A Geophysical Outlook—Part 4

New vector super computers
promote seismic advancements

H. Roice Nelson, Jr., General Man-
ager, Allied Geophysical Laborato-
ries, University of Houston

20-second summary

Anintroduction to and a layman’s
summary of the needs for, architec-
ture of and expected uses of the
new vector computers in explora-
tion geophysics is presented in this
article, the fourth in a series on new
exploration technologies. Array
processors that perform special-
ized number crunching tasks have
been tied to most geophysical pro-
cessing systems over the last 10
years. However, the use of vector
computers in seismic data process-
ing is just beginning to be tested
and put on-line in the largest of the
major oil companies. The $10 to
$20-million price tag has something
to do with this. The use of these
vector machines further requires a
complete rethinking and reworking
of seismic processing packages
before the paralle! processing tech-
niques that they afford will provide
cost effective increases in process-
ing speed. Major areas of expected
application of this technology in ex-
ploration geophysics are also sum-
marized.

COMPUTATION REQUIREMENTS
for geophysical processing histori-
cally have increased at least as fast as
the development of new computer
technologies. The need for in-
creased processing power is the re-
sult of two major factors: the sheer
volume of data that is being collected
today, and the new processing algo-
rithms or procedures that require
instant access to larger portions of
the data volume being evaluated.

Recent developments in multi-
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Fig. 1 — CDC’s Cyber Model 205 vector com
tively little floor space, only about 250 square

3D (three-dimensional) seismic ac-
quisition techniques? have greatly in-
creased the amount of data that is
being collected. For example, a 24-
channel shothole crew will collect on
the order of 24 X 10° bits of infor-
mation per day.* While about 300 x
10° bits of information will be col-
lected by a 48-channel VIBROSEIS
crew.” Recording 32-bit words for
higher dynamic range and using 3D

uter system floor plan, as shown, takes up rela-
eet, in comparison to the work load it performs.

recording procedures, a 120-chan-
nel VIBROSEIS crew will result in
collection of about 1.250 x 109 bits
of information per day. The daily
amount of data collected by a 1,024-
channel sign-bit VIBROSEIS crew

50 shols/day » 24 channgla/shol » 5 sacondsichannel x
250 samplas/second « 16 bits/sample = 24 « 107 bite/day

100 vibraltor points/day < 48 channels/V.P. = 18 setonds x
250 samples/second * 16 bits/sample = 307 x 10% bits/day

80 vibralor pointe‘day = 120 channels/V.P, « 16 seconds x
550 samplesisecond « 32 bits/sample = 1.229 = 10° bits/
Ay
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Fig. 2 — The Cray-1 vector processing system looks somewhat like a bench sofa in reality. The
small size of this, and other similar units, is due largely to the short wire length used to achieve
short clock times.

will average around 400 X 10°bits of

information.?

One of the biggest factors in the
amount of seismic data being col-
lected is the tremendous worldwide
increase in the number of seismic
reflection crews that has accompa-
nied the realization of an energy
crisis. In April 1976 there were 240
reflection seismic crews active world-
wide. By April 1981 this had in-
creased to 640 active seismic crews.?
In addition to almost tripling the
number of active crews, there is a
trend towards more channels per
crew and an obvious move towards
3D seismic techniques.

The processing of 3D seismic vol-
umes typifies the requirement for
new processing algorithms (mathe-
matical procedures) that need in-
stant access to larger portions of
available data sets. When a volume
of seismic data has a full 3D migra-
tion algorithm applied toit, all of the
data within the radius of the migra-
tion aperture needs to be available
for computing each output trace.’
However, on a smaller scale, similar
needs occur when CMP (common
midpoint) gathers from two or three
crossing lines are concurrently used

4100 vibrator points/day x 1024 channels/V.P. x 16 seconds
x 250 samplias/second X 1 bit/sample = 410 x 10° bits/day
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to perform, for example, a 3D veloc-
ity analysis. When each data value is
manipulated serially at every step of
the algorithm, it can take a remark-
ably long time to evaluate large vol-
umes of data.

SCALAR COMPUTERS

The processing used by almost all
computer systems today is serial or
scalar. The four steps needed to mul-
tiply two numbers is a good example
of how a scalar computer works.
These steps are to scale the first
number, then scale the second num-
ber, then multiply the mantissas, and
finally adjust the exponent.” When
there are thousands of serial multi-
ply and add statements that are ap-
plied to each trace, it can add up to a
lot of computer time.

One way that the bottleneck inher-
ent in scalar processing is overcome
is to build electronic black boxes that
sidetrack the problem. These sys-
tems are the various forms of array
processors. They are designed to do
repetitive operations on large ar-
rays, like a seismic trace, quickly, and
where possible to do more than one
operation at the same time. When an
array processor multiplies an array
of numbers by one number, the ar-
ray 1s fed into a pipe line. The first

number of the array goes through
the standard serial steps. However,
as this number moves to the next
step, another number follows it into
the pipe line. Once the pipe line is
full, there is one multiplication re-
sult coming out for each processing
step or clock cycle. This can result in
significant time savings when doing
repetitive operations on long nu-
merical arrays.

Array processors also have the ca-
pability to do several operations in
parallel with one instruction. A typi-
cal example is to have a floating
point addition, a memory read, a
floating point multiplication, and an
integer addition (bumping a
counter) programmed with one
statement to occur simultaneously.?
In order to use the array processors
efficiently the large arrays have to be
programmed so they will be recog-
nized as vectors. It is an important
step for the processor to recognize
these arrays as vectors. The applica-
tion of arithmetic and logical opera-
tions to vectors is known as vector
processing.

VECTOR COMPUTERS

The new super vector computers
can be grossly described as giant ar-
ray processors. A more accurate por-
trayal is to describe these systems as a
combination of a host and a task pro-
cessor. They have the same capabili-
ties for pipe line and parallel pro-
cessing. However, the machine
controls automatically which opera-
tions are done in scalar mode and
which statements are done in vector
mode. The same logic that says thata
computer-controlled multiprocess-
ing environment is more efficient
than a single-job processing mode
applies to this aspect of vector com-
puters. Many operations appear to
the user to be performed in a serial
fashion, with other operations being
performed in a parallel mode, but all
operations are issued in strict se-
quence from a single instruction
stream. The parallel or vector pro-
cessing mode allows the manipula-
tion of many operands* by a single
instruction as discussed above. The
operating system permits functional
concurrency wherever possible
while retaining the logical soundness
of the user’s program.®

“Something (as a quantity or data) that is operated on (as in a
mathematical operation).
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Fig. 3—In order for explorationists to take advantage of the amazingly rapid processing capabilities of the new vector
super computers, the software used must be completely rethaught. This example of a "bubble sort” illustrates one of
the algorithms designed for vector software. Fig. 3A shows how seven comparisons are required for the first pass on
an eight-item bubble sort, while 3B shows the five sequential passes needed for one complete bubble sort of the
same eight items. With the volumes of data used in modern geophysical processing these serial procedures become
prohibitive in processing time and cost effectiveness.

A good example of parallel pro-
cessing capabilities is the program
loops that occur so often in scientific
and geophysical processing. The
pervasive nature of program loops
has resulted in hardware and soft-
ware designs that make it convenient
for assembly language/machine lan-
guage programmers to code pro-
gram loops. Higher language loop
structures, like the Fortran ‘DO’
statement, play a central role in
geophysical processing. These loops
can often be represented in terms of
algebraic operations performed on
linear lists, or vectors, of operands.
The vector computer takes advan-
tage of the repetitious, similar com-
putations involved in such loops by
overlapping various stages of the
computation.” This is accomplished
in a similar manner to the pipe line
processing discussed above.

One major advantage of vector
processing over scalar processing is
the elimination of overhead associ-
ated with maintenance of the loop
control variable. Often these loops
reduce to a simple sequence of in-
structions without backward branch-
ing. However, not all aspects of a
problem lend themselves to vector
processing. Scalar techniques still
need to be applied to effectively do

branching, as in a computed ‘GO
TO’ statement. Consequently, the
large vector machines provide both a
scalar and a vector processor, with
instructions and registers for both
applications.®®

Seismic processing has had a ma-
Jor impact on the development of
vector processing. For example, by
the early 1960s the need for a rapid
convolution method, or procedure
to locate a given pattern on a seismic
trace, was defined. The petroleum
industry therefore sponsored the
development of “convolver boxes.”
The main idea was to access the data
as little as possible and maximize the
arithmetic performed during each
access. By the late 1960s these boxes
had developed into the first floating
point convolvers. The similarity of
the convolution product algorithm
to most other algorithms of linear
algebra generated research and de-
velopment of more generally appli-
cable array processors.” By the be-
ginning of the 1970s various seismic
contractors and major oil companies
had better defined their needs and
had worked with hardware manu-
facturers to develop 32-bit systems
for seismic and 64-bit systems for
reservoir modeling, where rounding

error requires more precision.'?
These systems developed and fea-
tured convolution, matrix multipli-
cation, FTFTs (fast Fourier trans-
forms), recursive filtering and a
variety of simpler algorithms.

By 1974, when CDC (Control Data
Corp.) introduced the STAR-100,
array processors in seismic data pro-
cessing were well accepted. This was
one of the first examples of an inte-
grated scalar and vector processor.
Around this same time, Seymour
Cray, one of CDC’s top computer de-
signers, left CDC and the competing
super vector computers of today be-
gan to be developed.

Architecture is quite different for
the Cray and CYBER vector process-
ing systems. However, it is not the
purpose of this article to directly
compare the systems or to make rec-
ommendations as to which is the best
to buy for any specific reason.
Therefore, in writing about the ca-
pabilities of similar types of equip-
ment of which the author is aware,
the descriptions will not be tied to
one vendor or the other. The differ-
ent vector processing systems and
their associated models cover a wide
range of specifications.

The manner in which vectors are
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8 L L T papu e — - whereby the top four items are interleaved, or shuffled, with the bottom four, Fig, 4B illusirates a

perfect shuffle sorting network performed on eight items. Nine perfect shuffies involving 36 compari-
sons are required for one complete sort. The key here is the speed with which the veclor processor
can perform the lask, including the rapid execution of a perfect shuffle and doing four comparisons
simultaneously, which reduces the processing time by about one quarter.
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processed is a major difference be-
tween the Cray and CYBER systems.
One system loads each vector into a
vector register and then adds this to
another vector register. This is theo-
retically a better way to work with
short vectors, but also gives good re-
sults for long vectors. The other vec-
tOT Processor uses memory-to-mem-
ory streaming. This requires add-
itional startup time to fill the pipes,
but works extremely well on longer
vectors.

Real memory in vector processors
normally ranges up to 1 million 64-
bit words. However, this can go as
high as 4 million 64-bit words. One
system has this memory arranged in
16 banks with a bank cycle time of 4
clock periods. This makes very effi-
cient random access memory. The
other system has 2 x 10'? words of
virtual memory and 16 input/output
ports with a total I/O rate of 8.2 X
109 bits per second. The arithmetic,
logical and shift operations are han-
dled in the pipes or functional units.
There are up to 4 of these in one
system and 12 in the other.

One of the most fascinating as-
pects of these computers is their rel-
atively small size. Fig. 1 shows a floor
plan of a CDC-205. The unit is about
6 feet in height and does not require
more than about 250 square feet of
floor space. The Cray-1 (Fig. 2) looks
somewhatlike a bench sofa, and like-
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wise takes up little floor space, as
shown. Despite the small size, these
systems require several of the largest
available scalar computers (front
end machines) to feed them enough
data to keep the processing stream
going. The small size has largely to
do with the short wire lengths re-
quired to get the phenomenal clock
cycle times.

Computation speeds. Computer
capabilities are measured by the
speed that instructions and mathe-
matical operations can occur. A large
scalar computer will operate at about
8 MIPS (million instructions per sec-
ond). Vector computers will run at
rates between 50 and 800 Mflps (me-
gaflops or millions of floating point
operations per second). A machine
that does 800 Mflps has been de-
signed, but has not yet been built. It
will require 4 pipe lines, linked
triads, and short precision (32-bit
words) to accomplish this speed. (A
linked triad is a special kind of vector
operation of the form a scalar times a
vector plus a vector.)

A single Mflp is equivalent to be-
tween 3 and 5 MIPS because floating
point arithmetic has more complex
instructions. This means that a vec-
tor processor manipulates between
25 and 400 times as much data as a
large scalar computer. However, ex-
perience shows that the vector sys-
tems typically are running at 16 to 20

Mflps or 8 to 10 times the speed of a
large serial system.!’

A major determinant in specifying
the processing rate is the clock pe-
riod. The clock period is the time
that passes between each processing
step, once the pipes are full. Typical
array processors attached to a VAX
11/780 minicomputer have a clock
rate of 124 ns (nanoseconds). One ns
is 10 seconds. A beam of light
travels 30 cm in 1 ns. The available
vector processors have clock rates of
12.5 ns and 20 ns.

Software has to be completely re-
thought in order to take advantage
of the extra speed of a vector proces-
sor. To illustrate this rethinking pro-
cedure, a programming procedure
for sorting will be evaluated for a
serial algorithm and a parallel algo-
rithm. Probably everyone is
acquainted with some form of sort-
ing, whether it be in preparing to
balance the check book or in alpha-
betizing a list of names.

Serial sorting is illustrated using a
bubble sort, a procedure whereby
specified items appear to “bubble” to
the top of a-column or list. To start
with there are 8 items in random
order that are to be sorted, as shown
in the left hand column of Fig. 3A.
The bottom two items in the left
hand column are first compared.
The larger number is placed on top
of the smaller as illustrated in the
second column. There are a total of



7 comparisons required to make the
first pass.

A complete bubble sort of these 8
items takes 5 sequential passes as is
illustrated in Figure 3B. The larger
numbers appear to bubble to the
top. There are 28 serial comparisons
required to do this sort.'!

Parallel sorting is described using
an algorithm called the perfect shuf-
fle. Fig. 4a shows how the name was
derived. The 8 items in the left hand
corner are to be sorted. They are
first divided in half, and then inter-
leaved in the same way a card deck is
shuffled. Each of the 9 times the 8
items are shuffled they are passed
through one of 3 comparators.
These comparators pass the num-
bers, put the smaller number on top,
or put the larger number on top as
illustrated in Fig. 4B. A perfect shuf-
fle sorting of 8 items requires 36
comparisons of which 8 are redun-
dant. However, if these comparisons
can be performed simultaneously,
then only 9 comparison clock pe-
riods are required for the perfect
shuffle sort example. This further
reduces to 7 clock periods when the
2 redundant comparisons are ac-
counted for. The time to actually
perform the perfect shuffle must
also be considered. If this algorithm
is to work, it is important to be able to
do the perfect shutfle fast, as is possi-
ble on a vector processor.!!

These examples point out that it is
not enough for explorationists and
programmers to understand how to
use vector processing capabilities.
The algorithms must also be de-
signed or redesigned for the vector
computer environment. The data
must be structured correctly so that
data motion will take advantage of
the vector processing capabilities.'?
At the computation rates being dis-
cussed, data input and output can be
critical to achieving cost effective
processing.

Data motion, the rate at which data
can be input into the computer, can
be as important in using vector com-
puters as the computation speed. An
example of this is shown by some
research occurring at the University
of Houston’s Research Computation
Laboratory. The object is to extend a
Fourier method wave equation mod-
eling program'3 to three dimensions
and vectorize it for use on the CDC-
205 vector processor. The program
utilizes five arrays of which three are
calculated for each time step. Each

of these arrays involves 16 million
components requiring a total stor-
age of 80 million words. However,
only two million words can occupy
the physical memory at any one
time, and so the data 1s divided and
stored on disc. Three of the arrays
are accessed twice for each time step.
Preliminary calculations indicate
that the first pass is compute bound
and the second pass is I/O bound.'*

GEOPHYSICAL APPLICATIONS

Numerical reservoir modeling has
been the single most important use
of vector super computers in the
petroleum industry to date. This
application involves simulating the
physical behavior of pressures, satu-
rations, densities and similar quanti-
ties within the porous rocks and
sands from which oil and gas are ex-
tracted. After the initial discovery
well and the subsequent develop-
ment wells delineate how large a
field is, the reservoir engineer enters
the picture. The very large numeri-
cal models are used to help decide
how many more wells need to be
drilled, where to drill them and how
fast they can be produced. The nu-
merical simulators solve simultane-
ously for three dependent variables
ateach of several hundred time steps
for up to 12,000 nodes.!5 This scale
of number crunching can be ap-
proached in several areas of geophy-
sical processing.
Three-dimensional seismic tech-
niques provide the geophysical basis
for using vector processors in seis-
mic processing. Many of the 3D pro-
cessing algorithms should be able to
be vectorized and used cost effec-
tively on a vector processor. Espe-
cially processes like a full 3D migra-
tion that cannot realistically be
accomplished on a standard scalar
processor. There are several types of
3D migration for regularized
(stacked) data: Kirchhoff summa-
tion, finite difference, Fourier trans-
form, and direct inversion. Each
procedure gives the same basic an-
swer. However, vectorization of the
different procedures will probably
show more efficient processing for
one of the methods than for another.
It is possible that Kirchhoff summa-
tion techniques can be used to do a
3D migration of irregular data (pre-
stack) using vector processing. 't
Many of the more basic proce-
dures can be vectorized for consider-

able processing time savings. The
most basic processing procedures in-
clude filtering, deconvolution and
correlation. VIBROSEIS correla-
tion is an example of a processing
procedure that probably can be
done as a matrix multiply very rap-
idly on a vector processor. A gain, ve-
locity analysis is an ideal candidate
for vectorization when working with
3D velocity analysis algorithms.

It is not unreasonable to project
that the parallel logical operations
associated with a vector processor
will have great value in data base
management, and possibly even in-
teractive image processing and in-
terpretation. The new display tech-
nologies are rapidly being tied to
computers. As complex, large num-
ber crunching processing and nu-
merical modeling techniques are
vectorized, these display devices will
provide an operator window to in-
teractively work with and modify
data sets. Assuming some basic in-
put/output problems can be solved,
itis estimated that a 2D Fourier syn-
thetic modeling program that takes
ten hours to run on a VAX will take
five minutes on a Cyber-205.17 This
same program took between 6 and
10 hours in a VAX 11/780 multi-
processing environment.'? Once the
data transfer problems are solved, it
is reasonable to project that this will
become an interactive interpretation
aid.

It is also reasonable to speculate
that as inversion and forward mod-
eling techniques are improved there
will be the development of computer
interpretation procedures. The
computer would interpret the raw
data using pattern recognition pro-
cedures, and a forward modeling al-
gorithm would be applied to the in-
terpretation to make a seismic sec-
tion. The result would be compared
to the raw data, a new interpretation
made based on the difference in the
two sections and an iterative proce-
dure followed until a satisfactory
comparison is achieved. This is only
a beginning in describing the poten-
tial of vector processors in geophysi-
cal processing and analysis.

SUMMARY

Geophysical processing has had a
major impact on the development of
array processors, and will continue
to have an effect as computer tech-
nology moves into the world of the
vector super computers. The com-
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putation requirements necessary to
correctly process a 3D seismic survey
will be a major motivating lorce in
these developments. These tech-
niques bring reflection seismology
into better conformance with reser-
voir engineering and similar com-
puter fitting procedures can be de-
veloped. There is still a lot of
development that needs to occur,
specifically in the process of software
vectorization and data motion. How-
ever, there are many petroleum ap-
plications that appear to be ideal for
this environment.
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