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SYNTHETIC 2-D SEISMIC WAVE PROPAGATION USING A 
HYPERCUBE PARALLEL COMPUTER

Johnny PETERSEN* and Rosemary RENAUT**

Large 2-D synthetic seismic wave propagation codes using explicit finite difference methods, 
are computing intensive. These codes need present day supercomputers to produce artificial traces 
on a timescale of minutes. An alternative is to run similar codes on a parallel computer which is 
available for a fraction of the cost of a serial computer with similar power. Following this option 
a finite difference code has been written for a 32 processor Inter Hypercube parallel computer. Each 
processor can be compared to an IBM PC-АТ. The 2-D region was divided into 32 equally large 
subregions and distributed among the processors. Each processor has its own memory of 512 kbytes, 
where about 250-300 kbytes are available for programming. The problem is an ordinary 2-D seismic 
code with absorbing boundaries on the bottom, left and right sides based on the Clayton and 
Engquist [1977] paraxial model. The different aspects of programming on a Hypercube are 
discussed. An example problem is presented together with the results. The program was also run 
on 1 and on 16 processors. The CPU times for the different processor configurations are presented 
and the multiprocessor efficiency is discussed.

K eyw ord s: syn th etic  se ism o g ra m s, w ave p rop agation , com p uters, hypercubc p ara lle l com p uters, fin ite  
d ifference a n a ly sis

1. Background

An important step in understanding seismic measurements as required by 
the oil industry is the modelling of seismic wave propagation on a computer. 
The effect certain geologic structures have on a seismic wave can be modelled 
accurately by the solution of the wave equation. The model gives important 
insights into the relationships between changes in densities, positions etc. of 
structures and the echos received, however it is a computationally intensive 
problem.

A recent development within the computer industry is the advent of highly 
parallel computers. These machines make large computing power available at 
lower cost. Problems with a high degree of parallelism, such as this, can make 
optimum use of this new computer architecture. Here we show that the seismic 
wave problem can be efficiently solved using the finite difference method on a

* Bergen Scientific Centre IBM, Allegt. 36, Bergen, Norway 
Formerly: Chr. Michelsen Institute, Bergen, Norway

** Dept, of Mathematics, Arizona State University, Tempe, Arizona 
Manuscript received: 9 May, 1988



310 Petersen-Renaut

Hypercube parallel computer. The problem we have considered incorporates the 
modelling of an acoustic pressure wave travelling through differing geological 
strata beneath the ocean floor. The reflections from these strata produce signals 
received at an horizontal array of hydrophones.

The finite difference equations, Section 2, approximate the two-dimension
al partial differential equations of motion describing the propagation of press
ure waves in media with varying sound velocities. This numerical method 
accounts for direct waves, primary reflected waves, multiply reflected waves, 
diffracted waves and critically refracted waves. This technique can also be 
applied to include shear waves, and the interaction between shear and pressure 
waves.

Our algorithm has been implemented on an Intel Hypercube, or iPSC (intel 
Personal Super Computer). The Intel Hypercube is a parallel computer with 16, 
32, 64 or 128 nodes or processors, and a cube manager which is an Intel 310 
computer. The configuration at CMI has 32 nodes. The cube manager works 
as a front end to the parallel machines. Editing of the programs and interfacing 
to the processors are done through the cube manager. The nodes are in a 
hypercube architecture of five dimensions, 25 = 32 nodes. A hypercube is a 
distributed memory machine, this means that each processor has its own mem
ory. CMI has two 32 node hypercubes, one with 512 kbytes of RAM per node, 
and the other with 4.5 Mbytes of RAM per node. The system takes up about 
200 kbytes of RAM per node.

■The hypercube architecture is in some sense the optimal solution to having 
a developed communication between nodes with a minimum number of com
munication channels. The interconnection scheme is also called a binary «-cube, 
where n is the dimension of the cube with 2" processors. Each processor will have 
n directly-connected neighbours, so as the number of nodes increases, the 
number of communication channels per node will increase as log («). In order 
to pass a message from one node to another, the message will in the worst case 
pass through n — 1 other nodes. The interconnection schemes for 2, 3 and 
4-dimensional cubes are shown in Fig. 1. The hypercube topology also maps 
nicely into other topologies, such as linear arrays, 2-D meshes, 3-D meshes etc. 
In our case we will use the 2-D array.

For a 5-D hypercube with nodes mapped into a 2-dimensional array, we 
can split the finite difference mesh into 32 subarrays giving each node a subarray 
to work on. On the edge of the subarray the node needs to communicate with 
another node which is a nearest neighbour node (except where the edge is at the 
boundary of the global array). This lowers the time used in communication, and 
the program can go nearly 32 times faster than with one node. The size of the 
problem can also be quite large because of large total cube RAM, those at CMI 
having 16 Mbytes and 144 Mbytes respectfully. The system will use about 6.5 
Mbytes. With such memory, large problems can be kept in memory and time- 
consuming calls to the secondary storage are avoided.
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O-d □

1-d □ ---------□

Fig. 1. Cubes of different dimensions 

I. ábra. Különböző dimenziójú hálózatok 

Рис. I. Сети с различным количеством измерений

2. Description of the work

2.1 The wave equation

The linear wave equation in two dimensions

V2P
V 2 d t 2

(2.1.1)

is the simplest representation of wave motion in a laterally varying medium. 
Here P — P(x, y, t) is the pressure wave and v = v(x, у) its velocity, dependent 
on the density and bulk modulus of the medium. This equation, subject to an 
initial pulse, representing the explosion, is solved numerically to produce syn
thetic seismic data.
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2.2 The interior solution

For the numerical solution of (2.1.1) we have chosen the method of finite 
differences, as this is a widely used approach for the numerical solution of 
partial differential equations. In this case it generalizes straightforwardly to 
application on a local memory parallel processing computer such as the Intel 
Hypercube, cf. Clayton [1986]. The continuous derivatives of the Laplacian in 
(2.1.1) may be replaced by discrete approximations. For this we introduce the 
forward and backward difference operators defined by

n+f = Яч+М)-Яд)
qJ Aq

n - f  = Ag)~f(g~Ag)
qJ Aq

Substituting these operators into (2.1.1) we obtain its discrete form

d : d ; + d ; d ,: d ; d ,~ P(x, y, t) = 0.

Expanding as in the definition gives an explicit recursion relation for P from 
which the pressure can be advanced in time:

P{x, y, t +At) = 2P(x, y, t) -  P(x, y , t~  At)
( vA t\2

+ ( —  J  [P(x + A x ,y ,t) + P (x -A x ,y ,t)  (2.2.1)

+ P(x, у  + Ay, t) + P(x, у -  Ay, t) -  4.P(x, y, /)].
Here Ax, Ay are the grid sizes in the x  and у  directions and At is the time 
increment. In our case we use a square grid so that Ax = Ay = h. This formula 
is suitable for all points not lying on the boundary, i.e. interior points. In Figure 2 
the difference equation is represented by a stencil. From this stencil it is clear 
which points at the old time levels the new point depends upon. This is helpful 
not only for comparing formulae but also in the design of the parallel algorithm.

As we have replaced the continuous derivatives in (2.1.1) by difference 
expressions the difference formula is not an exact representation of (2.1.1) but 
only an approximation to it. We say that the numerical formula has order of 
accuracy two as it approximates the real equation accurately up to terms in h 2 
and At2. This is seen by applying Taylor’s theorem for functions of three 
variables to the numerical formula. Not only is there an error involved in 
replacing the continuous derivatives by differences but also, as a consequence, 
the numerical method will have solutions whose properties differ from those of 
the real equation. Solutions of (2.1.1) move with a medium dependent phase 
velocity ?, |?| = V and energy is transported equally in all directions at a group
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velocity <?,1 C*| = V normal to the wave front. It is demonstrated in the appendix 
that this is not the case for the numerical solution, the phase and group velocities 
being direction dependent and only approximating the true values. Therefore 
the numerical scheme is dispersive. The amount of dispersion may be controlled 
by picking a grid with sufficiently small gridsize so that the number of points 
per wavelength is relatively high, i.e. approx. > 10.

X

к +  1

Fig. 2. Stencil representing the difference equation 

2. ábra. A differencia-egyenletet bemutató sablon 

Рис. 2. Схема представления уравнения разностей

A further criterion which must be considered when using the numerical 
formula, is the convergence of its solution to the real solution. In this case 
convergence is equivalent to von Neumann stability, as described in R ic h tm y e r  
and M o r t o n  [1967]. The imposition of stability restricts the time increment that 
may be used according to the inequality

vAt 1

where p is the Courant number and this condition the Courant condition. The 
numerical solution at interior points is therefore governed by the properties of 
the numerical formula which restrict both grid size and time increment. In the 
Appendix we give two other explicit formulae, one of accuracy two, and one 
of accuracy four. Dispersion relations and the propagation properties of these 
schemes are compared to that of the scheme (2.2.1) in P etersen  and R e n a u t  
[1987].
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2.3 Boundary conditions

In reality the solution has no strictly defined boundaries. However the 
numerical solution imposes the need for boundaries to the solution domain. 
From Fig. 2 we see that the solution of the difference scheme requires knowledge 
of points outside the domain when we try to solve for points on the boundaries. 
Therefore an alternative approach is required there. Boundary conditions must 
be used which mimic the infinite domain of the physical situation.

The situation at the the water surface is the simplest since in reality most 
energy will be reflected, the velocity of the wave in air being much less than in 
water. Therefore we impose zero pressure at the surface. At the remaining 
boundaries, which are artificial, it is required that energy be completely ab
sorbed. We use the absorbing boundary conditions as derived by C la y t o n  and 
E n g q u is t  [1977] from paraxial approximations to a one-way dispersion rela
tion. Waves which obey such a relation travel in one direction only, which we 
choose to be into the boundary. However the one-way wave equations, derived 
from these approximations, do allow some waves travelling in the wrong 
direction. By choosing an approximation of sufficiently high order it can be 
expected that all but glancing reflections will be captured.

The second-order paraxial approximation leads to the one-way wave equa
tion at the right hand boundary:

P * + - P « - ^ P „  = 0. (2.3.1)
V 2

An approximation of this on the discrete domain is the first-order difference 
scheme

A  D ° P N j k  +  2^ A +A  (PN j k ^ ~  P n -  1 j k )

— 4 A +A  (Pn -  1 j k  + 1 ^ PNjk  — l) =  0, (2.3.2)

where the central difference operator D° is defined by

л о r f{q + A q )- f{q -A q )  
qJ 2 Aq

and Pijk к  P(iAx,jAy, kAt). The stencil for this formula is given in Figure 3. 
Equivalent formulae are applied for the left and bottom boundaries with the 
corner points being solved from a rotated formula that ensures absorption for 
incidence directly into a corner.
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For the above boundary conditions the reflection coefficient given in 
P etersen  and R e n a u t  [1987] shows that 99% absorption of waves incident at 
angles of about 35° to the normal should occur. For angles up to about 75° 
roughly 35% of energy is reflected with almost complete reflection occurring at 
glancing incidence [C la y to n  1986]. In seismic data generation the distance 
between the initial shot and the final group of hydrophones will be large so that 
glancing incidence will take place. Obviously we would like as much absorption 
of these waves as possible. Therefore we chose to use the second order one-way 
wave equation rather than the first order which predicts absorption of waves 
only up to incidence about 10°. A higher order approximation is also discussed 
in P etersen  and R e n a u t  [1987].

boundary boundary boundary

Fig. 3. Stencil for the first order difference scheme 

3. ábra. Az elsőrendű differencia-séma vázlata 

Рис. 3. Схема разностей первого порядка

2.4 Implementation

For the adaptation of the algorithm for application on a parallel machine, 
in this case the Intel Hypercube, we have followed the procedure suggested by 
C la y t o n  [1986]. We are required to solve the equation on a rectangular domain. 
This is easily divided into equal sized rectangular sub regions. In our case we 
divide into 32 sub regions in order that each processor is in charge of one area 
of the domain. Information is propagated through the region by assuming an 
overlap of one row or column between neighbouring processors as in Figure 4. 
At each iteration the values within the processor are updated and the edge 
values then communicated to the neighbours on all sides. If a processor has an 
edge which coincides with the boundary of the region it then applies the 
appropriate boundary conditions.
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Fig. 4. Information propagation between processors 

4. ábra. Információterjedés a processzorok között 

Рис. 4. Распространение информации между процессорами

Storage is conserved by overwriting the information at the к  — 1 time level 
with the updated values of the k+  1 time level. Therefore we only require a 
three-dimensional array where the third dimension is two instead of three. 
However the calculation of the boundary points requires some of the values 
which have been overwritten. Therefore we need to store additional boundary 
information in two two-dimensional arrays whose second dimension is only 
two. This is a considerable saving of storage which becomes more pertinent 
when we move to the solution of larger problems. We also assume that a 
processor does not at the same time have boundaries both above and below or 
left and right. This is a reasonable assumption due to the size of the models that 
must be considered.

2.5 Initial conditions

For this initial value problem, the initial conditions are the initial pressure 
amplitude and its first derivative with time, P(x, y, t = 0) and dP/dt at t= 0. The 
pressure distribution needs to have a continuous bell shape, making the Lorent- 
zian function, (cos f(r)+  l)/2 and the Gaussian function likely candidates. f(r) 
is a simple function of r, where r is the distance from the initial pressure pulse. 
The pressure distribution chosen was the Gaussian shape :
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P(x, y, t = 0) = exp У-У о
. Уд

where (x0, y0) is the location of the source, xg and yg are parameters which shape 
the Gaussian bell. If хдФуд then the Gaussian will have elliptic contour curves. 
If х д = Уд ar>d xg is small, then the shape will be a pointy peak and the contours 
will be mostly small circles. The Gaussian pulse, after it has propagated forward 
in time in 2-dimensions, produces waves which look much like the GSI type A 
[M c Q u il l in  et al. 1984].

A simple time-independent function of the pressure variable is needed in 
order to monitor the stability of the time evolution operator. If this function 
is indeed a constant, then the time evolution is stable. One function which 
should be constant in time is the total energy of the sound wave, Et [L a n d a u

and L if s h it z  1959]:

E is the energy density of the pressure wave, g0 is the steady-state density of the 
fluid or material, c is the sound velocity, and v is the velocity of the oscillating 
particles. In the model discussed here g0 is not given, and v is not calculated.

For monochromatic, parallel waves, the two terms in the energy density 
equation are equal [L a n d a u  and L if s h it z  1959]. Even though the last term will 
not be the same as the first for our circular, non-monochromatic waves, it will 
be a slowly varying function in time, approaching a constant value (after the 
first few timesteps). As long as it approaches a constant finite value, it is possible 
to use it as an ‘energy norm’, since it is possible to distinguish its behaviour from 
the behaviour of an unstable evolution operator. Our ‘norm’ is thus p2!c2. Or

2.6 Energy norm

E, = J Edv
v

with

N O R M -  £  X P(iJ) • P(i,j)/V2(i,j)
Nodes i , j

2.7 Brief description of programs and subroutines

2.7.1 Start up

The basic layout of programs and the most important subroutines are
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shown in Fig. 5. The main routine on the host is called Tstcm , which does not 
need to be on the Intel 310 cube manager, but with the help of the socket 
program N etcube, it may be on any other U N IX  workstation available at CM I, 
such as the Sun-3 or Tektronix. With the N etcube program the Intel 310 cube 
manager is transparent to the other computers. The advantage of N etcube is 
that it unloads the multiuser 310, and thus makes it possible to use advanced 
features such as graphics on the other workstations while the program is 
running.

HOST CUBE
MANAGER

NODES

Fig. 5. Basic layout of programs and subroutines 

5. ábra. A programok és szubrutinok elhelyezése 

Рис. 5. Распределение программи и субрутинов
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2.7.2 Host program

Tstcm calls G linit which initializes parameters needed in communication 
with the nodes. After G linit a message is sent to the Intel 310 to load the correct 
program, P ress, onto the nodes. T stcm then calls W avetst, which is the main 
subroutine. W avetst reads a parameter file, T stin which contains the basic 
parameters for running node programs, such as the grid size, timestep, velocity 
distribution, etc.

W avetst then calls Scale, which scales some of the data from T stin to  fit 
with the programs on the Hypercube. The general setup parameters are then 
sent to the nodes. These parameters are picked up in the subroutine Setup on 
all the nodes. This message includes the size of the next message sent to  the 
nodes, Func. Func is the data containing the velocity distribution and it is 
received by Velfnc on the nodes. Lastly the initial pulse data, Hydr, is sent to 
the cube and received by the subroutine H y d rph .

After W avetst has finished sending data to the cube it goes into a loop and 
waits to receive the traces from the nodes subroutine T race. When all the trace 
data have been received, the traces are put into a file and W avetst is finished. 
Tstcm then calls G lstop which closes the opened files, and the program is over.

2.7.3 Nodes
The node program is loaded onto the cube when the Intel 310 cube manager 

gets a message to do so from the host. As soon as it is loaded it starts running. 
The main program is Press, this calls H init which initializes the nodes for 
communication and defines the position of the nodes. H neigh is called to set 
up a special 2-D array for the nodes. In our case the 32 nodes are in a 16 by 
2 array since we are looking at a long shallow region. Press then calls Presstst 
which is the main subroutine. Presstst calls Setup , Velfnc and H ydrph  in 
order to receive the necessary data from the host.

Setup takes in the data defining the problem, Velfnc receives the velocity 
data, and H ydrph  receives the initial pulse data and the hydrophone data. 
H ydrph  also checks to see if its node has any hydrophones, and if so it finds 
the array positions of the hydrophones. It sets a flag if there are any hydro
phones. G l2SLayr sets up the velocity array for each node. W aveinit deter
mines whether the node has any boundaries or corners, and initializes the 
necessary arrays for the absorbing boundaries. W aveinit also rescales the 
velocity array for optimal use in W avestep. Presstst then calls H sgaus which 
initializes the Gaussian pulse at the prescribed position with the prescribed 
parameters. The program is now ready to step forward in time. W avestep is the 
subroutine that does the finite-difference time stepping. Each call to W avestep 
produces two time step calculation runs.

As discussed above, the P-array in each node has ‘double’ edges, the PN + 2Jk 
values on one node is the same as the P2jk values in the array on the neighbour 
node to the right. (There is an implicit sum over the f  s.) Similarly PN + ljk is the 
same as Pljk on the right neighbour node. During calculations, all but the edge
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values are updated. These values must be received from the neighbour node 
before the next iteration starts. W avestep thus calls H vcqmm which com
municates the edge values. H vcomm sends PN+ljk to the right node and P2Jk to 
the left node, and receives the new PN+2jk from the right and P1Jk from the left. 
It does the same for the up and down directions. After H vcomm, the array is 
ready for another time iteration.

If the node is at a boundary, W avestep will call Bcon first to store the edge 
values in order to do absorbing boundaries calculations later. One time iteration 
is then done for all the inside points. The physical boundary points are done 
with calls to C albdry and Bdries after which H vcomm communicates the 
internal edges between nodes. After the W avestep loop, Presstst calls T race, 
which picks out the pressure amplitudes at the hydrophone positions. These 
values are stored in a trace array which is sent back to subroutine T race on the 
host. This continues until all the traces are finished. P resstst returns to Press 
which calls H stop, which checks to see if all messages are sent before the 
program finishes, and if so it closes the communication channel to the host. The 
program is then finished.

3. Results

3.1 Test problem

The test problem considered is that of a 2-dimensional long, shallow region, 
350 m deep and 2800 m wide, see Fig. 6. The distance to the deepest interface 
is 300 m, with an absorbing boundary at 350 m and on the left and right vertical 
sides. The shot has a dominant frequency of 50 Hz, and is set off 5 m below the 
water surface. The first hydrophone was 125 m behind the shot and 10 m below 
the water surface, the other hydrophones followed 25 m apart.

The results of the computations are given in Figs. 7-16. Figs. 7-13 are 
‘snapshots’ of the pressure wave in the region (0 m-350 m, 0 m-350 m). Fig. 7 
is the pulse initially (t = 0). Figs. 8 through 13 show the pulse after propagating 
30 msec, 60 msec, 90 msec, 120 msec, 150 msec and finally 180 msec, respective
ly. One clearly notices the reflections from the different layers, and absorption 
at the left and bottom boundaries. It is also clear that the water surface, top 
boundary, reflects with 180° phase shift. The leftmost dot is the starting position 
of the pulse, and the other dots represent the positions of the hydrophones. The 
amplitude of the waves are on a variable scale such that the maximum amplitude 
in each picture has the same displacement. Fig. 14 shows traces from the 64 
‘leftmost’ hydrophones from 0 sec to 1.024 sec after the initial pulse. Fig. 15 is 
an amplified trace plot of all 96 hydrophones from 0 sec to 2.048 sec. In this 
plot a cutoff amplitude was imposed to make it possible to see the multiple 
reflected waves. 9 sets of traces were taken at different positions 25 m apart.
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1500 m/s 50 m

25 m 625 m

1800 m/s

ОЙЖ Л
1125 m 1375m

FT~
2375 m

1
2775 гт

50 m 

10 m

2000 m/s 90 m

2200 m/s 100 m

2400 m/s

□  = 1400 m/s

Fig. 6. The geological test problem 

6. ábra. A kísérleti földtani modell 

Рис. 6. Геологическая модель в эксперименте

Fig. 7. Initial pulse 

7. ábra. Kezdeti impulzus 

Puc. 7. Начальный импульс
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Figs. 8-13. Snapshots of the pressure wave at time t 

8-13. ábra. A nyomáshullám képe t idő elteltével 

Рис. 8-13. Изображение волны сжатия через время t

Fig. 14. Traces from the 64 leftmost hydrophones from 0 sec to 1.024 sec after the initial pulse

14. ábra. A bal oldali 64 hidrofon szeizmogramja 0-tól 1,024 s-ig a jel indítása után

Рис. 14. С е й с м о г р а м м а  п о  64 л ев ы м  ги д р о ф о н а м  о т  0  д о  1,024 сек после  н а ч а л ь н о г о
и м п у л ь са
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Fig. 15. Amplified trace plot of all 96 hydrophones from 0 sec to 2.048 sec. Shot at * = 80 m 

15. ábra. A 96 hidrofon erősített szeizmogramja 0-tól 2,048 s-ig. Robbantás *=80 m-ben 

Puc. 15. Усиленная сейсмограмма по 96 гидрофонам от 0 до 2,048 сек. Взрыв при *=80 м

Each data set consisted of all 96 hydrophones over 2.048 sec with a sampling 
every 4 msec, a total of 512 x 96 samples per trace file. The first shot, rightmost, 
was at 255 m from the left boundary, and the last at 55 m. Fig. 16 contains the 
tracedata at 255 m. Fig. 15 was taken at 80 m.

A test run was also made to see the extent of the reflection off the ‘absorb
ing’ boundaries. This time the whole region was filled with salt water, 
V= 1500 m/s, and it had a reflecting boundary on the top and absorbing
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Fig. 16. Amplified trace plot of all 96 hydrophones from 0 sec to 2.048 sec. Shot at x = 255 m 

16. ábra. A 96 hidrofon csillapított csatornái 0-tól 2,048 s-ig. Robbantás x = 255 m-ben

Рис. 16. Сейсмограмма по 96 гидрофонам с затуханием от 0 до 2,048 сек. Взрыв при
х = 255 м

boundaries on the bottom and vertical sides. Otherwise the 2-D box was of the 
same size as that above, 2800 m horizontally and 350 m vertically. The position 
of the shot and the positions of the hydrophones were also similar to those in 
the above examples. Since the region of interest was so shallow, we should 
expect to see a large amount of reflection from the bottom boundary. The angle 
of incidence at the bottom boundary for waves hitting the middle hydrophone 
is greater than 72° from the normal. For 2nd order boundaries, this causes a
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reflection coefficient of 35%. For the last hydrophone the angle is 82° and the 
reflection coefficient is 57%. The test run, Fig. 17 did not contain any layers, only 
water with sound velocity of 1500 m/s, and the vacuum-water interface at the 
top. This interface causes the direct pressure wave amplitude to decrease rapidly 
with hydrophone position because of destructive interference with the ‘mirror’ 
shot above the water surface. The other reflection is the echo from the left 
‘absorbing’ boundary.

Fig. 17. Test run for one-layer case, with 1500 m/s velocity 

17. ábra. Kísérleti futtatás 1500 m/s sebességű egyréteges modellre 

Рис. 17. Эксперимент на однослойной модели со скоростью 1500 м/сек
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3.2 Timing

We have obtained the timings given in Table 1 by setting up the same 
problem in each case. The problem solved is that already described, 
350 m X 2800 m with a grid size of 2.5 m and a time increment of 0.0005 s. This 
means that each node of the 5-dimensional hypercube uses a pressure array of 
size 72 X 72 X 2, the 4-dimensional an array 142 x 72 x 2 and the 0-dimensional an 
array 1120 x 140 x 2, in order to cope with the whole problem. The number of 
iterations was 4048 for the 5-D cube and 256 otherwise. Therefore timings per 
iteration are calculated. Clearly it is time consuming to run the complete 
problem on the zero-dimensional cube. In each case we give the amount of 
speed-up gained by using the 5-D cube.

Timings for the second-order 9-point stencil (A.2) are also given. We notice 
that the number of arithmetic operations indicates that the 5-point stencil 
should be about 1.7 times faster. Here this is confirmed. There is a slight 
reduction in speed-up as the algorithms are the same away from the interior 
points. The results which we have plotted show no appreciable differences 
between the two solutions. However, this is to be expected when solving on such 
a fine grid. Also any improvement in the results can only be judged by perform
ing the inverse problem on the trace data. Additionally tests need to be run on 
coarser grids. If, as the theoretical results in P etersen  and R e n a u t  [1987] 
suggest, there is no degradation by using a grid twice as coarse with the 9-point 
stencil, then it offers a potential speed-up of almost 250%. Not only may the 
grid be coarsened, also reducing storage requirements, but the stability con
dition on the Courant number is higher, allowing a larger timestep.

Scheme dimension 
of cube

time per 
iteration

relative
time

2nd order 
5pt 5 .9995 s 1.0

2nd order 
5pt 4 2.1758 s 2.1769

2nd order 
5pt 0 32.4531 s 32.4694

2nd order 
9pt 5 1.6289 s 1.6297

Table I. Timings 

/. táblázat. Időmérések 

Таблица I. Измерения времени
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4. Conclusions

The suitability of the Intel Hypercube for the generation of synthetic 
seismic data has clearly been demonstrated. The solution of the problem here 
suggests that the Hypercube could be used to solve a large number of hyperbolic 
problems using the explicit finite difference method.

The parallel computer efficiency, the speed-up achieved with n processors 
divided by the number of processors, is greater than one, which seems to 
contradict common sense. However the 80286 chip creates less efficient code if 
the arrays are larger than 64 Kbytes. This is the case here since the pressure 
array, the largest array, is 41 Kbytes when the program is distributed and
1.3 Mbytes when the program is running on one node. This is a characteristic 
of the 80286 chip and the efficiency shown here will not necessarily be re
produced if another processor chip is used. The fact that this is a factor proves 
that this program is highly parallel, and that the ‘load balancing’ was very 
successful. ‘Load balancing’ means making sure that the problem is divided or 
balanced equally among the processors, since the parallel program will go only 
as fast as the slowest processor.

The absorbing boundary algorithm used was not optimal for the long, 
shallow problem discussed here. The absorbing boundary algorithm seemed to 
work, as Figs. 7 through 13 show, but no investigation was done to determine 
if the reflection coefficients were the same as the theory predicted. Energy was 
absorbed, although not well enough to meet the requirements of good synthetic 
seismic traces. The Input/Output worked well. The N etc u b e  routines made it 
possible to follow the evolution of the wave on the Sun-3 screen as the program 
progressed. A small simple input file, T s t in , made it easy to change the con
figurations without changing the program, and recompiling.

The succès of this project opens the field for a large number of serious uses 
of the Hypercube. The program is also written in a highly vectorizable way 
which will make the program run efficiently on a vector-processor upgrade of 
the Hypercube. The theoretical analysis of higher order finite différence methods 
[P eter sen  and R e n a u t  1987] shows that speed-up is possible by moving to 
larger gridsizes and larger timesteps without losing accuracy. Higher order finite 
differencing and boundary conditions will be investigated in the near future.
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APPENDIX

Stencils, phase velocity and group velocity

A.l Phase and group velocity derivation

In section 2 we mentioned that the numerical model has solutions with 
properties different from those of the real solution. Here we explain this in 
greater detail.

A general wave solution of (2.1.1) can be represented by the Fourier mode

P(x, t) = e'{u"-i *)
where oo is the temporal frequency and ç = ((, ij)t the vector of wave numbers. 
Substituting this into (2.1.1) we see that the dispersion relation

to2 = r2(C2 + v2) (-<4.1)
is satisfied. Therefore waves propagate in concentric circles with a phase velocity 
of size V  as is seen from the following definition of phase velocity:

Ill W  №2 +  n2 W
The energy of the wave is transported at the group velocity:

Thus energy is also transported equally in all directions with a speed v.
We can apply the same analysis to the numerical method to determine the 

equivalent expressions for the numerical solution. For the formula (2.2.1) the 
dispersion relation is as given by T r efet h en  [1982]:

œ  A  t
sin-

vA t
h

■ 2 ^ 1 - 2  dh sinz — + sin —-

Waves obeying this dispersion relation propagate with a phase velocity of 
magnitude

at
Îiï • (

III 2h2
241 + + 0((lllA)4).
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Here p = —— is the Courant number and 0 the angle of propagation relative 
h

to the X direction. Consequently waves propagate with different speeds in 
different directions—this is known as dispersion. The energy of the numerical 
solution moves with the group velocity which has components :

Cx = vp

Cy = vp

sin Çh
sin со A t ’ 
sin rjh

sin со A t  '
Therefore it has a group propagation angle relative to the x  axis

<9 =  tan 1

Expanding to lowest order terms

and

\C\ = V 1 -
f | 2h2 

8
3 + cos 46 

4

0  = 6 +
a 2/i2
24

sin 46.

Clearly the group speed also varies in different directions and the variation of 
the angle of propagation from the correct angle is not constant. Notice also that 
the expressions for group and phase speeds are accurate in terms of order up 
to two, this being the same as the order of accuracy of the numerical formula.

A.2. The 9-point stencil

Rotating the 5-point stencil by 45° and combining with the original stencil 
gives the 9-point scheme second order in space and time:

Pijk + l ~ 2Pijk~ Pijk-i + p2{ß{Pi+ijk+ Pi~ijk+ Pij+ u +  Pij-u — 4Pjjk)

 ̂ (•̂ >i+ lj+ It P i-Ij-lk  ^i-lj+  lü"*“ Л'+ lj-lk ~~ 4Pijk)), (A. 2) 

c.f. Trefethen [1982]. The stencil is given in Figure A.l.

A 3  9-point stencil o f 4th order

Alford et al. [1974] have suggested using an alternative stencil which has
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fo u r th  o rd er  a cc u r a cy  in  sp a ce  :

Pijk+i =  ( 2 - 5  ц2)Рт -  Pijk_i + у -  ( 16 (P , + ijk + P ij+ik+ P,- i jk+ Pi} - ik) 

~ (Pi + 2jk̂ ~ Pi j +l kPi  - 2 jk Pij-2k))-
T h e  sten c il is g iv en  in  Figure A.2.

X

к  +  1
Fig. AI. Stencil for a 9-point scheme second order in space and time 

At. ábra. Térben és időben másodfokú, 9-pontos séma 

Pue. AI. Девятиточечная схема, второго порядка в пространстве и во времени

X

* + 1

Fig. А2. An alternative stencil with fourth order accuracy in space 

A2. ábra. Egy másik megoldási séma térben negyedfokú pontossággal 

Рис. A2. Схема другого решения, с точностью четвертого порядка в пространстве
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SZINTETIKUS KÉTDIMENZIÓS HULLÁMTERJEDÉS MODELLEZÉSE 4-DIMENZIÓS 
PÁRHUZAMOS SZÁMÍTÓGÉP-HÁLÓZATON

Johnny PETERSEN és Rosemary RENAUT

A kétdimenziós szintetikus szeizmikus hullámterjedést explicit véges differencia módszerrel 
modellező programok igen számításigényesek. Ahhoz, hogy percek alatt mesterséges szeizmikus 
csatornákat tudjunk előállítani, a mai szuperszámítógépekre van szükség. Másik lehetőség, hogy 
hasonló programokat futtatunk párhuzamos számítógépeken, ami a hasonló teljesítményű nagyszá
mítógép árának csak töredékébe kerül. Ezt az utat választva véges differencia programokat készítet
tünk egy 32 processzoros Intel Hypercube párhuzamos számítógépre. Mindegyik processzor egy 
IBM PC/AT-hez hasonlítható. A 2-D területet 32 egyenlő nagyságú alterületre osztottuk, és 
felosztottuk a processzorok közt. Mindegyik processzor 512 kbyte saját memóriával rendelkezik, 
melyből kb. 250-300 kbyte használható a programozáshoz. A feladat egy normál 2-D szeizmikus 
szelvény készítése, abszorbeáló határfelületekkel az alján, jobb és bal oldalon, a C layton és 
Engquist [1977] paraxiális modelleknek megfelelően. A 4-dimenziós hálózaton való programozás 
különböző szempontjait tárgyaljuk. Egy mintafeladatot mutatunk be az eredményekkel együtt. A 
program 1 és 16 processzoron is futott. A különböző processzor konfigurációkhoz szükséges CPU 
időket és a multiprocesszor hatékonyságát tárgyaljuk.

МОДЕЛИРОВАНИЕ РАСПРОСТРАНЕНИЯ СИНТЕТИЧЕСКИХ ДВУМЕРНЫХ 
ВОЛН НА ЧЕТЫРЕХМЕРНОЙ СЕТИ ПАРАЛЛЕЛЬНЫХ КОМПЬЮТЕРОВ

Джони ПЕТЕРСЕН и Розмари РЕНО

Программы моделирования синтетических двумерных сейсмических волн способом 
прямых конечных разностей нуждаются в громадном объеме расчетов. Для создания искусс
твенных сейсмических каналов в течение нескольких минут необходимы современные супер
ЭВМ. Другая возможность заключается в загрузке сходных программ в параллельные ЭВМ, 
что по стоимости составляют лишь ничтожную долю от таковой крупногабаритной ЭВМ. 
На этом пути нами составлены программы конечных разностей для параллельного ком
пьютера Intel Hipercube на 32 микропроцессорах. Каждый из процессоров сопоставим с IBM 
PC АТ. Двумерное пространство было разделено на 32 равных подпространства и было 
распределено между процессорами. Каждый из процессоров имел собственную память в 512 
килобайт, из которой примерно 250-300 килобайт могут быть использованы при програм
мировании. Задача заключалась в составлении нормального двумерного сейсмического раз
реза с адсорбирующими поверхностями внизу, а также справа и слева, в соответствии с 
параксиальными моделями Клейтона и Энгквиста [Clayton and Engquist 1977]. Рассмо
трены различные аспекты программирования на четырехмерной сети. Приводится типовая 
задача вместе с решениями. Программа испытывалась как при 1, так и при 16 процессорах. 
Рассмотрены времена CPU при различных конфигурациях процессоров, а также эффектив
ность мультипроцессора.


