next(1,&rho);

/* density term for y-displacement =/
rhov = (rho + tn0 + tnl + next(1,&tn0))/4.21;

/* now include density term */
tyydy = tyydy/rhov;

Function calc_tyzdy

void model::calc_tyzdy(void)
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}

/*
/*
/*
/*
/*

float amuyzi,amuyz3;
float rhow;

float temp;

float tn0,tni,tn2,tpl;
float bdisp[14];

/% tirst get the displacement difference terms */
calc_bdisp(bdisp);

/% set up temporary values %/
tu0 = next(0,&cmu);

tni = next(1i,&cmu);
tn2 = next(2,&cmu);
tpl = prev(i,&cmu);

/* finally, the mu for the tyz positions =/

temp = next(1,&tn0d);

amuyzl = (cmu + tn0 + tni + next(1,&tn0) + tn2 +
next(2,&tn0) + next(2,&tnl) + next(2,&temp))/8.f;

temp = prev(1,&tn0);

amuyz3 = (cmu + tn0 + tp1l + prev(l,&tn0) + tn2 +

next(2,&tn0) + next(2,&tpl) + next(2,ktemp))/8.f;

tyzdy = (amuyzl * bdisp[10] - amuyz3 * bdisp[11]) +
(amuyzi * bdisp[12] - amuyz3 * bdisp[13]);

/% set up temporary values */
tn0 = next(0,&rho);
tn2 = next(2,&rho);

/* density term for z-displacement %/
rhow = (rho + tn0 + tn2 + next(2,2tn0))/4.1;

/* now include density term %/
tyzdy = tyzdy/rhow;

Function calc_tyzdz

void model::calc_tyzdz(void)

{

float amuyzi,amuyz2;
float rhov;

float temp;

float tn0,tni,tn2,tp2;
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float cdispl14];

/% tirst get the displacement difference terms /
calc_cdisp(cdisp);

/% set up temporary values */
tn0 = next(0,&cmu);

n o

tnl = next(1,&cmu);
tn2 = next(2,&kcmu);
tp2 = prev(2,kcmu);

/* finally, the mu for the tyz positions */

temp = next(1,&tn0);

amuyzi = (cmu + tn0 + tnl + next(1,&tn0) + tn2 +
next(2,&tn0) + next(2,&tnl) + next(2,&temp))/8.f;

temp = next(1,&tnl);

amuyz2 = (cmu + tn0 + tni + next(1,&tn0) + tp2 +
prev(2,&tn0) + prev(2,&tnl) + prev(2,&temp))/8.f;

tyzdz = (amuyzi * cdisp[10] - amuyz2 * cdisp[11]) +
(amuyzi * cdisp[12) - amuyz2 * cdisp[13]);

/* set up temporary values */

tn0 = next(0,2rho);

tni = next(1,&rho);

/* density term for y-displacement %/
rhov = (rho + tn0 + tnl + next(1,&tn0))/4.f;

/* now include density term */
tyzdz = tyzdz/rhov;
}

/*
/*
/* Function calc_tzzdz
/*

/%
void model::calc_tzzdz(void)
{
float alp2uil,alp2u4;
float amuxzl,amuxz2,amuxz3,amuxz4, amuxzd,amuxzc;
float amuxyl,amuxy2,amuxy3,amuxy4,
amuxy$,amuxya,amuxyb, amuxyc;
float amuyzi,amuyz2,amuyz3,amuyz4,amuyzb,amuyzc;
float abigul,abigu4;
float alambi,alamb4;
float rhow;
float temp,temp2,temp3,temp4;
float tn0,tni,tn2,tp1,tp2;
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float cdispl14];

/* tirst get the displacement difference terms */
calc_cdisp(cdisp);

/* set up temporary values */
tn0 = next(0,&clp2mu);

/* find the lambda+2mu values for the txx,tyy,tzz positions */
alp2ui = (clp2mu + tn0)/2.f;
alp2u4 = (next(2,&clp2mu) + next(2,&tn0))/2.f;

/* set up temporary values */

tn0 = next(0,&cmu);
tni = next(1,&cmu);
tn2 = next(2,&kcmu);
tpi = prev(1l,&cmu);
tp2 = prev(2,&cmu);

/% next, the mu value for the txz positions */
amuxzl = (cmu + tn2)/2.f;

amuxz2 = (next(0,&kcmu) + next(2,&tn0))/2.f;
amuxz3 = (cmu + prev(2,&cmu))/2.%;

amuxz4 = (next(0,&cmu) + prev(2,&tn0))/2.¢;
amuxzd = (next(2,kcmu) + next(2,&tn2))/2.f;
temp2 = next(2,2tn0);

amuxzc = (next(2,&tn0) + next(2,&temp))/2.f;

/* now, the mu for the txy positions */

amuxyi = (cmu + next(1,&cmu))/2.1;
amuxy2 = (next(0,&cmu) + next(1,&tn0))/2.1;
amuxy3 = (cmu + prev(i,kcmu))/2.f;
amuxy4 = (next(0,&cmu) + prev(1i,&tn0))/2.2;
amuxy® = (next(2,&cmu) + next(2,&tn1))/2.1;

temp = next(1,&tn0);

amuxya = (next(2,&tn0) + next(2,&temp))/2.f;

amuxyb = (next(2,&cmu) + next(2,&tp1))/2.%;

temp = prev(l,&tnl);

amuxyc = (next(2,&tn0) + next(2,ktemp))/2.f;

/+ tinally, the mu for the tyz positions =/

temp = next(1,&tn0);

amuyzl = (cmu + tn0 + tnl + next(1,&tn0) + tn2 +
next (2,&tn0) + next(2,&tni) + next(2,&temp))/8.1;

temp = next(1,&tn0d);

amuyz2 = (cmu + tn0 + tnl + next(1,&tn0) + tp2 +
prev(2,2tn0) + prev(2,&ktni) + prev(2,&temp))/8.1;

temp = prev(1,&tnl);

amuyz3 = (cmu + tnO + tpl + prev(i,&tn0) + tn2 +
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next(2,&tn0) + next(2,&tpl) + next(2,&temp))/8.f;

temp = prev(1,&tn0);

amuyz4 = (cmu + tnO + tpl + prev(1,&tn0) + tp2 +

prev(2,&£tn0) + prev(2,ktp1l) + prev(2,&temp))/8.1;

temp = next(2,&tn0);

temp2 = next(2,&tnl);
temp3 = next(1,&tn0);
temp3 = next(2,&temp3);
temp4 = next(1,&tn0);

amuyzb = (next(2,&tn2) + next(2,ktemp) + next(2,&ktemp2) +

next(2,&temp3) + tn2 + next(2,&tn0) + next(2,&tni) +

next(2,ktemp4))/8.1;
temp = next(2,&tn0d);

temp2 = next(2,&tpl);
temp3 = prev(1,&tn0);
temp3 = next(2,ftemp3);
temp4 = prev(1,&tn0);

amuyzc = (next(2,&tn2) + next(2,&temp) + next(2,ktemp2) +

next(2,&temp3) + tn2 + next(2,&tnd0) + next(2,&tp1l) +

next(2,&temp4))/6.1;

/* next, get the lambda value for txx,tyy,tzz positions */

abigui = (amuxzi + amuxz2 + amuxz3
amuxyl + amuxy2 + amuxy3
amuyzi + amuyz2 + amuyz3
abigu4 = (amuxzi + amuxz2 + amuxzdb
amuxy9 + amuxya + amuxyb
amuyzi + amuyz3 + amuyzb
alambi = alp2ul - 2.7 * abigul;
alamb4 = alp2u4 - 2.7 * abigu4;

tzzdz = (alamb4

*

+

+
+
+
+
+

amuxzé +
amuxy4 +
amuyz4)/12.¢;
amuxzc +
amuxyc +
amuyzc)/12.¢;

cdisp(0] - alambi * cdisp[1]) +

(alamb4 * cdisp[2] - alambi * cdisp(3]) +
(alp2u4 * cdisp[4] - alp2ui ¢ cdisp(5]) ;

/+ set up temporary values */
tn0 = next(0,&rho);
tn2 = next(2,&rho);

/* density term for z-displacement %/
rhow = (rho + tn0 + tn2 + next(2,&tn0))/4.1;

/* now include density term */
tzzdz = tzzdz/rhow;

-‘/

/e = .
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/* */

/* Function divcurl - calculate the divergence and curl */
/* */
/* = = */
void model: :divcurl(void)

{

int ix,iy,iz;
mono float div_min,div_max;

/* zero out div and curl values */
div = curlx = curly = curlz = 0.0;

/* calculate divergence and curl #*/

ix = this_coordinate(0);
iy = this_coordinate(1);
iz = this_coordinate(2);

if((ix < 1 || ix >= XDIM) || (iy < 1 || iy >= YDIM) ||
(iz < 1 || iz >= ZDINM))

else
{
div = (next(0,&ul) - u1)/dx + (vi - prev(1,&kvi))/dy +
(w1 - prev(2,&wi))/dz;
curlx = (next(1,kwl) - w1)/dy - (next(2,&vl) - vi)/dz;
curly = (next(2,&ul) - ui)/dz - (wi - prev(0,&w1))/dx;
curlz = (vl - prev(0,&v1))/dx ~ (next(1,kul) - ui)/dy;

}

/¢ get minimum and maximum div */

div_min <?= div;

div_max >7?= div;

printf("minimum div: %14.7e¢ maximum div: %14.7e\n", div_min,div_max);

}

/* */
/s */
/* Function force */
/* */
/* */

force(int ix,int jy,int kz,int ltime,float *fsorsu,float *fsorsv,float *fsorsw)
{

int del;

float ru,rv,rv,hx,hy,hz;

float xpwidt,gtp,gt,.dircsx,dircsy,dircsz;

float time = ltime * dt;

float hh(float r);

del = 6 * dx;
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/* calculate range values (radii) for u,v, and w grid points =/

ru = sqrt((ixeix) * (dxsdx) + (jy*jy) * (dy*dy) + (kzskz) * (dz+dz));

rv = sqrt(((ix+0.62)#(ix+0.52)) * (dx*dx) + ((jy+0.52)«(jy+0.52)) *
(dy*dy) + (kz#kz) * (dz*dz));

sqrt (((ix+0.52)#(ix+0.562)) * (dx+dx) + (jy*jy) * (dyedy) +
((k2+0.51)*(kz+0.52)) * (dz*dz));

d

/* calculate ’‘jagged’' sine wave for x,y, and z - spatial scaling function

applied to the time dependent source function */

2.1/(del*del) * (~rushh(ru) + 2.f * (ru - del/2.f)*hh(ru-del/2.f) -
(ru~del)*hh(ru-del));

&

hy = 2.1/(del*del) * (~rv*hh(rv) + 2.f * (rv - del/2.f)*hh(rv-del/2.1) -
(rv-del)*hh(rv-del));
hz = 2.f/(del*del) * (~rwsthh(zrw) + 2.1 * (rw - del/2.f)*hh(rw-del/2.1) -

(rv-del)#*hh(rw-del));

/* nov the time dependence (gaussian) »/

xpwidt = (PI * fpeak) * (PI * fpeak);

gtp = exp( - (timestime) * xpwidt);

gt = -2.f*xpwidts(1.£-2.f*xpwidt*(timestine)) * gtp;

/% finally, put it all together =/

dircsx = (ix*dx)/ru;

dircsy = ((jy+0.5f)*dy)/rv;

dircsz = ((kz+0.5f)*dz)/rw;

sfsorsu = gt * hx * dircsx;

sfsorsv = gt * hy * dircsy;

sfgorsw = gt * hz * dircsz;
}
/* s/
/* */
/* Function hetiso.cs */
/* ./
/ ./
void hetiso()
{

mono int ltime;
mono char lsors;

void source(int ltime);
void output_files(mono int ltime);

lsors = TRUE; /% input a source ¢/

/* boundary conditions can be set up outside time loop for parallel */
/* processing -~ set up for asorbing boundaries */
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[domain modell.{boundary();}

/% time loop - start at time step nti = 3 %/
for (ltime = nti; ltime <= nt; ltime++)

{
/% calculate the stress derivative terms */
(domain model] .{stress();}
/+ now, calculate displacements */
[domain model).{calc_displ();}
/* update the time series */
[domain modell.{update();}
/* input the source */
it (1lsors)
source(ltime);
/% output options here */
it (ltime % snap_file == 0)
output_files(ltime);
/* output to frame buffer =/
if (ltime % snap_fb == 0)
[domain model].{output_fb();}
} /* end of time loop */
}
/® = */
/* */
/* Function hh */
/* */
/* ./
float hh(float r)
{
if(r < 0.0)
return(0.0¢);
else
{
if(r < 0.00001)
return(0.5);
else
return(1.0);
}
}
/+ */
/* */
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/* Function initialize - initialize the grid */

/* */
/* ==== */
void model::initialize()
{

u0 = ul = u2 = 0.0;

vO = vl = v2 = 0.0;

w0 = w1l =w2 = 0.0;
}
/% ==s=s===zs=sss=ssss=sss==s=sss==s=s x/
/* */
/* Function input_defs */
/* */
/® =ssszsssszssssosssszzzssszz ===z === == %/
void input_defs()
{

FILE *ip,;

int nz,i,j,k,pr_indx;
int nzones,nxi,nyi,nzi,nxn,nyn,nzn;
float dt2,cclamb,ccmu,trho;

/* open the file containing model parameters */
it ((fp = fopen("xmodel.dat","r")) == NULL)
printf(”Error opening input file: xmodel.dat\n");

/* read model parameters %/

fscanf (fp,"%da", &nt);

printf("Number of time steps: %d\n\n", nt);

fscant (2p,"%L%L%L%L", &dx,&dy,&kdz,&dt);

fscanf (fp,"%da%d”, &snap_file, &snap_fb);
fscanf (fp, " %d%d%d%d", &out_fb,&out_xy,&out_yz,&out_xz);
fscant (fp,"%d%d%d%e", &isx, &isy,&isz,&fpeak);

ntl = 3;

/% calculate lambda factors for use in ddispl */
dt2 = dtsdt;

xlamb = dt2/(dx+dx);

ylamb = dt2/(dysdy);

zlamb = dt2/(dzedz);

xylamb = dt2/(dxedy);

xzlamb = dt2/(dx+dz);

yzlamb = dt2/(dy»dz);

/* read in number of zones of different elasticity, then read in
constants for each zone */
fscanf (fp,"%d", &nzones);

for(nz=0; nz<nzones; nz++)
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/*
/*
/*
/*
/*

fscanf (fp, "%d%d%d%d%d%d"”, &nxl,&ny1,&nzi,&nzn,&nyn,&nzn);

fscant (fp,"%LiLhL"

, &cclamb,&ccmu,&trho);

/* make the parallel variable assignments in parallel »/

[domain model].{
int ix,iy,iz;

ix

iy
iz

this_coordinate(0);
this_coordinate(1);
this_coordinate(2);

/* select the active processors */

if((ix >= nx1)

(iy >= ny1)
(iz >= nz1)
{
clamd
cmu
clp2mu
rho
} /* end
} /* end
/* end

&& (ix <= nxn) &%
&k (iy <= nyn) &&
&% (iz <= nzn))

cclamb;

ccmu;

cclamb + 2.f = ccmu;
trho;

if »/

domain =/

for »/

Function itoa - integer to ASCII comversion

»/
*/
*/
»/
*/

void itoa(int n, char s[J)

{

if((sign = n) < 0)
n = -n;
i=0;

int i, sign;
void reverse(char s[]);

/* record sign */
/* make n positive */

s[i++] =n % 10 + 10’;

s(i++]) = '=7;

s(i} = '\o’;
reverse(s);

} while ((n /= 10) > 0);
if (sign < 0)

Y 3 ./




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

void model: :output_fb(void)

{

*/

Function output_fb - output to frame buffer */
*/

output options: */
out_fb = 0 for no frame buffer output */

= 1 to display xy plane at ZDIM/2-1 */

= 2 to display yz plane at XDINM/2-1 */

= 3 to display xz plane at YDIN/2-1 x/

*/

*/

mono int nx2 = (XDIM/2)-1, ny2 = (YDIM/2)-1, nz2 = (ZDIM/2)-1;
mono float slope, intercept;

unsigned char color;

int ix,iy,iz;

/* calculate divergence and curl ¢/

divecurl();

/% get minimum and maximum div and curl via reduction, use to */
/* scale for frame buffer */
slope = 23.0f / ((>?= div) - (<?= div));

intercept = 1.0f - slope * (<?= div);

/% calculate the color */
color = slope * div + intercept;

/% selsct processors to display */

ix = this_coordinate(0);
iy = this_coordinate(1);
iz = this_coordinate(2);

/* plot the xy plane */
if(out_fb == 1)
{
it(iz == nz2)
plot_x_y((unsigned short)ix, (unsigned short)iy, coler);
}

/% plot the yz plane #/
it(out_tb == 2)
{
if(ix == nx2)
plot_x_y((unsigned short)iy, (unsigned short)iz, color);
}

/* plot the xz plane */
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if(out_tb == 3)

{
if(iy == ny2)
plot_x_y((unsigned short)ix, (unsigned short)iz, color);

}
}
/* */
/* */
/* Function output_files - write out ASCII disk files */
/* */
/* output options: */
/* xy.out = 1 to output div_xy and curlz */
/* yz_out = 1 to output div_yz and curlx */
/* xz_out = 1 to output div_xz and curly .74
/= */
/* */
void output_files(mono int ltime)
{

mono int i,j,k,indx,indx2;

mono int nx2 = (XDIM/2)-1, ny2 = (YDIM/2)-1, nz2 = (ZDIM/2)-1;

char divxy(15], divyz[15], divxz[15]);
char curlx[15), curly[15], curlz[15];
char tstep[4], extent(5];

FILE *fp_divxz, *fp_divyz, *fp_divxy;
FILE #fp_curlx, *fp_curly, sfp_curlz;
char *strcat(char *filel, char *=file2);
char *strcpy(char *filei, char »file2);
void itoa(int n, char =s);

strcpy(extent,”.dat");
itoa(ltime, tstep);

itoa(ltime, tstep);

/* open ASCII output files for div and curl #/
it (out_xy)
{

strcpy(divxy,"divxy_");

strcat(divxy, tstep);

strcat(divxy, extent);

printf(“Opening file %s\n", divxy);

it ((fp._divxy = fopen(divxy,"w")) == NULL)

printf(“Error opening output file: %s\n", divxy);

strcpy(curlz,"curlz_");

strcat(curlz, tstep);

strcat(curlz, extent);

printf("Opening file %s\n", curlz);

iz ((fp_curlz = fopen{curlz,"v")) == NULL)
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printf("Error opening output file: %s\n", curlz);

}
if(out_yz)
{
strepy(divyz,“divyz_");
strcat(divyz, tstep);
strcat(divyz, extent);
printf("Opening file %s\n", divyz);
it ((fp_divyz = fopen(divyz,"w")) == NULL)
printf("Error opening output file: %s\n", divyz);
strcpy(curlx,“curlx_");
strcat(curlx, tstep);
strcat(curlx, extent);
printf("Opening file %s\n", curlx);
it ((fp_curlx = fopen(curlx,"w")) == NULL)
printf("“Error opening output file: %s\n”, curlx);
}
if (out_xz)
{
strcat(divxz,"divxz_");
strcat(divxz, tstep);
strcat(divzz, extent);
printf("Opening file %s\n", divxz);
it ((2p_divxz = fopen(divxz,"w")) == NULL)
printf ("Error opening output file: ¥%s\n", divxz);
strcat(curly,"curly_");
strcat(curly, tstep);
strcat(curly, extent);
print2("Opening file %s\n", curly);
it ((fp_curly = fopen(curly,"w")) == NULL)
printf(“Error opening output file: %s\n", curly);
}

/* calculate divergence and curl =/
[domain model].{divcurl();}

/% write out principal axis output plot files (snapshot output plots) =/
if(out_xy)
{

fprintf(fp_divxy,"divergence - xy plane at z = Jd:\n", nz2);

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

for(j = 0; j < YDIM; j++)

{
indx = index_from_grid(i,nz2,j);
fprintf(fp_divxy, "%9.2¢ “,point[indx].div);
i2(((j+1) % 8) == 0) tprintf(fp_divxy, “\n");
}

fprintf(fp_divxy, "\n");
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fprintf(fp_curlz, “curlz - xy plane at z = %d:\n", nz2);
for(i = 0; i < XDIM; i++)

foxr(j = 0; j < YDIM; j++)

{

indx = index_from_grid(i,nz2,j);
fprintf(fp_curlz, "%9.2e “,point[indx].curlz);
if(((j+1) % 8) == 0) fprintf(fp_curlz, "\n");

}
fprintf(fp_curlz, *\n");
}
if (out_yz)
{
fprintf(fp_divyz, "divergence - yz plane at x = %d:\n", nx2);
for(i = 0; i < YDIM; i++)
for(j = 0; j < ZDINM; j++)
{
indx = index_from_grid(i,nx2,j);
fprintf(fp_divyz, "%9.2e ",point[indx].div);
if(((j+1) % 8) == 0) tprintf(fp_divyz, "\n");
}
fprintf(fp_divyz, "\n");
fprintf(fp_curlx, "curlx - yz plane at x = %d:\n", nx2);
for(i = 0; i < YDIM; i++)
for(j = 0; j < ZDINM; j++)
{
indx = index_from_grid(i,nx2,j);
fprintf(fp_curlx, "%9.2e “,point[indx].curlx);
i2(((j+1) % 8) == 0) fprintf(fp_curlx, "\n");
}
fprintf(fp_curlx, "“\n");
}
if (out_xz)
{

fprint?(fp_divxz, "divergence - xz plane at y = %d:\n", ny2);
for(i = 0; i < XDIM; i++)
for(j = 0; j < ZDIM; j++)

{
indx = index_from_grid(i,ny2,j);
fprintf(2p_divxz, "%9.2e¢ ",point[indx].div);
12(((j+1) % 8) == Q) tprintf(fp.divxz, "\n");
)}

tprintf(fp_divxz, "\n");

fprintf(fp_curly, “curly - xz plane at y = %d:\n", ny2);
for(i = 0; i < XDIM; i++)
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/*
/*
/*
/*
/*

for(j = 0; j < ZDIM; j++)

{
indx = index_from_grid(i,ny2,j);
fprintf(fp_curly, "%9.2e *,point({indx].curly);
it (((j+1) % 8) == 0) fprintf(fp_curly, “\n");
}

fprintf(fp_curly, "\n");

Function reverse

void reverse(char s[])

{

}

int ¢,i,j;
int strlen(char #*s);

for (i = 0, j = strlen(s)-1; i<j; i++, j—-)
{

¢ = s[il;

sli) = s[jl;

s[j]l = ¢;

/
/*
/*
/*
/*

Function setup_fb - initialize frame buffer
and define color table

/

void setup_fb(void)

{

/*
/*
/*
/*

int i;
/* initialize the frame buffer */
init_frame_buffer(128,128);

/* define the color table */
for(i=0; i<26; i++)
set_color(i+l, 240-is10, i*10,i*10);

Function source - updates the displacement values
for the source by calling function force
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/* which calculates the force representation of =/
/* a point source. The source location is given */
/* by [isx](isy][isz]. */
/* */
/% = */
void source(int ltime)

{

int i,j,k,ix,jy,kz,pt_indx;
float xoff = 1.0e-10;
float fsorsu,fsorsv,fsorsw;

for (i = 0; i <= DEL; i++)
{
ix =0 -~ i;
for (j = 0; j <= DEL; j++)

{
jy =0 - 3;
for (k = 0; k <= DEL; k++)
{

kz =0 - k;
it ((ix == 0) && (jy == 0) && (kz == 0))

else
{

force(ix,jy,kz,1time,&fs0rsu,2fs0rsv,&fs0rsv);

/* add the forcing term to displacements at corners of cubes */
it ((ix '= 0) && (jy !'= 0) &%k (kz != 0))
{

/* get the point index for the locatiom to be calculated */
pt.indx = index_from_grid(isx+ix,isy+jy,isz+ks);
point[pt_indx].ul = point[pt_indx].uil + fsorsu;
pt_indx = index_from_grid(isx+ix,isy-jy,isz+kz);
point [pt_indx].u1l = point[pt_indx].ul + fsorsu;
pt_indx = index_from_grid(isx+ix,isy-jy,isz-kz);
point [pt_indx].u1 = point{pt_indx].ui + fsorsu;
pt_indx = index_from_grid(isx+ix,isy+jy,isz-kz);
point [pt_indx}.uil = point[pt_indx].ul + fsorsu;
pt_indx = index_from_grid(isx-ix,isy-jy,isz+kz);
point[pt_indx] .ul = point[pt_indx].ul - fsorsu;
pt._indx = index_from_grid(isx-ix,isy-jy,isz-kz);
point [pt_indx].u1 = point([pt_indx]).ul ~ fsorsu;
pt_indx = index_from_grid(isx-ix,isy+jy,isz+kz);
point [pt_indx] .u1 = point{pt_indx].ui - fsorsu;

Pt_indx = index_from_grid(isx-ix,isy+jy,isz-kz);
point [pt_indx].ul = point[pt_indx).uil - fsorsu;

pt_indx = index_from_grid(isx+ix,isy+jy,isz+kz);
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point[pt_indx].v1 = point[pt_indx].v1 + fsorsv;
pt_indx = index_from_grid(isx+ix,isy-jy-1,isz+kz);
point[pt_indx].v1 = point[pt_indx].vi - fsorsv;
pt_indx = index_from_grid(isx-ix-1,isy+jy,isz+kz);
point [pt_indx].v1 = point[pt_indx].v1 + fsorsv;
pt_indx = index_from_grid(isx-ix-1,isy-jy-1,isz+kz);
point [pt_indx].v1 = point{pt_indx].vi - fsorsv;
Pt_indx = index_from_grid(isx+ix,isy+jy,isz-kz);
point [pt_indx].v1 = point([pt_indx).v1i + fsorsv;
pt_indx = index_from_grid(isx+ix,isy-jy-1,isz-kz);
point [pt_indx].v1 = point[pt_indx].v1 - fsorsv;
pt_indx = index_from_grid(isx-ix-1,isy+jy,isz-kz);
point [pt_indx].vi = point([pt_indx].vi + fsorsv;
pt_indx = index_from_grid(isx-ix-1,isy-jy-1,isz-kz);
point [pt_indx).v1 = point[pt_indx].vi - fsorsv;

pt_indx = index_from_grid(isx+ix,isy+jy,isz+kz);
point[pt_indx]).w1 = point[pt_indx]).wi + fsorsw;
Pt_indx = index_from_grid(isx+ix,isy+jy,isz-kz-1);
point[pt_indx).wi = point[pt_indx].wi - fsorswv;
pt.indx = index_from_grid(isx+ix,isy-jy,isz+kz);
point[pt_indx].wi = point[pt_indx]).wi + fsorsw;
Pt.indx = index_from_grid(isx+ix,isy-jy,isz-kz-1);
point{pt_indx].wi = point(pt_indx).wi - fsorsw;
pt_indx = index_from_grid(isx-ix-1,isy+jy,isz+kz);
point{pt_indx].wt = point{pt_indx].wi + fsorsv;
pt_indx = index_from_grid(isx-ix-1,isy+jy,isz-kz-1);
point [pt_indx].wi1 = point{pt_indx].wi - fsorsw;
pt_indx = index_from_grid(isx-ix-1,isy-jy,isz+kz);
point[pt_indx].wl = point{pt_indx].wi + fsorsw;
pt.indx = index_from_grid(isx-ix-1,isy-jy,isz-kz-1);
point[pt_indx] .wi = point[pt_indx].wi1 - fsorsw;

}
/* find values at the xy corners in the z-plane of the source */
else

iz ((ix '= 0) && (jy !'= 0))

{

pt_indx = index_from_grid(isx+ix,isy+jy,isz);
point[pt_indx].ui = point[pt_indx].ul + fsorsu;
pt_indx = index_from_grid(isx+ix,isy-jy,isz);
point[pt_indx] .ul = point([pt_indx].ul + fsorsu;
pt_indx = index_from_grid(isx-ix,isy+jy,isz);
point [pt_indx].u1 = point[pt_indx].u1 - fsorsu;
pt_indx = index_from_grid(isx-ix,isy-jy,isz);
point [pt_indx].u1 = point[pt_indx].ul - fsorsu;

pt_indx = index_from_grid(isx+ix,isy+jy,isz);
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point [pt_indx].v1 = point[pt_indx].vi + fsorasv;
Pt.indx = index_from_grid(isx+ix,isy-jy-1,isz);
point [pt_indx].v1 = point[pt_indx].vi - fsorsv;
pt_indx = index_from_grid(isx-ix-1,isy+jy,isz);
point[pt_indx].v1 = point{pt_indx].vi + fsorsv;
pt_indx = index_from_grid(isx-ix-1,isy-jy-1,isz);
point [pt_indx].v1 = point{pt_indx].v1 - fsorsv;
/* no w-displacement updates needed here */

}

/* next the xz cormers within the y-plane of the source */
else
if ((ix '= 0) &k (kz !'= 0))
{
pt_indx = index_from_grid(isx+ix,isy,isz+kz);
point [pt_indx]) .ul = point[pt.indx].ul + fsorsu;
Pt.indx = index_from_grid(isx+ix,isy,isz-kz);
point {pt_indx].ul = point[pt_indx].ui + fsorsu;
pt_indx = index_from_grid(isx-ix,isy,isz+kz);
point[pt_indx].ul = point[pt_indx].ul - fsorsu;
pt_indx = index_from_grid(isx-ix,isy,isz-kz);
peint [pt_indx].ul = point[pt_indx].uil - fsorsu;

pt.indx = index_from_grid(isx+ix,isy,isz+kz);
point [pt_indx] .w1 = point[pt_indx].wi + fsorsw;
pt_indx = index_from_grid(isx+ix,isy,isz-kz-1);
point [pt_indx].wl = point[pt_indx].w1 - fsorsw;
pt_indx = index_from_grid(isx~-ix-1,isy,isz+kz);
point [pt_indx] .wi = point[pt_indx].wi + fsorsw;
pt.indx = index_from_grid{iex-ix-1,isy,isz-kz-1);
point[pt_indx]).w1 = point[pt_indx].wi - fsorsw;
/* no v-displacement updates needed here */

}

/% note: if jy !'= O and Xz !'= 0 (i.e. ix = 0) then no updates
to displacement are needed since the v and w updates
have already been handled in the previous sections
(due to the staggered grid geometry and there is no
u update because of symmetry. */

else

/* remaining updates are for the case of two zero values and one
non~zero value for ix,jy,kz (but only ix != 0 is needed
because of symmetry) */

it ((ix !'= 0) && (jy == 0) &k (kz == 0))

{
pt.indx = index_from grid(. -ix,isy,isz);
point [pt_indx].ul = point{; .ndx).uil + fsorsu;
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pt_indx = index_from_grid(isx-ix,isy,isz);
point [pt_indx].ul = point([pt_indx].ul - fsorsu;

/* check on the magnitude of the 9-3,0,0) forsu term -

if abs(this term) < xoff then source is negligible

and is turned off. Note: only check this after a full

cycle since don’t want to shut off at zero crossing */
it(ltime > 25)

if(ix == -3)

if(fabs(fsorsu) < xoff)
lsors = FALSE;

}
}
}
}
}
/* ===zzzxs====z=zs==c==scrsze=s zzz=sxez &/
/* ./
/* Function stress s/
/* ./
/e === zzzn 8/

void model::stress(void)

{

int ix,iy,iz;

ix = this_coordinate(0);
iy = this_coordinate(1);
iz = this_coordinate(2);

if2((ix < 1 || ix >= (XDIN~-1)) 1l (iy < 1 || iy >= (YDIK-1)) ||
(iz < 1 || iz >= (ZDIN-1)))
else
{
calc_txxdx();
calc_txydy();
calc_txzdz();

calc_txydx();
calc_tyydy();
calc_tyzdz();

calc_txzdx();

calc_tyzdy();
cale_tzzdz();
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}
/% ==
/*
/* Function update
/*
/*
void model: :update(void)
{
u2 = ul;
v2 = vi;
w2 = wl;
ul = u0;
vl = v0;
wl = w0;
}
/* ==
/®
/* End of wave_3d functions
/*
/*

64

*/
*/
*/
*/
*/

*/
*/
*/
*/
./




/% */
/* wave_3d.hs - include file for wave_3d.cs s/
/* */
/* Programmer: Julie Allen */
/* Date: 28 February 1989 */
/= */
/* */
/* */
/% Copyright (c) 1989 s/
/* Information Processing and Communications Laboratory =/
/# Woods Hole Oceanographic Institution =/
/# All rights reserved. */
/* */
/* This material cannot be distributed or sold without #/
/* prior permission of the author(s). ./
/e s/
/* = %/
/% define macros for timing */

#define TIMER_ON CK_start_timer(1)

#define TIMER_RESET CM_reset_timer()

#detine TIMER_OFF (void) CM_stop_timer(1)

/% common definitions for 3D finite difference modeling */
#define IDIM 64 /* model dimensions */
#define YDIM 64

#detine ZDIN 64

#define TOTAL XDIM*YDIN+ZDIN

#detfine NTEL 4

#define DEL 6

#define PI 3.14159265¢

#define TRUE 1

#define FALSE 0

#detine SET_DEBUG FALSE

/* define common variables */

mono char out_fb = FALSE, out_xy = FALSE, out_yz = FALSE, out_xz = FALSE;
mono int snap_file,snap_1b,nt,nti;

mono float xlamb,ylamb,zlamb,xylamb,xzlamb,yzlamb;

mono float dx,dy,dz,dt,fpeak;

mono int isx,isy,isz;

mono char lsors, DEBUG = FALSE;

/* define the domain for the parallel variables - 27 variables = 108 bytes ¢/
domain model {

float ul,ui,u2;

float v0,vi,v2;

float wlO,wi,w2;
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float
float
float
float
float
float
float
float
float
float
void
void
void
void
void
void
void
void
void
void
void
void
void
void
void
void
void
void
void

clamb;

cmu;

clp2mu;

rho;

txxdx,txydy,txzdz;
txydx,tyydy,tyzdz;
txzdx,tyzdy,tzzdz;
alpha;
div,curlx,curly,curlz;
alpha_fct(int indx);
boundary(void);
calc_adisp(float *adisp);
calc_bdisp(float *bdisp);
calc_cdisp(float *cdisp);
calc_displ(void);
calc_txxdx(void);
calc_txydy(void);
calc_txzdz(void);
calc_txydx(void);
calc_tyydy(void);
calc_tyzdz(void);
calc_txzdx(void);
calc_tyzdy(void);
calc_tzzdz(void);
diveurl(veoid);
initialize(void);
output_rb(void);
stress(void);
update(void);

} point[TOTAL];

/*
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D.2 convert program

Program convert

c
c Programmer: Julie Allen
< Date: 16 June 1989
<
c Copyright (c) 1989
c Information Processing and Communications Laboratory
c Woods Hole Oceanographic Institution
c All rights reserved.
c
c This material cannot be distributed or sold without
c pPrior permission of the author(s).
c
c==
c Program is currently hardwired for models with dimensions
c 64x64x64
c
< Convert formatted files output on CK and transferred via ftp to
< the VAX to binary files ready for input to program SKAP
c
14
real*4 value(64,64)
integer*4 infile,ioutfile
c

data infile/11/,ioutfile/12/

1001 format(a)

<
print ’(1x,a,$)’,’Enter scale factor (1 for no scaling): ’
read ®,scale

c

c Open input file

c
opon(intile,ltntnsS’old’.for-=’tor-attod’)

c

c Open output file

c
open(ioutfile,statuss’new’,form=’unformatted’)

c

read(infile, 1001, exrr=800, end=900) dummy
do i=1,64
do j = 1,64,8
read(infile,*, exr=800,end=800) (value(i,X),k=j,j+7)
enddo
enddo
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c Scale the data

if(scale.ne.1.0) then
valmin = 1000.0
valmax = —-1000.0
do i=1,64
do j=1,64
value(i,j) = value(i,j) * scale
if(value(i,j).lt.valmin) valmin = value(i,j)
if(value(i,j).gt.valmax) valmax = value(i,j)
enddo
enddo
print *,’minimum: ’,valmin,’ maximum: ’,valmax
endif

write(ioutfile)
write(ioutfile)
write(ioutfile) ((value(i,j),i=1,64),j=1,64)

go to 800

800 call errsns(ierr,,,iunit)
pPrint *,’errsns # ’,ierr,’ omn unit ’,iunit

900 close(infile)
close(iouttile)
stop
end
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used in the wave.3d program, was written by Robert Whaley, Site

1 grid library
Representative from TMC at the NRL Connection Machine Facility.

imensiona

The following source code,

D.3 n-d
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/* tb -~ C* frame buffer functions ./

/* ./
/* Author: Robert Whaley */
/* E-mail: whaleyCnrl-cmf.arpa */
/* US mail: Robert Whaley */
/* Naval Research Lab ./
/e Code 51560 */
/* Washington, D.C. 203756-5000 %/
/* Phone: (202) 404-7019 */
/* Affiliate: THC (Site Rep at KRL) */

#include <astdio.hs>
#include <cm/paris.hs>
#include <cm/cmfb.hs>
#include "nd_grid.hs"
#include "“fb.hs"

#define bit_sizeof(x) (8 * sizeof(x))

static struct CMFB_display_id my_display;
static CM_vp_set_id_t my_vp_set;

static CM_vp_set_id_t old_vp_set;

static CM_vp_set_id_t same_geo_vp_set;
static CM_geometry_id_t my_geometry;
static CM_memaddr_t my_color;

int CMFB_width(struct CMFB_display_id #);

int CMFB_height(struct CMFB_display_id #);

CMFB_buffer_id_t CMFB_spare_buffer(struct CMFB_display.id *);

void CMFB_switch_buffer(struct CMFB_display_id *, CM_buffer_id_t);
unsigned _CMI_get_field_address_from_field_id_safely(CM_field_id_t);
unsigned _CMI_field_location(unsigned);

void _CMI_physical_move_always(unsigned, unsigned, unsigned);

char #getenv(char * name);

void init_frame_buffer(int x_dim, int y_dim) {
unsigned dims(2);
int physical_x, physical_ y;

int zoom;

same_geo_vp_set = CM_allocate_vp_set(CM_vp_set_geometry(CN_current_vp_set));
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dims[0] = x_dim;

dims[1] = y_dim;

my_geometry = CM_create_geometry(dims,2);
my_vp_set = CM_allocate_vp_set(my_geometry);

it (CMFB_attach_display(getenv("CK_FRAMEBUFFER"), &my_display)) {
if (getenv("CM_FRAMEBUFFER")) {
printf(“init_frame_buffer: Could not attach to frame buffer:
%s.\n",
getenv("“CM_FRAMEBUFFER"));
printf("Framebuffer is probably not connected to your sequencers.\n");

}
else {
printf("init_frame_buffer: Could not attach frame buffer.\n");
printf ("Probably using sequencers that have no frame buffer.\n");
}
}

CMFB_initialize_display(&my_display, 8, 1);
CMFB_initialize_color_table(&my_display);
physical_x = CMFB_width(&my_display);
physical_y = CMFB_height (&my_display);
zoom = ((physical_x / x_dim) <? (physical.y / y_dim)) - 1;
CMFB_set_zoom(&my_display, zoom, zoom, 0);
old_vp_set = CM_current_vp_set;
CM_set_vp_set(my_vp_set);
my_color = (CM_memaddr_t) CM_allocate_heap_field(8);
CM_u_move_zero_always_iL(my_color, 8);
CM_set_vp_set(old_vp_set);

}

void release_frame_butfer() {
CMFB_detach_display(imy_display);
CM_deallocate_heap_field(my_color);
CM_deallocate_vp_set(my_vp_set);
CM_deallocate_geometry(my_geometry);
}

void void::plot_x_y(unsigned short x, unsigned short y,
unsigned char color) {
mono CM_vp_set_id_t old_vp_set;
mono CMFB_buffer_id_t the_buffer;
unsigned int a_send_address;
old_vp_set = CHM_current_vp_set;
CM_set_vp_set(my_vp_set);
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CM_u_move_zero_always_1L(my_color, 8);
CM_set_vp_set(old_vp_set);
CMFB_shuffle_from_x_y(&a_send_address, &x, &y, my_geometry);
CM_send_1L(my_color, &a_send_address, &color, bit_sizeof(color),
(CM_field_id_t)CM_do_not_notify_token());
CM_set_vp_set(uy_vp_set);
the_buffer = TMFB_spare_buffer(&my_display);
CMFB_write_preshuffled_always(&my_display, the_buffer, my_color,
0, 0);
CMFB_switch_buffer(&my_display, the_buffer);
CM_set_vp_set(old_vp_set);
}

void void::plot_x_y_over(unsigned short x, unsigned short y,
unsigned char color) {
mono CM_vp_set_id_t old_vp_set;
mono CMFB_buffer_id_t the_buffer;
unsigned int a_send_address;
old_vp_set = CM_current_vp_set;
CM_set_vp_set(my_vp_set);
CM_set_vp_set(old_vp_set);
CMFB_shuffle_from_x_y(&a_send_address, &x, &y, my_geometry);
CM_send_iL(my_color, &a_send_address, &color, bit_sizeof(color),
(CM_field_id_t)CM_do_not_notify_token());
CM_set_vp_set(my_vp_set);
the_buffer = CMFB_spare_buffer (dkmy_display);
CMFB_write_preshuffled_always(&my_display, the_buffer, my_color,
0, 0);
CMFB_switch_buffer(&my_display, the_buffer);
CM_set_vp_set(old_vp_set);
}

void void::plot_from_grid(unsigned char color) {

mono CMFB_buffer_id_t the_buffer;
mono int vp_index;
void void:: * mono color_prime;
mono unsigned color_phys_loc, color_prime_phys_loc;
color_phys_loc = (unsigned) &color;
old_vp_set = CM_current_vp_set;
CM_set_vp_set(same_geo_vp_set);
vp_index = CM_geometry_total_vp_ratio(CM_vp_set_geometry(old_vp_set));
color_prime = CM_allocate_stack_field(8);
color_prime_phys_loc =

_CMI_field_location(
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_CMI_get_field_address_from_field_id_safely(color_prime));
while (vp_index-- > 0) {
_CMI_physical_move_always(color_prime_phys_loc, color_phys_loc,
8);
color_prime_phys_loc += 8;
color_phys_loc += (unsigned) CM_user_memory_address_limit + 4;
}
the_buffer = CMFB_spare_buffer(&my_display);
CMFB_write_always(&my_display, the_buffer, color_prime, 0, 0);
CMFB_switch_buffer(&my_display, the_buffer);
CM_deallocate_stack_through(color_prime);
CM_set_vp_set(old_vp_set);

/* fb.hs - include file for fb library #*/

void set_color(int color_id, int red, int green, int blue) {
CMFB_write_color(&my_display, CMFB_red, color_id, red);
CMFB_write_color(&my_display, CMFB_green, color_id, green);
CMFB_write_color(&my_display, CMFB_blue, color_id, blue);

}

void init_frame_buffer(int x_dim, int y_dim);
void release_frame_buffer(void);

void void::plot_x_y(unsigned short x, unsigned short y,
unsigned char color);

void void::plot_x_y.over(unsigned short x, unsigned short ¥,
unsigned char color);

void void::plot_from_grid(unsigned char color);

void set_color(int color_id, int red, int green, int blue);
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