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SUMMARY

This report describes a FORTRAN computer program which deter-
mines the orientation (with confidence limits) of an assumed double couple
earthquake source, given a series of teleseismically observed relative amplitudes,
each of which relates the amplitudes of either P and pP, or P and sP, or pP and
sP on one seismogram. Appropriate upper and lower limits are assigned in
arbitrary units to the observed amplitude of each phase, with or without a
polarity specification, and from these limits the program computes the
corresponding range(s) of relative amplitudes for each pair of phases. All source
orientations which are compatible with the range(s) of relative amplitudes are
then identified, and can be displayed graphically. Those orientations which are
compatible with all pairs of phases at all stations constitute the focal mechanism
solution, with confidence limits which correspond directly to the confidence of
the initial measurements. The program can be applied to shallow or deep
earthquakes beneath land or sea.

1. OBJECT OF THE REPORT

This report describes a FORTRAN computer program (FALT) which
finds all the orientations of an assumed double couple earthquake source which
are compatible with a given series of teleseismically observed relative
amplitudes, where each relative amplitude relates the amplitudes of either P and
pP, or P and sP, or pP and sP, measured with "100% confidence limits" on one
seismogram. Those orientations which are compatible with all pairs of phases at
all stations constitute a focal mechanism determination with appropriate
confidence limits.

Use of the program is described fully in section 2, which contains a
description and explanation of all its features and their associated input and
output options. Also of importance is discussion of the program's range of
applicability to various types of earthquake and seismogram.

Section 3 contains some brief comments on the method, particularly
as compared with the established "first motion" methods of determining fault
plane orientations.

The appendices contain additional details to support section 2, but
which are more appropriate for reference use. The schematic diagram of
appendix A gives a broad outline of the program logic, and appendices B and C
define the format of the program input. Appendix D gives computing time and
storage requirements and related details, and appendices E, F and G contain the
theory which is used in the computations. The program listing is given in
appendices H and I.

This report is meant only as a users' guide to the program. Examples
of its application to real earthquakes are published elsewhere. The program has
been applied to a wide range of earthquakes, and the reader is referred to Pearce
(1,2), Barley and Pearce (3) and Pearce (4). Without modification it has also been
applied to a micro-earthquake beneath the Mid-Atlantic Ridge observed locally
on ocean-bottom seismographs (5), but this type of application is not considered
in this report.
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2. USE OF THE PROGRAM

2.1 Introduction

Use of the program FALT is most easily described by means of an
example, so in this section a set of seismograms from a real earthquake is
discussed in order to introduce all the features of the program. In this way, the
purpose of its input and output options can be more clearly demonstrated.
Explanation of these options includes reference to the relevant variables in the
program input, whose definitions and formats are stated formally in appendices B
and C.

Figure I shows P wave seismograms recorded teleseismically at three
short period arrays from a shallow earthquake in East Kazakhstan, whose body
wave magnitude mb was about 5.0. The seismograms are phased array sums of
about twenty seism ometers, but the only significance of using arrays here is the
consequent improvement in signal-to-noise ratio over that of a single
seismograph record.

In a previous study of these seismograms by Douglas et al. (6),
modelling and other evidence provided strong indications that the two discrete
arrivals recorded at Yellowknife (YKA) and Warramunga (WRA) are P and pP,
and that the two arrivals at Gauribidanur (GBA) are P and sP, as shown in figure
1. The relative arrival times of the supposed pP and sP phases relative to the
direct P wave agreed with this interpretation, and in order to generate matching
theoretical seismograms, Douglas et al. had to resort to a process of trial and
error to search for a double couple orientation which yielded polarities and
relative amplitudes similar to those observed for P, pP and sP at all three
stations. Their success in finding such an orientation, coupled with other
evidence, was used to conclude that the event was indeed an earthquake with the
specified source orientation and with the chosen phase identifications on each
seismogram. However, this conclusion lacked an associated estimate of its
.eliability, which would be provided by, for example, a measure of the non-
uniqueness of the compatible source orientation.

The purpose of the program FALT is to meet this requirement by
providing a formal answer to the question "What range or ranges of source
orientations, if any, are consistent with the polarities and relative amplitudes of
P, pP and sP observed on all available seismograms, assuming chosen phase
identifications on the seismograms, and assuming that the seismic source is an
earthquake double couple?" Of fundamental importance is the use of only
relative amplitudes; all reference to absolute amplitudes is entirely avoided. The
significance of this can be seen from figure 2(a), which shows schematically the
ray paths of P, pP and sP for a shallow earthquake. Attempts to contour the
source radiation pattern by comparing absolute P amplitudes at different stations
(eg, reference (7)) or by comparing phases with widely differing paths at the
same station, all rely on correct allowance being made for the grossly variable
effects of anelastic attenuation and scattering along different propagation paths
within the Earth. Such effects may dominate that of the source radiation pattern
and are difficult to allow for adequately, thereby severely limiting the success of
such methods.

S
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The notion of dividing orientations into those which are "acceptable"
and "unacceptable" is another major departure from other methods of determin-
ing focal mechanisms, which typically produce one 'best fit" orientation. It will
be seen that the implications of this, which are summarised in section 3, are
fundamental to the relative amplitude method.

In order to obtain time-separation of the P, pP and sP phases on
shallow earthquake seismograms we must use short period records, or, alterna-
tively, for larger earthquakes use could be made of broad band observations.
From figure 2(a), we expect the amplitudes of P, pP and sP from a shallow
earthquake to suffer the same loss along the path to a given station, except near
the source, as only here do the phases traverse significantly different paths.
Hence, the sensitivity of short period amplitudes to anelastic attenuation does
not present a difficulty, since for relative amplitudes it cancels out.

The ray paths shown in figure 2(a) represent the three phases P, pP
and sP, which are supposed to be present in figure 1. The waveform of each
seismogram - and hence its interpretation - is unusually simple, so these
seismograms might be considered to be "ideal" in terms of the development of
the present method. Because few seismograms can be so easily interpreted, the
following pages include discussion of the extent to which other types of
seismogram or earthquake can be brought within the ambit of the relative
amplitude method.

We can immediately ask whether the method can be applied to deep
earthquakes, whose corresponding ray paths art shown schematically in figure
2(b). It is no longer valid to assume that the three phases traverse similar mantle
paths, but in this case time-separation of the phases is obtained on long period
seismograms, which are not so sensitive to differences in anelastic attenuation.
So it is feasible to apply the method to those deep earthquakes which are large
enough to yield long period seismograms (ie, which have a body wave magnitude
mb of about 54 or larger).

Before describing the method, it is noted that, by providing a
quantitative answer to the question posed earlier, we establish whether or not
any source orientations are compatible with the assumed phase identifications,
and if some are, then we know how well the source orientation is constrained,
which types of faults the solution represents, and whether it is non-unique (as
evidenced by the existence of more than one compatible range of orientations). If
no orientations are compatible, this might be evidence of an anomalous source
mechanism, incorrect seismogram interpretation or merely the presence of one
or more anomalous seismograms; the program includes features which assist in
the investigation of such anomalies.

2.2 Method of specifying amplitude bounds numerically

We first consider the method by which relative amplitude
measurements (with their correct confidence limits) are expressed for the phases
identified on a seismogram. The inclusion of confidence limits in amplitude
measurements means that the uncertainty in each measurement is implicit in the
input data. This is not possible for first motion readings alone - giving rise to
one of their main disadvantages, as explained in section 3.
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The method of specifying amplitude bounds numerically has been
designed so that the value for each phase, with appropriate confidence limits,
can be correctly expressed in terms of actual measurements which can be made
on a real seismogram. Accordingly, the amplitude information is specified for
each phase separately, in units which are arbitrary - it being necessary only to
maintain the same units for all phases on the same seismogram. Each amplitude
can be assigned particular "100% confidence limits" having regard for the several
uncertainties discussed in section 2.3. The program then converts these
measurements into equivalent range(s) of relative amplitudes for each phase pair.
Therefore, when we speak of measuring the "amplitude" of a phase in the present
context, this is only a convenient step towards establishing relative amplitudes
and does not refer to amplitude in any absolute sense.

The amplitude information from each phase is specified using three
variables:-

(1) Lower bound on the signal amplitude, without attention to
polarity.

(2) Upper bound on the signal amplitude, without attention to
polarity.

(3) Signal polarity - either positive, negative or uncertain (ie, both
polarities included).

The corresponding three variables in the program input are either
PA21N, PAIIN and SIGNP, or PPA21N, PPAIIN and SIGNPP, as indicated in
appendix B.

Amplitude assignments for the seismograms in figure 1 are included
in the figure . We note that the specification of upper and lower bounds on an
amplitude is independent of any choice of polarity (as it is in reality), so that the
"large amplitude but uncertain polarity" situation is represented by a positive
range and an identical negative range of amplidues as for sP at GBA. A lower
amplitude phase (for example, sP at YKA) can be assigned a lower bound of zero
with unspecified polarity, which gives one amplitude range centred on zero.

We note also that even if a phase is not visible on the seismogram
(see, for example, pP at GBA), then an upper bound can still be placed on its
amplitude. This ability of the relative amplitude method to utilise even the
information which is implicit in the absence of phases is of great importance,
since this indicates that the corresponding ray left the source near a null or
"node" in the radiation pattern which provides a strong constraint on its
orientation.

2.3 The correct assignment of 100% confidence limits to observed
amplitudes

We now consider the criteria which decide the correct choice of
amplitude bounds for each phase.
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Application of the relative amplitude method to a given set of
seismograms will yield one or more compatible regions in orientation space, or it
may yield no compatible orientations. Whatever the result, its validity, and hence
its correct interpretation, relies entirely on the specification of true 100%
confidence limits on the amplitudes of each identified phase. Several factors
contribute to the size of the uncertainty in each phase amplitude, and it is vital
to allow for all of these when specifying each upper and lower amplitude bound.
These contributory factors, which are treated below, typically lead to uncertain-
ties of up to a factor of two for pP, and possibly more for sP.

Since the aim is to specify "100% confidence limits" it is first noted
that a signal polarity must only be specified if it can be read unambiguously from
the seismogram. In all other cases it must be left as unspecified, which results in
both polarities being included for whatever amplitude range is specified for that
phase. Four factors which contribute to uncertainty in the observed amplitudes
are identified:-

2.3.1 Effect of microseismic noise

The uncertainty which the presence of seismic noise imposes on the
observed signal amplitude depends mainly on the amplitude of the noise on the
seismogram at or near the signal dominant period. Even when this is small, it can
still be responsible for ambiguity in the signal polarity, which must then be left
unspecified. Pearce and Barley (8) have introduced a method of adding synthetic
noise to theoretical seismograms in order to establish the amount of signal
distortion that is attributable to noise on any given ;bserved seismogram. They
showed that a surprisingly low level of microseismic noise can lead to incorrect,
but apparently unambiguous, first motion readings on short period seismograms.
In figure 1, microseismic noise is low at YKA, but noise with a dominant period
similar to that of the signal could be substantially affecting signal amplitudes at
WRA and GBA. If the earthquake were sufficiently large to yield broad band
seismograms, the microseismic noise might still not contribute much uncertainty
at YKA, since its dominant period (about 6 s) would be well separated from that
of the signals (about 1 s).

2.3.2 Effect of seismograph response

The theoretical requirement is to measure the square root of the
energy contained in the complete pulse. This is best done on a broad band record,
where any difference in pulse length between the phases can be observed and
allowed for, by aiming to use the area beneath the broad band displacement
record. If the source emission has a finite duration, then narrow band
seismographs (particularly those at short periods as in figure 1) record the
derivative of the ground motion, which can, therefore, lead to gross discre-
pancies between the recorded amplitude and the broad band pulse energy. It is
for this reason that subsequent matching of pulse shape and waveform, as well as
amplitude, by the generation of theoretical seismograms using a source
orientation computed by this program, is of value in providing additional
interpretative evidence (as discussed in the example of figure 1 by Douglas et al.
(6)). In general, for short period recordings of shallow earthquakes the best
results are expected for a small source, whose duration of emission is less than
1 s and therefore lies well within the pass band of the seismograph. This is
assumed to apply for the figure I example, and the ability of Douglas et al. to
reproduce closely the pulse shapes of the phases provides strong support for this
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assumption. No formal allowance is made in the program for source finiteness;
the radiation from a point double couple is used throughout (see appendix E).
However, we do not expect source finiteness to have a major effect on observed
relative amplitudes provided that the duration of the source radiation lies within
the pass band of the seismograph. Long period seismograms cannot be used for
shallow earthquakes because the phases of interest are not time-resolved. For
deep earthquakes, the use of wide band long period seismograms (such as those of
the WWSSN) allows reliable amplitude measurements to be made for larger
earthquakes, as previously explained.

2.3.3 Effect of interfering arrivals

If another phase interferes with the phase being measured, the effect
on a short period waveform is large, although the generation of theoretical
seismograms is again able to assist in putting bounds on its possible amplitude.
The example in figure 1 does not exhibit such interference, but this is unusual.
When the coda is complex, it may only be possible to place an upper bound
(without polarity) on the amplitudes of the reflected phases, but it can be shown
that even this often imposes a significant constraint on the source orientation
(4).

2.3.4 Effect of uncertainty in other parameters

Lastly, it must be remembered that other input parameters may
themselves have an uncertainty which leads to a corresponding uncertainty in
amplitude, whose effect must be included in the amplitude bounds. The effect of
amplitude loss during surface reflection of pP and sP is calculated and allowed
for in the program as described later, and there is an option to allow for other
losses of pP or sP amplitude above the source, relative to direct P. However,
these additional losses can only be estimated, as are the parameters which are
needed to calculate reflection coefficients - namely the P and S wave velocities
in the source layer and surface layer, and the surface layer density for undersea
earthquakes. Specified takeoff angles at the source are also only approximate
(see later) and represent a range of points on the focal sphere - the maximum
effect of this angle occurs when a ray emerges from near a node (ie, a null in the
radiation pattern because it is then that the angular rate of change in radiated
energy is highest. These angles also affect reflection coefficients, in the way
described in section 2.6.1.

Specification of the parameters relevant to these uncertainties is
discussed later; here a "check list" is given of those input variables whose
uncertainties may affect amplitudes. They are: ALPHA, GAMMA, DIST, DEPTH,
PPFCTF, SPFCTF, PPFCTI, SPFCTI, VPSRCE, VSSRCE, VPSURF, VSSURF and
DSURF.

2.4 The possible phase pairs for earthquakes beneath land and sea

Since the present method is based on relative amplitudes, the basic
element of information is provided, not by one phase, but by a phase pair. Hence,
the fundamental unit of computation is to process a single phase pair in order to
find those source orientations which are compatible with the given phase pair on
a given seismogram. Any number of such phase pairs - from the same and other
seismograms - can then be similarly processed, and their results combined to
establish those (if any) source orientations which are compatible with all phase
pairs. Mentioned below are all the types of phase pair which are included in the
program.
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For earthquakes beneath land, as for the example in figure 1, we
expect three main phases, namely P, pP and sP as shown in figure 3(a). If both
the P and pP and the P and sP phase pairs are included from the same
seismogram, then additional orientations will, in general, be eliminated by also
including the third possible phase pair, namely the corresponding pP and sP. This
third phase pair should, therefore, be included whenever all three phases are
utilised from the same seismogram.

For undersea earthquakes (specified using ISEA) we ideally expect to
observe four rather than three main phases, as shown in figure 3(b). In this case
pP is defined as the reflection at the sea bed, while the analogous reflection
from the sea surface - denoted by pP(ssf) - can be utilised in addition to, or
instead of, pP. There are then six possible phase pairs, ie, P and pP, P and sP, pP
and sP, P and pP(ssf), pP(ssf) and sP, and pP and pP(ssf). If only three phases are
used (that is, either P, pP and sP or P, pP(ssf) and sP), there are three phase pairs
to include. If all four phases are used, there are five phase pairs to include. The
sixth phase pair, namely pP and pP(ssf), should strictly be included, but since
these two phases sample the same point on the focal sphere they should convey
similar information. This means that no additional orientations would be
eliminated, so the option to use this phase pair is not included.

In what follows, the phases pP reflected at a solid free surface, sea
surface or sea bed are sometimes referred to collectively as "pP type phases",
and sP reflected at a solid free surface or sea bed as "sP type phases".

The type of phase pair to which a set of measurements relates is
identified by codes, using the variable PHASES.

2.5 Ray path specification

Having established a method of describing the relative amplitudes of
phase pairs numerically, it is necessary to specify all the structural and ray path
parameters which enable the theoretically expected relative amplitude to be
calculated for a given source orientation and a given phase pair at a specified
station.

First, the directions in which the ray paths leave the focal sphere,
and the angles at which they are reflected at the surface, must be specified.
These depend upon the azimuth and distance of the station from the earthquake,
upon seismic velocities in the source and surface layers, and, to a lesser extent,
upon focal depth. The specification of these values is considered in this section.

Secondly, it may be necessary to apply corrections to the calculated
amplitudes of surface reflected phases to allow for loss of amplitude upon
reflection at the Earth's surface, or at other crustal discontinuities. These
corrections also depend upon seismic velocities and densities, and certain other
geophysical parameters, and are discussed in section 2.6.

The azimuth of the station from the earthquake is specified explicitly
using AZI. The takeoff angle of the direct P wave at source, and also of pP, can
also be specified explicitly, using ALPHA and GAMMA respectively, although for
all shallow earthquakes these angles are equal, so that if GAMMA is left blank, it
is set to the value of ALPHA. The takeoff angle of sP, namely BETA, is not
specified as input but is always deduced from GAMMA using the P and S wave
velocities in the source layer (see appendix E). Thus, AZI and ALPHA (and for a
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deep earthquake possibly a separate GAMMA) are sufficient to fix the takeoff
directions of P, pP and sP from the focal sphere. However, a separate
estimation of ALPHA for a large number of stations is tedious and consists
essentially of consulting tables of takeoff angles against distance and depth, and

possibly applying a correction for source layer velocity in the case of intracrustal
earthquakes. Because of this, such tables are stored in the program and provide
an alternative means of setting ALPHA, by specifying instead the epicentral
distance DIST and the focal depth DEPTH. The use of this option is controlled by
INDANG. When using DIST and DEPTH to set takeoff angles, DEPTH is left blank
for an intracrustal earthquake, and the computed P wave takeoff angles are then

automatically corrected for the specified source layer velocity (VPSRCE) using

Snell's law and assuming a sub-Moho velocity of 8.1 km/s. Where internal

computation of P wave takeoff angle is requested, ALPHA is still read from the

input for any phase pairs for which DIST is outside the teleseismic range (see

under INDANG in appendix B).

A further advantage of this method of specifying takeoff angles is

that adjustment of a single uncertain variable - say VPSRCE or DEPTH - can be

used to investigate the corresponding effect on the range of acceptable
orientations. The value of perturbation studies of this kind is discussed in section
2.12. Separate tables of pP takeoff angles are not included in the program, so
GAMMA is still set equal to ALPHA unless it is separately specified.

Although the above options provide for most requirements, the
provision to systematically perturb P wave takeoff angles by altering the source
layer velocity or focal depth does not extend to pP, which is inconvenient when

studying deep earthquakes. Furthermore, it might be instructive to investigate
the effect of perturbing takeoff angles alone, without simultaneously altering
source layer velocity which causes refraction coefficients to change. In order to
provide for these possibilities, there is an option to perturb systematically all P
takeoff angles and pP takeoff angles, using ANGPF and ANGPPF respectively.
This perturbation is applied to ALPHA and GAMMA after GAMMA has been set
to ALPHA (if applicable) and so allows for independent perturbation of ALPHA
and GAMMA during investigation of anomalous observations. ANGPF and
ANGPPF adjust takeoff angles as if the source layer P wave velocity were
changed by a factor of ANGPF (or ANGPPF) (see under ANGPF in appendix B)
but the value of VPSRCE, as required for calculating angles in the surface layer,
is unchanged. Thus, ANGPF and ANGPPF are intended for use as experimental
perturbation factors rather than as representing any known effect of structure or
source.

2.6 Path corrections to the calculated amplitudes for shallow and deep
earthquakes

When calculating the theoretically predicted relative amplitude for a
phase pair at a given station for a specific source orientation, it is necessary to
apply corrections to allow for any change in relative amplitude between the
phases which occurs between their emergence at the source and their arrival at
the seismograph. Following the argument of section 2.1 such corrections can be
restricted to the parts of the ray paths which are close to the source. We
therefore conclude that the only corrections to be applied are to compensate for
the loss of amplitude of the surface reflected phases with respect to P which
results from interaction of the former with crustal layering above the source,
including the effect of energy loss upon reflection. In addition, a factor must be
included in sP which relates the excitation of P and S waves by the source.

It is emphasized that all these corrections are applied to the
theoretically expected amplitudes calculated in the program, which are then
compared with the range(s) of relative amplitudes deduced from the seismogram;
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thus, the numerical values corresponding to the observed amplitudes are not
altered. Hence, all effects which result in loss of amplitude of a phase during
propagation are represented by factors whose value is numerically less than
unity.

The above effects are allowed for by three multiplicative factors.
First a correction is applied by the program to any surface reflected phase to
allow for energy partitioning upon reflection at the surface. A second correction
to any surface reflected phase can be input directly, to allow for any other
estimated amplitude effect above the source. A third correction applies to sP
only; this allows for the relative excitation of S and P by the source. These
corrections are now explained.

2.6.1 Allowance for reflection coefficients for surface reflected phases

The appropriate amplitude reflection coefficient for any surface
reflected phase is normally calculated within the program, and corresponds
either to the variable PPFCT3 (for pP type reflections at a solid free surface,
se-t surface or sea bed) or to SPFCT3 (for sP type reflections at a solid free
surface or sea bed). In the case of a sea surface reflections, the coefficient
includes the combined effect of upward refraction at the sea bed, reflection at
the sea surface and downward refraction at the sea bed. The quantities PPFCT3
and SPFCT3 are multiplicative factors which are applied to the surface
reflection amplitude, so that they are normally less than, or equal to, 1.0, but
may be negative to allow for a polarity change upon reflection.

The relevant mathematical expressions derived from the appropriate
Z6ppritz equations are given in appendix E, from which it will be seen that, apart
from being a function of ray angle at the surface, the coefficients depend upon
the ratio of the P and S wave velocities in the surface solid layer. Where a sea
layer is present, they also depend upon the ratio of the P wave velocities in the
sea and surface solid layers, and upon the ratio of the densities in these layers.
Hence, there are several structural variables to be specified, and they are input
in the following way.

The P and S wave velocities in the source layer are input as VPSRCE
and VSSRCE respectively, and in the surface solid layer as VPSURF and VSSURF.
The ratios of these velocities are required to calculate ray angles at the surface
given those at the source using Snell's law, and the ratio of the P and S velocities
in the surface layer also appears explicitly in the equations for the reflection
coefficients (see appendix E). (If the P wave takeoff angles at source are
calculated from epicentral distance and depth, as described in section 2.5, then
for intracrustal earthquakes VPSRCE is also used in that calculation if the
earthquake is intracrustal.)

In the presence of a sea layer the density of the surface solid layer is
input as DSURF and the velocity and density of the sea layer are set to 1.5 km/s
and 1.0 g/cm3 respectively and are held as constants in the program.

With regard to the numerical values of these coefficients, it should be
noted that they tend to - 1.0 for all pP type phases as the ray approaches vertical
incidence, the minus sign indicating that reflection yields a change in signal
polarity, which always occurs for the near-vertical angles which are likely to be
of interest. This numerical behaviour of the coefficient means that its value has
little dependence upon the ray angle near normal incidence - it does not become
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numerically less than 0.9 for ray angles up to 140 from the vertical. A
consequence of this is that we do not expect uncertainty in the surface layer
velocity to introduce any significant uncertainty in the observed pP amplitude.
By contrast the reflection coefficient of sP type phases tends to zero
approaching vertical incidence, making its value highly sensitive to ray angle
near the vertical. This must be borne in mind when placing the 100% confidence
limits on the observed amplitudes of sP (see section 2.3.4).

As explained in appendix E, the reflection coefficient for the sP type
phases also includes a factor to allow for the instantaneous change in
geometrical spreading factor which the incident spherical S wavefront suffers on
being reflected as P. This factor is expressed in terms of the pP takeoff angle
alone.

Values of PPFCT3 and SPFCT3 are normally calculated as required
for each phase pair. Alternatively, there is an option (using IFCT3) to set all
values to + 1.0, so that the desired values can be incorporated into PPFCTI and
SPFCTI (see below).

2.6.2 Allowance for other relative amplitude loss for surface reflected
phases

A further multiplicative factor, whose value is input directly, can be
applied to a surface reflected phase by the use of PPFCTI (for a pP type phase)
or SPFCTI (for a sP type phase). The factors, which may be specified separately
for each phase pair if required, are intended to allow for estimated loss of
amplitude of the surface reflected phase relative to direct P, due to any other
cause apart from surface reflection which was treated above. The factor might
include the effect of energy partitioning at seismic discontinuities above the
source other than the free surface, or that of anelastic attenuation or scattering
above the source. Such effects do not lend themselves to the analytical
treatment of the previous section, so the values are left to be estimated and
supplied as direct input. In the example of figure 1, the absence of any other
uninterpreted arrivals in the seismograms suggests that the the structure above
the source is very "clean", and the specification of a factor under this heading
would clearly not be warranted. However, this might not be so for a more
complex seismogram if, despite its complexity, it could be modelled in terms of
crustal reflections above the source (see, for example, chapter 5 of reference
(2)). If, when setting PPFCTI and SPFCTI, the Zbppritz equations are used to
calculate the composite effect on pP and sP amplitude of a complex velocity
structure above the source, then it may be more convenient to include the effect
of the free surface or sea layer in that calculation. In order to provide for this,
the user can suppress the calculations of PPFCT3 and SPFCT3 within the
program. This is done using IFCT3.

The factors PPFCT1 and SPFCTI have a further use in perturbation
studies discussed in section 2.12, as one can study what effect a systematic
change of surface reflected amplitudes to all stations has on the compatible
range of source orientations. In order to facilitate this, the option to specify
factors PPFCTF and SPFCTF is included; these can be used to apply the same
amplitude correction to all pP type phases, and to all sP type phases, in a given
set of phase pairs.
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2.6.3 Allowance for relative excitation of S and P by the source

Expressions for the P and S wave amplitude leaving the source in any
given direction are each normalised to unity in the calculations within the
program. A relative amplitude relating two phases which both leave the source as
P (ie, P and pP) is independent of all geophysical parameters. However, this is
not so for the relative amplitude of a P and an S phase (ie, P and sP or pP and
sP), as equations (El) and (E2) in appendix E show. This factor corresponds to the
relative excitation of P and S by the source, and is numerically close to 5.2, as
shown in appendix E. This factor (SPFCT2) is applied to all sP type phases, and is
set in the program to 5.2.

2.7 The procedure for searching orientation space

For the purpose of the relative amplitude method the point double
couple source is described in terms of its equivalent far-field P and S wave
radiation patterns, as given in appendix E, and illustrated in figures 4(c) and 5(c)
respectively. With respect to the co-ordinate system of figures 4 and 5, a source
orientation is defined in terms of the three angular variables, shown in figure 6(a)
- namely the dip 6 of the fault plane, the slip angle * in this plane and its strike
a from north. For a given phase pair (with corresponding station azimuth C and
takeoff angles a, 0 and y as shown in figure 6(b)) all source orientations are
searched at an angular interval d, within the limits d< *< n; d < 6 .< wand
d < n <2w, as described in appendix F. (Here, n is simply the azimuth of the
recording station measured from the strike, ie, C - a). In appendix F it is
explained that these bounds effectively include all possible orientations, with
interchange of fault and auxiliary planes as separate solutions.

For each orientation in the search mesh, the theoretically expected
relative amplitude is calculated (with its path corrections as described in section
2.6) and is tested against the acceptable relative amplitude range(s) correspond-
ing to the input. The orientation is then classified as "acceptable" or
"unacceptable" according to whether or not the calculated value lies within the
acceptable range(s). Acceptable orientations are listed and displayed as described
in section 2.8. In this way a picture of the acceptable regions in orientation space
is built up as the search progresses.

The angular increment for search, d, is always the same in dip, slip
angle and strike. It corresponds to the input variable DINCIN, which is converted
to DINC within the program, after checking, and, if necessary, correcting its
value to an integer submultiple of 90.0, which fulfils the requirements set out in
appendix B. The choice of a suitable value of d is governed by several criteria. A
minimum value is imposed by the availability of computing time and storage,
since d is the major factor which determines these requirements - both of which
are approximately inversely proportional -o the cube of d. There is also a
maximum number of search increments which can be usefully accommodated in
the visual display of results described below. Conversely, seismograms of a given
quality require a value of d which is small enough to exploit adequately the
information which they contain.

It is founcdothat d = 5° provides a satisfactory compromise for typical
data, although d = l0 is more suitable for less accurate computatiuns, or where
a large number of stations is included. In section 2.12 the option to search over a
restricted region of orientation space is introduced; this enables greater
resolution (with d as small as 10) to be used in certain cases, with no extra
computing requirements. Further guidance on setting DINCIN is given in
appendix B.

14



2.8 Method of displaying results - SUBROUTINE PLOTV

Although the source orientations compatible with each successive
phase pair are listed if required by controlling IPRINTI, a clear interpretation of
the acceptable regions in orientation space requires a form of three-dimensional
display on which different types of orientation can be easily recognised. This is
not provided by plotting pairs of great circles on a stereographic projection,
since only several such pairs can be plotted without confusion, and because the
arbitrary size and shape of the acceptable regions would not be discernible on
such a plot. Dillinger et al. (9) and Guinn and Long (10) have represented
arbitrarily shaped regions of orientation space by plotting on a stereographic
projection the boundaries of the acceptable directions of the compression,
tension and null axes, and Dillinger et al. contoured different degrees of
compatibility in this way. However, even this method can be confusing if the
regions for each axis are large or disconnected, or extend into both hemispheres.

Pearce (1) introduced an entirely different type of representation,
which is particularly suitable for the present application. All those orientations
(* , 6 i,o -) which are compatible with one (or a series) of phase pairs are each
plottel as a short vector drawn at an anglea i from the Cartesian point (*., 6 .),
using the type of three-dimensional display show in figure 7, which is referred to
as a "vectorplot". Different combinations of i (the angle of slip in the fault
plane) and 6 (dip of the fault plane) represent the various types of fault, which
are therefore characterised by their positons on the vectorplot. These are

indicated in figure 7 by conventional lower hemishere stereographic projections,
which are oriented for northerly strike (Y = 360 - upward vector); other strike
directions are interpreted by equivalent rotation of the projections. The
positions of some important types of fault on the vectorplot are labelled - there
is no need to calculate the effect of interchanging fault and auxiliary planes
because the resulting fault types are represented elsewhere on the plot.

The value of this type of display is two-fold. First, the arbitrary
shapes and sizes of any acceptable regions in orientation space are immediately
apparent, and second, a given phase pair or series of phase pairs yields an easily
interpretable pattern of vectors, whose distribution is characteristic of one or
more classes of fault. Experience with different characteristic patterns leads to
quick interpretation of results in terms of fault dynamics as for stereographic
projections, but in a deeper sense because of the inclusion of confidence
information. Because this type of vectorplot uses only a single vector length - to
denote acceptance of an orientation - it is referred to as a "fixed length
vectorplot" to distinguish it from the "variable length vectorplot" introduced in
section 2.11.

Vectorplots are routinely generated using a separate subroutine,
PLOTV, which is called by the main program, FALT. A vectorplot is then
expanded to fill the frame in both the * and 6 directions, so that searches over a
restricted region of orientation space - introduced in section 2.12 - permit plots
with longer vectors; this becomes valuable when the "variable length vectorplot"
is introduced in section 2.11.

The example of figure 1 is now used to illustrate the use of the fixed
length vectorplot; amplitude assignments are shown in figure 1. The phase pair P
and sP at WRA is compatible with the orientations shown in figure 8, whose main
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features are immediately apparent. We see that reverse faults with all possible
strikes are compatible (see figure 7) and that these may have a significant strike
slip component. We also see that certain orientations with up to 100% strike slip
component are compatible, but with only certain strikes. No orientations with
any component of normal faulting are compatible.

For more formal presentation of vectorplots, as required for example
in publications, the need for any artwork is avoided by using a separate program,
PUBV, which plots fully annotated vectorplots given the machine readable output
from FALT which is described in section 2.13.2. PUBV provides for full flexibility
of presentation, including variable plot size and annotation, and options to
display more than one vectorplot on the same page. Whereas figure 8 shows a
typical routine output from FALT using PLOTV, the separate program PUBV was
used to generate figures 9, 10 and 11. Details of PUBV are not included in this
report.

2.9 Combination of results from a series of phase pairs

All phase pairs are processed separately as described above and in
appendices E and F; each phase pair reveals an array of acceptable source
orientations which can be represented in a vectorplot if required by controlling
IPLOTI. Thus, the example of figure I would yield nine vectorplots similar to
figure 8, but each with a different number and distribution of vectors according
to the type of constraint which the corresponding phase pair imposes on the
source orientation.

If the source is a simple double couple, and if the phase identifications
are correct at all stations, then we expect at least one orientation to be
compatible with all the phase pairs, and in any case we may wish to know which
orientations remain acceptable as each new phase pair is introduced. In order to
provide this the program uses the orientation array (variable array F in the
program) which is a logical array with one element for each search point in
orientation space. Its elements are initially set to a code corresponding to
"acceptable" and as each phase pair is processed, the elements corresponding to
any unacceptable orientations are reset in accordance with the procedure
described in appendix G. In this way the orientation array retains the cumulative
status of all orientations, and by accessing it after processing each phase pair
listings or vectorplots can be generated which show those orientations which are
compatible with all phase pairs so far processed (controlled by IPRNT2 and
IPLOT2 and referred to as "cumulative acceptable orientations"). The listing and
vectorplot showing any orientations which are compatible with all phase pairs are
controlled by IPRNT4 and IPLOT4 and referred to as "orientations compatible
with all phase pairs". The method by which the results from a series of phase
pairs are combined is given in appendix G.

For the example in figure 1 we find that there are indeed some source
orientations remaining after inclusion of all phase pairs, though, as expected, the
number is much smaller than for a single phase pair. Fi ure 9 shows the resulting
vectorplot, which indicates that only a range of near 45 dip-slip reverse faults is
acceptable (see figure 7). Figure 9 emphasises the inadequency of merely quoting
the defining angles of the two nodal planes with their confidence limits - the
shape of the acceptable region in orientation space is far from rectilinear.
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2.10 Measurement of the constraint imposed on the source orientation -
the use of "significance" values

It has been shown that fixed length vectorplots give a clear indication
of which type of source orientations are compatible with a given phase pair, or
series of phase pairs. Of interest is N., the corresponding number of source
orientations which is acceptable, or mor4 strictly this number as a fraction of N,
the total number of orientations in the whole of orientation space. The fraction
of orientations which is incompatible with one or a series of phase pairs is
especially important, as this is a measure of the degree of constraint placed upon
the source orientation by the phase pair(s), and as such is a measure of their
information content insofar as it relates to the source orientation. This fraction
of incompatible orientations is given by the expression

N - N.

N

However, this expression is a measure of the Lonstraint placed upon the fault
plane orientation in the co-ordinate system (*, 6,a ) and, as such, is useful in
terms of these usual geological parameters. This is not equal to the constraint
imposed on the fault plane orientation in real space, in which rotation of a co-
ordinate system through the same angle about any pole corresponds to the same
distance moved in orientation space. This difference becomes clear for 6 = W
(exception (F2) referred to in appendix F), where any * and 6 with the same sum
represent the same orientation in real space.

The fraction of incompatible orientations in real space gives a
correct measure of the constraint which a given phase pair or set ot phase pairs
places on the source orientations, and will be referred to as the "significance" of
the phase pairs(s), and denoted by S. In order to obtain the significance we
require that the volume element in orientation space represented by each search
point be weighted according to the range of real orientations which it represents.
A range of real orientations is given by the allowable range of any chosen axis,
multiplied by the allowable range of rotations about that axis, and for ease of
computation the axis through the strike is chosen (see figure 6(a)). For a small
angular range in *, 6 and a , the allowable range of directions of this axis is
Aax A * sin a, and its allowed rotation is A 6. Thus, if the angular variables are

continuous, the significance is given by

f'f all sin 6 d4d6do
acceptable

I orientations (2)

f6.of . sin 6 did6do

For the discrete variables used here this gives

all d3 sin 6
acceptable
orientations .... (3)

4t
2

(where d in this equation is the search increment as defined earlier).
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It is this quantity, S, which will be used when discussing the information content
of seismograms. The significance of different types of phase pair, and
combinations of phase pairs, is of great practical interest in the study of focal
mechanisms, and is investigated by Pearce (4).

The above quantities are calculated and printed out for each phase
pair, and for the cumulative status of orientations after processing each phase
pair.

2.11 Partially acceptable orientations - use of the variable vector length
in SUBROUTINE PLOTV

Although a vectorplot, using fixed length vectors as described earlier
in section 2.8, is ideal for displaying those orientations which are compatible
with single phase pairs, or with a well-behaved series of phase pairs, as in the
example of figure 1, its usefulness for a series of phase pairs is limited by the
fact that only one anomalous phase pair may be needed to eliminate all
compatible orientations, in which case no vectors are plotted, and all information
is lost. In such cases it is desirable to have information on the most compatible
orientations in order to identify and study anomalous phase pairs more easily. In
order to provide for this, PLOTV can alternatively generate "variable length
vectorplots" using vectors of different lengths which denote possible values of a
several-valued variable. When this is requested, any completely compatible
orientations are plotted using a full length vector as before, but, in addition, the
program retrieves from the orientation array those orientations which are
incompatible with one or more phase pairs, and plots them as shorter vectors -
the shortness of the vector denoting the number of incompatible phase pairs; the
number of vector lengths is a variable (NVL) which is supplied by the user. Thus,
a full length vector corresponds to "all phase pairs compatible" and the shortest
length vector corresponds to "NVL-l phase pairs are incompatible" - inter-
mediate values being represented by corresponding intermediate lengths. By
specifying the number of vector lengths (using NVL) the user controls the
threshold of compatibility below which no vector is plotted. In this way the user
is able to obtain uncluttered displays which clearly show the regions of maximum
compatibility in cases where no orientations are compatible with all phase pairs.
This can be achieved by choosing a value of NVL which eliminates the large
number of unwanted vectors corresponding to orientations which are compatible
with only a small number of phase pairs. By restricting NVL in this way, the
important areas of the plot are emphasised, and it helps to enable the different
vector lengths to be resolved visually. This is also helped by having a long full
length vector. The length of the maximum length vector depends on the number
of values of *, and of 6 in the search mesh, and the consequent visual resolution
of vector lengths sets an upper limit on the useful value of NVL. Since it is
usually desirable to have most of the plot free from vectors when all phase pairs
have been included, NVL should be set to one or two more than the minimum
number of incompatible orientations when all phase pairs have been included.

As in the case of the fixed length vectorplot, described earlier,
listings of partially acceptable orientations and corresponding variable length
vectorplots can be generated after processing each phase pair; these are referred
to as "cumulative partially acceptable orientations", and are controlled by the
variables IPRNT3 and IPLOT3. Again, after the final phase pair, listings and plots
of "orientations partially compatible with all phase pairs" can be generated, and
are controlled by IPRNT5 and IPLOT5.
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Storage of partially acceptable orientations requires the elements of
the logical orientation array F to contain more information than is possible using
only the two logical values "TRUE" and "FALSE". To avoid the need for
additional storage space each logical element must be used as a several-valued
variable, and the method of achieving this is described in appendix G.

As an example of a variable length vectorplot with a useful value of
NVL, the seismograms of figure 1 are again used. Figure 10 shows the
orientations partially compatible with all the nine phase pairs, using 4 vector
lengths (NVL = 4). As expected, the full length vectors in figure 10ocorrespond
ejactly with those of figure 9, except that a search increment of 10 instead of
5 is used in order to resolve more clearly the additional (shorter) vectors which
indicate those orientations that are incompatible with one, two or three of the
bine phase pairs. It is seen from figure 10 that there are no additional classes of
fault which become compatible if any one or even two phase pairs are omitted,
but the exclusion of three phase pairs permits a number of strike slip types of
fault to become compatible.

It is emphasised that the option to plot partially acceptable
orientations is in no way intended to detract from the principle that a given
orientation is either "acceptable" or "unacceptable". The option is only intended
to assist in the study of anomalous seismograms or sources, and the choice of a
"most compatible oreintation" as a "best fit" source orientation should not be
made without adequate explanation of the incompatible phase pairs.

The subroutine (PLOTV), which was written to display values in the
orientation array as described above, is quite general, providing for vectorplots
of any three-dimensional array whose elements are either logical or several-
valued - although it is most suitable for cases where at least one dimension
corresponds to an angle. There is also clearly an upper limit to the array
dimensions (ie, number of mesh points) and the number of values (ie, of discrete
vector lengths) which can be displayed on a convenient size plot. The subroutine
PLOTV is listed in appendix I.

2.12 Searching restricted regions of orientation space

In the previous discussion it has been assumed that the user wishes to
search systematically all possible source orientations, and this is normally
necessary to ensure that no compatible type of orientation is omitted. However,
there are certain situations where it may be advantageous to search only within a
restricted region of orientation space; it enables considerable computing time to
be saved, and it enables a finer search increment to be used without increasing
program storage.

In order to provide for this, there is an option to specify any upper
and lower bounds on slip angle, dip and strike, which lie within thote
correspondin to the "whole space" defined in appendix F, name!y d 4 ,< 180
d o< .< 180 and d o a< 360 . The search is then only conducted within the
rectilinear range of orientations so defined.
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Details of the consequent saving in computing time are given in
section DI of appendix D. As for the search increment d (corresponding to
DINCIN), this can be decreased provided the specified upper and lower limits on
a slip angle, dip and strike are such that the number of search increments in each
ap~le separately does not exceed the number of search increments for DINCN=
5- over the whole space (ie, 36 for the slip angle and dip, and 72 for the strike).
If it is desired to change these overall maxima, then the program storage must be
altered, instructions for which are given in section D2 of appendix D.

When searching within a restricted region of orientation space, the
search proceeds exactly as described for a search over all orientation space, and
the corresponding vectorplots extend only over the limited range. Since the
vectorplot is then expanded to fill the plotting frame, this permits longer vector
lengths, which is particularly valuable when plotting partially acceptable
orientations on a variable length vectorplot, as explained in section 2.11. The
signficance values and other related quantities defined in section 2.10 are also
calculated in the same way, but calculation of the fraction of acceptable
orientations, and the significance, assumes that there are no additional
orientations which are compatible outside the restricted region of search.

The following describes two types of .situation in which it may be of
value to limit searches to a restricted region of orientations.

First, considerable computing time and space can be saved see
section Dl of appendix D) by following a coarse search (say with DINCIN = 10 or
15 ) by a finer search (say with DINCIN = 2° or even 10) over the restricted
regions of orientation space which the coarse search has shown to be most nearly
compatible with the data. This is more likely to be appropriate for large deep
earthquakes, where long period seismograms from a large number of stations may
be available. It should be remembered that the tendency for a preliminary coarse
search (say, with DINCIN = 100 or 150) to completely miss compatible regions
can be overcome by plotting partially acceptable orientations as described in
section 2.11, which will still enable the regions of most compatibility be
defined, prior to conducting a finer search (say, with DINCIN = 20 or I ). In
general, regions of compatible orientations will occur in pairs, corresponding to
interchange of fault and auxiliary planes, and these regions can be searched
sepaorately. If the required range of strikes for a required region spans north (ie,
360 ), it will again be necessary to divide this into two search regions - one
either side of north. If the required range of dips or slip angles borders on the
limits of orentation space, then it may be desirable to check that there are no
acceptable orientations beyond these limits. In order to do this it is necessary to
know where in the orientation space a given type of orientation "reappears" after
reaching the boundary of the space in a given direction, so that another search
region can be specified. The recurrence pattern of slip angle, dip and strike
beyond their principal values is given in appendix F, and is illustrated in figure
14.

The second use for restricted region searches is in the investigation
of the change in mutual compatibility of phase pairs when uncertain input
parameters are perturbed. For example, cases have been found where all phase
pairs are nearly consistent with a certain range of double couple orientations, but
no orientations exist which are compatible with all the phase pairs simult-
aneously (4). Remembering from section 2.3.4 that such quantities as source
layer velocities are always themselves uncertain, perturbation of such quantities
may change the orientations which are compatible with each phase pair in such a
way as to render some orientations compatible with all phase pairs.
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For studying the effect of changing takeoff angles (ALPHA and
GAMMA) their values can be altered directly if the option to specify them
directly is being used (this is controlled by INDANG, see section 2.5).
Alternatively, if takeoff angles are s't within the program from focal depth
(DEPTH) and epicentral distance (DIST), then all takeoff angles can be changed
systematically by altering the source layer P velocity (VPSRCE) for shallow
earthquakes (with DEPTH = 0), or by altering DEPTH for deep earthquakes. Note
that when takeoff angles are set from DIST for the shallow earthquake case, then
because the takeoff angle is corrected for VPSRCE using Snell's law, it follows
that angles at the surface are unchanged unless VPSURF is changed. A third
method of studying the effect of changing takeoff angles is to apply a systematic
correction to all phase pairs using ANGPF and/or ANGPPF as explained in
section 2.5.

Perturbation of the surface layer velocities VPSURF and VSSURF
changes the reflection coefficients at the surface (especially that of sP) by
implicitly changing the ray angles at the surface. For undersea earthquakes an
additional second order change is obtained by altering the surface layer density
DSURF.

PPFCTF and SPFCTF (see section 2.6.2) provide for systematic
perturbation of the amplitude lost by the surface reflected phases due to
attenuation or discontinuities above the source (other than at the surface).
(PPFCTF and SPFCTF also provide a convenient means of applying the same
value of PPFCTI or SPFCTI to all phase pairs without specifying a value on each
card.)

The perturbation studies described above are most conveniently

carried out at high resolution (say with DINCIN = 1 or 2 ) within the restricted
range(s) of source orientations of interest. Such studies are mainly intended for
identifying and explaining the origin of anomalous phase pairs (or sets of phase
pairs), as in the case of the options to print and plot partially acceptable
orientations described earlier.

The option to search a restricted region of orientation space is
brought into effect using the variable REGION. The angular limits of search must
then be specified using the variables PSI, PSIN, DELTAI, DELTAN, STRIKI and
STRIKN.

As an example of a search over a restricted region in orientation
space we again refer to the example of figure 1. Figure II shows those
orientations which are compatible with all nine phase pairs, as deduced from a
search at an increment of 3 over the restricted regions of search shown (the s
regions would normally have been chosen after a coarse search - say, with a 10
mesh - over all space). The regions of orientation space represented in figure If
represent about one-eighth of all orientations, and used about half of the
computing time used to produce figure 9.

2.13 Data manipulation, and the uses of input-results and a third output
device

The previous discussion has shown how different features of the
program FALT can be applied to the study of relative amplitude data in a variety
of circumstances. Now we consider how the input information already described
is read into the program and further special features are introduced which are
aimed at minimising the demand on computing facilities, and which provide for
more convenient manipulation and alteration of the data.
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2.13.1 Organisation of standard input

It has been established that the single relative amplitude observation
is the phase pair, which is individually processed to yield those source
orientations with which it is compatible. For a given earthquake, any number of
such phase pairs can be processed, during which cumulative information on
compatible orientations is retained, providing us at the end with those
orientations which are compatible (and maybe partially compatible) with all
phase pairs. The data required to initiate the above sequence of computations
will be referred to as a data block.

The standard input of a data block begins with a title card (Card 1)
which describes the earthquake and if required identifies any special feature of
this particular data block. This is followed by a card containing all the
parameters which must remain constant within the data block (Card 2). These
include the number of phase pairs, the search increment in orientation space, the
source and surface layer velocities and other parameters for the calculation of
pP and sP reflection coefficients, and the various output options. This card alsohas the provision to specify that only a restricted range of source orientations be

searched, and if so the details of the search limits are given on an additional card
(Card 2A). There then follows one card for each phase pair (Card(s) 3); a phase
pair card includes the station name, its azimuth and distance from the
earthquake, the takeoff angle of P (and pP if different), a code indicating the
type of phase pair which this card relates, the upper and lower bounds on their
amplitudes in arbitrary units (with any polarity specifications), and any path
correction factors to be applied to calculated amplitudes. All input formats are
given in appendix B.

It is noted that each phase pair corresponds to one input card, and
that the phase pairs are processed sequentially according to the order of these
cards. It follows that the order of the phase pair cards does not affect the final
result, although it does affect the way in which the cumulative results develop as
successive phase pairs are processed. It may be desirable to place all phase pair
cards for a single station together, in order to see how much each successive
station further constrains the orientation. Alternatively, it may be sensible to
place cards with doubtful or poor quality measurements at the end in order to
avoid contaminating the cumulative results at an early stage. Whatever the
requirements, phase pairs can be re-ordered, removed or added to the data block
merely by manipulating individual cards, and ensuring that the correct total
number is entered in NOP on Card 2.

Not only can the sequence of the phase pairs from a given earthquake
be changed within the data block to obtain a different cumulative status of the
orientation array, but there may also be reason to divide the phase pairs into
more than one data block. For example, the constraint imposed on the source
orientation by each seismogram may be required separately. Referring again to
the example of figure I we might ask how the three seismograms compare in
their ability to constrain the source orientation (or how the significance value of
each seismogram compares). In this case each station, comprising three phase
pairs in this example, is run as a separate data block. However, in order to find
the total constraint imposed by all three seismograms it would then be necessary
to re-run all nine phase pairs in one data block, as was done to produce figure 9.

Other types of investigation can be envisaged where it is necessary to
re-run a data block several times with only minor changes or corrections to one
or two of its phase pairs. A common feature of such manipulations is that
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identical processing of the same phase pairs is repeated, perhaps many times,
during the course of a study. Since the searching of orientation space for a given
phase pair is the main computational burden of the program, its unnecessary
repetition would constitute a major source of inefficiency in the uses of
computing resources.

2.13.2 Output into a third output device

In order to overcome the above problem, the program is provided with
an option to ultilise a "third output device" (in addition to the printer and the
plotter) into which the results from a data block can be written in a standard
format, and in a machine-readable form. An additional feature enables this
standard output (then called an input-result) to be re-read and incorporated into
a subsequent data block without the need to reprocess the corresponding set of
phase pairs. Output into a third output device - which might be a disc, magnetic
tape or punched cards - and the ability to read this output subsequently as an

input-result enables data blocks containing one or more of the same phase pairs
to be re-run without the time-consuming process of conducting a search in
respect of the same phase pair more than once. When this additional output is
requested, it is obtained in addition to the usual print and plot outputs, and is in
two parts whose contents and formats are given in appendix C. The first part is a
record of the input parameters of the data block, and contains the input details
of each of its phase pairs, with the number of compatible orientations and the
significance value calculated for each. The second part contains the complete
status of the orientation array after processing of the data block is complete;
that is, it contains any orientations which are compatible with all phase pairs in
the data block, and also those orientations which are partially compatible with
all phase pairs if these were retained (ie, if NVL > 1).

The number of the device into which the above output is written is
specified using NDEV3, and the output has been designed with the view to
meeting other requirements for subsequent processing as well as that of re-
reading into this program as an input-result. IDEV3 controls the output, and there
are three options. First, no output is written into the device; secondly, only the
first section of output described above is written. This is primarily intended for
theoretical studies, such as the plotting of graphs of significance against
amplitude bounds, takeoff angle or other input variable, as studied by Pearce (4).
It could be used for any case where a summary of results for each phase pair is
needed for further processing, but where the (generally much longer) status of
the orientation array is not needed.

The third option is to write both the first and second sections of the
output as described above, and this option is used to generate an input-result, to
be re-read into this program as described below. This third option may
alternatively be required for presenting the compatible orientations in another
form, either for producing improved quality plots as in figures 9, 10 and 11 using
the program PUBV (section 2.8), or for plotting equivalent pairs of great circles
on a stereographic net. This third option also provides for the output of
compatible source orientations for possible input into a program to select those
orientations which are also compatible with given pulse durations, as interpreted
in terms of Doppler effects caused by rupture propagation (11). This is a possible
means of discriminating between fault and auxiliary plane by allowing for the
finite size of sources, and becomes particularly viable for elongated faults. Such
a program is in preparation.
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2.13.3 The use of input-results

In principle one can use the output feature described above to
assemble a series of input-results, each corresponding to a different data block,
relating to different observations of the same earthquake. In a further data
block, which could be in the same or a subsequent job step, or in a subsequent
program run, any of these input-results can be re-read. This is done by replacing
one or more, or indeed all, of the phase pair cards in the new data block by one
or more cards, each of which commands an input-result to be read in from a
specified input device. The program recognises such an input-result card which is
blank, except for the number of the device from which the input-result is to be
read, which is NDEV. Instead of processing a phase pair, the program reads in the
input-result from the specified device. (If the device corresponds to punched
cards, the deck must be inserted immediately after the corresponding input-
result card.) The program prints out the details of its constituent phase pairs, as
retrieved from the input-result. The orientations compatible and partially
compatible with all the phase pairs (also retrieved from the input-result) are
printed and plotted as required by IPRNTI and IPLOTI, and the status of the
orientation array from the input-result is combined with that of the current data
block. Cumulative acceptable orientations and cumulative partially acceptable
orientations are then printed and plotted as after a phase pair, but this
cumulative information on those orientations which are compatible or partially
compatible with all previous phase pairs now implicitly includes those phase pairs
contained in the input-result. Thus, the processing of an input-result card in a

data block is exactly equivalent to processing the set of phase pair cards to
which it corresponds, except that computing time is saved because orientation
searches in respect of these phase pairs are avoided.

For example, suppose a data block contains nine phase pair cards
which, for convenience, we number sequentially. In run I, phase pairs I to 9 are
processed in that order. In run 2, phase pairs 4 to 6 are processed and an output
into a specified device is obtained. In run 3, phase pairs I to 3 are followed by an
input-result card commanding the input-result from run 2 to be read in. Phase
pairs 7 to 9 then follow. Runs I and 3 are then exactly equivalent. In this
particular example, as well as yielding identical final results, the cumulative
status of the orientation arrays is also identical for runs 1 and 3, except that
during run 3 the orientation array is "updated" by the combined effects of phase
pairs 4, 5 and 6 together - the cumulative effect of the individual phase pairs 4, 5
and 6 being unknown to run 3. The computing time required for run 3 is about 2/3
that required for run I.

It must be remembered that all manipulations using input-results
must relate to data blocks which have the same search increment, search region
in orientation space, and number of vector lengths; all input-results are tested
for such compatibility when they are read in, and any which do not satisfy these
requirements are skipped by the program. It is, however, left to the user to
ensure that other parameters, such as structural variables, factors and the
earthquake parameters, are also compatible, as is required to maintain the
"integrity" of the results. It must also be remembered that the variable NOP on
Card 2 always corresponds to the total of phase pair cards plus input-result
cards.

The principle of manipulating data using input-results which is
introduced above can be applied quite generally to satisfy many types of
processing requirement, as the following examples of its application show.
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As already suggested, we may wish to know the constraint imposed on
the source orientation by each seismogram. In this case the phase pairs
corresponding to each seismogram are brought together and run as separate data
blocks, an input-result being obtained from each. The constraint imposed on the
source orientation by all the seismograms together can then be obtained with
little additional computation by running a data block which contains all the
corresponding input-result cards. Because this data block contains no phase pair
cards at all, computation is very fast. Further, this data block can now be re-run
"economically" with the input-results in any order as required.

In another example, a problem may arise if the number of phase pairs
to be processed is so large that it requires more computing time than is available
for a single job. This is more likely to happen for deep earthquakes where a large
number of long period seismograms may be available. Here it is not necessary to
run each seismogram as a separate data block, but instead the seismograms can
be divided into several sets of phase pairs, each of which can be processed within
the available job time. The input-result obtained from each set can then be
combined in a final data block. Alternatively, it is possible to run the program
exactly as if all the seismograms were being processed in the same data block.
The first set of phase pairs is processed as one data block. In a second job, the
data block comprises the second set of phase pairs, preceded by one input-result
card corresponding to the input-result obtained from the first set. If there is a
third set of phase pairs, it would begin with the input-result card corresponding
to the input-result derived from the second set. By repeating this process as
many times as necessary the cumulative status of acceptable orientations
develops exactly as if the several sets of phase pairs were all processed
sequentially in one data block.

In the above procedure it is seen that the second data block, which
generates the input-result for the third data block, itself contains an input-result
card as well as phase pair cards. This has no effect on the input-result generated
by the second data block since the details of each successive phase pair are
recorded in the output with no attention being paid to whether it was processed
in that data block, or was part of an input-result. Thus, the phase pairs which
correspond to a given input-result need not necessarily have been originally
processed in the data block which generated that input-result.

In yet another example each phase pair could be processed in a data
block on its own, thereby obtaining a separate input-result for each. A final data
block, containing all the corresponding input-result cards, then combines them as
if they were, instead, the phase pair cards. Because this final data block is
thereby processed rapidly it is suitable for any studies where different ordering
of the phase pairs is required (for example, to group types of phase pair,
seismograms, etc). A further use arises where the data block is to be repeated
with only minor changes to one or two of the phase pairs. The corresponding
input-result cards are then merely replaced by their corresponding (modified
phase pair cards as required for successive runs, so that orientation searches only
occur in respect of any phase pairs which have been modified. The format of an
input-result is identical to the format of output to a third device, and is given in
appendix C.
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3. CONCLUDING REMARKS

To conclude, the relative amplitude method is compared with the
traditional method of determining source orientations by first motions, and this
comparison is used to highlight advantages of the relative amplitude method.

The determination of nodal plane orientations for assumed double
couple earthquakes by traditional "first motion" methods utilises only the
observed polarity of the initial P wave at each seismic station (occasionally
supplemented by some S wave polarisation measurements). The process of finding
an orientation which divides these readings into the four expected alternate
polarity quadrants on the focal sphere relies both upon ideal behaviour of the
source, and upon correct and unambiguous observation at all receivers. If, for
whatsoever reason, there is no source orientation which satisfies all the readings,
then polarities alone are generally insufficient to permit investigation of the
origin of the "anomalous" behaviour. Mutually incompatible polarity readings are
a common feature of solutions for smaller earthquakes, or for earthquakes which
include readings from short period seismograms. Although long period seismo-
grams are more "stable" in this respect, careful comparison between waveforms
at different stations and an accurate awareness of the instrument response are
vital if unusual types of waveform are to be interpreted correctly.

In some cases an uneven distribution of stations can result in the
chosen orientation being fixed by only a small number of readings. Alternatively,
there may be a large range of orientations compatible with the data, the
likelihood of this being increased by the fact that teleseismic P waves can, at
best, sample only a srncll annulus of the lower focal hemisphere. The situation is
further complicated if "uncertain" polarity readings are included.

These difficulties, and the problems posed by uncertain, inconsistent
or inadequate polarity readings, have fostered the development of algorithms
which calculate a "best fit" source orientation in some statistical sense, by
maximising the mutual compatibility of the available data (9,12-17). Such
algorithms typically involve the use of weighting factors which may be of two
types. First, a priori weighting factors may be applied to the input polarity
readings in order to quantify their uncertainty. This was considered by Udias and
Baumann (15) and Keilis-Borok et al. (17). Secondly, a posteriori weighting
factors may be applied by the algorithm itself, either to suppress inconsistent
polarities, or to militate against stations which are near to one of a provisionally
calculated pair of nodal planes. Various such schemes have been used (12-14,16-
18). Such algorithms are unable to place well-founded confidence limits upon
their calculated "best fit" orientations. An algorithm by Guinn and Long (10)
delineated compatible ranges of orientations instead of maximising a criterion
function, but for non-ideal data sets they had to "allow" one or more inconsistent
polarities to obtain any acceptable range.

It must be emphasised that, in reality, if there is a source orientation
which is compatible with a given set of polarity or relative amplitude data, then
it must form part of a range of compatible orientations, which may assume any
shape in orientation space, and which may be split into more than one region in
orientation space. Moreover, it is important to remember that, within an
acceptable range of orientations, all orientations are equally probable. If, on the
other hand, no orientations are compatible with a given set of data, then this
anomalous behaviour must be attributable to a specific cause, such as an
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anomalous source or incorrect observation, and is not in itself a justification for
adopting the "most compatible" orientation. The initial P wave polarity is but a
small fraction of the source information present in each seismogram, since the
far field double couple radiation pattern possesses angular variation in P wave
amplitude as well as polarity, and also has an S wave radiation pattern whose
amplitude and polarisation direction have angular dependence. Incorporation of
this amplitude information into focal mechanism determinations would, in
theory, do much to overcome the problems outlined above, but previous attempts
to include this extra information have had limited success because the observed
absolute amplitudes are dominated by the different effects which anelastic
attenuation and scattering have on each phase. Similar problems arise when
relating the amplitudes between any two phases observed at different stations, or
between direct P and direct S even at the same station. Such effects cannot be
allowed for adequately, and therefore conceal the true signature of the radiation
pattern.

The use of relative amplitudes as well as polarity information, and
the use of "100% confidence limits" on these amplitudes as described in this
report together overcome many of the shortcomings described above. The
following specific points may be mentioned:-

The notion of using 100% confidence limits means that the uncer-
tainty of each measurement is embodied in the program input, and it follows that
the boundaries of the resulting compatible regions in orientation space define
equivalent confidences. This direct calculation of solutions with well-founded
confidence bounds removes any need to specify weighting factors, or to maximise
a criterion function. The method exploits the much "richer" signature of the
source orientation which is present in amplitudes, using both those of P and S,
and the specification of confidence limits maximises the utilisation of informat-
ion provided by seismograms of differing qualities, enabling effective use to be
made of poor quality seismograms. Studies have shown that this increase in
available data sometimes enables well-constrained source orientations to be
computed from only a few stations, and for shallow earthquakes at magnitudes
below which first motion cannot usually be read with certainty. Alternatively,
the redundancy of information provided by a large set of stations offers a means
of testing the validity of the double couple, or indeed any other radiation
pattern. (The method can bt used to compute "first motion" solutions by placing
extremely wide bounds on every amplitude.) Graphic presentation of the results
using vectorplots provides for easy recognition of the arbitrary size and shape of
acceptable regions in orientation space, and it also enables any anomalous or
conflicting measurements to be easily identified. Special features of the
program, notably the plotting of partially compatible orientations and the option
to search within restricted regions of orientation space, assist in investigation of
the origin of any such anomalous behaviour. The use of restricted region
searches, and of input-results, enables such studies to be conducted with the
minimum of computing resources.

The generation of theoretical seismograms, for example by the
method of Hudson (19,20) and Douglas et al. (21), requires the same interpreta-
tion of relative amplitudes as that described above, in order to match theoretical
and observed seismograms by correct choice of source orientation. The present
program provides a systematic means of choosing such a source orientation,
together with a quantitative measure of its non-uniqueness. Furthermore, the
generation of theoretical seismograms which reproduce additional features of
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observed recordings provides additional support for the initial identifications of

f the phases upon which the validity of the orientation result depends.
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APPENDIX A

SCHEMATIC DIAGRAM OF PROGRAM

(The following gives a broad guide to the organisation of the program,
but it is not a rigorous flow diagram.)

Set default values and constants

lo READ and PRINT earthquake title card for this data block
READ card with parameters which are constant for the data block

A Test validity of this input, correct if necessary and calculate related
parameters

Is a restricted region of
search in orientation ' yes
space requested?

n~~ READ card with limits of region

Test validity of search region limits and calculate related parameters

PRINT details of input from previous cards, and related information

Set all elements of orientation array to initial value

Set single precision parameters for the plotting routine (SUB-
ROUTINE PLOTV)

Calculate sine and cosine tables for required angle increment of
search in orientation space

READ next card

Is it a phase pair card
or an input-result card?

iput-result

READ header cards of input-
result from specified input

B phase pair device

no Is this input-result compatible

with the current data block?

PRINT message yes
Skip to end PRINT details
of input-result READ input-result and PRINT

details of its constituent phase
pairs. PRINT and PLOT
orientation array as requested

Incorporate input-result into the
orientation array of this data

D block
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Which two phases does this phase pair relate?

P and pP or P and P and sP, pP and sP or pP(sea

pP(sea surface) surface) and sP

PRINT title of station and PRINT title of station and phase
phase pair pair

Test validity of input and Test validity of input and
calculate related parameters calculate related parameters

Calculate required reflection Calculate required reflection and
and refraction coefficients refraction coefficients

Does the amplitude range of Does the amplitude range of
either phase have zero width? yes yes either phase havq zero width?

PRINT PRINT
no message messag no

Do the amplitudes of both yes Do the amplitudes of both phases
phases span or bound zero?-yes span or bound zero?

NT PRINT
message messageno I n

4 
D

Calculate ranges of Calculate ranges of amplitude
amplitude ratios (pP/P or ratios (sP/P or sP/pP or sP/pP
pP(sea surface)/P is used (sea surface) is used unless the
unless P amplitude range amplitude range of the P phase
includes zero, in which case includes zero, in which case the
the reciprocal is used) reciprocal is used)

PRINT input details for PRINT input details for this phase
this phase pair, and related pair, and related information
information

Set related parameters and Set related parameters and
calculate trig expressions calculate trig expressions

Set up plotting frame if Set up plotting frame if PLOT
PLOT requested requested

I 4
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Calculate tr s Calcula expressions

Calculate trig expressions Calculate trig expressions

Calculate trig expressions Calculate trig expressions

Calculate takeoff angle of Calculate takeoff angle of
each phase in co-ordinate each phase in co-ordinate
system of radiation pattern system of radiation pattern

Calculate expected norma- Calculate expected norma-
lised amplitude of P lised amplitude of P or pP or

pP(sea surface)

V Calculate normalised • Calculate components of

to observed amplitude of pP 7 0 normalised shear wave ampli-

.- . )4 or pP(sea surface) .9- tude in radiation pattern co-
E E ordinate system

• v X 0 0 Calculate polarisation angle
., A: 4 A ip radiation pattern co-

4-A
L 0 ordinate system

5U 0

4 
- Calculate vertical component

0 0 of shear wave and hence
• + .- .- normalised observed sP

% ) amplitude

0 ~ 0 0,
. . Does ratio of calculated L .. Does ratio of calculated4, 4. 4,4-.

amplitudes lie within tv amplitudes lie within
0. allowable range? CL allowable range?

ye yes

Transform strike to value Transform strike to value o
measured from north no measured from north n

PLOT orientation (CALL PLOT orientation (CALL
PLOTV) if requested PLOTV) if requested

PRINT orientation if PRINT orientation if
requested requested

Reduce value of Reduce value of
orientation array orientation array
element by 1, or element by 1, or
set to .FALSE. set to .FALSE.
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C

Calculate and PRINT significance values and related information for

this phase pair or input-result

If requested, PLOT and PRINT cumulative acceptable orientations

If requested, PLOT and PRINT cumulative partially acceptable
orientations, and PRINT related information

D I

t yes it I
Is there an.?ter card4no

If requested, PLOT and PRINT orientations compatible with all phase
pairs

Calculate and PRINT corresponding significance values and related
information

If requested, PLOT orientations partially compatible with all phase
pair- and PRINT related information

If requested, WRITE status of orientation array and related informa-
tion into specified third output device

At yes1
Is there another data block?

I no

Stop

*If restricted region of search in orientation space is requested and the region of
strikes requested spans the azimuth of the observation, the search is computed
for all strikes beyond the azimuth for all required slip angles and dips, and the
procedure is repeated for the remaining strikes.

32
--. : ,' '. . :-. ..... ... . .. ,



APPENDIX B

DESCRIPTION AND FORMAT OF INPUT DATA

A concise description of the program input is given in the listing
(appendix H); more detailed description is given here. Most of the variables are
introduced and explained in section 2, and references to the text are given where
appropriate.

For each data block, input is as follows:-

Card I Title card

FORMAT IOA8

TITLE Title of earthquake.

Columns 65 to 80 should be used to identify this data block if more
than one data block is to be processed in respect of the same
earthquake.

Card 2 Card with parameters relating to the earthquake, and processing
options for this data block.

FORMAT I5,F5.0,F5. 1,2F4.2,12, 1 0Il,12,13,13,12,5F5.2,2F4.2,1I,A I

NOP Total number of phase pair cards and input-result cards in this data
block (ie, number of phase pairs plus number of input-results).
Comments on the inclusion of all relevant phase pairs are given in
section 2.4, and section 2.13 gives guidance on how to organise phase
pairs, input-results and data blocks to meet different requirements.

DINCIN Angle increment for search (degrees) (see section 2.7). This is set in
the program to 0DINC, which is adjusted to the nearest integer sub-
multiple of 90 , provided that there is sufficient storage in the
orientation array, F, and in the sine and consine tables SINTAB and
COSTAB, which are here set to provide for a minimum search
increment of 5° if all orientation space is included. (A finer search
increment is possible for restricted region searches, see section 2.12.)
A guide to required computing times and storage is given in section
DI of appendix D and instructions for modifying the storage are given
in section D2 of appendix D. If DINCIN .< 0 or > 90, DINC is set to 30
(this is intended for test purposes only and is too coarse for
meaningful results).

Both computer time and storage are mainly determined by DINC,
which can be set to provide for any required angular resolution,
having regard to (I) available CPU time and storage, (2) quality of the
input data, and (3) the size of the region in orientation space over
which the search extends. Computer time and storage are both
approximately inversely proportional to the cube of DINC, although
this is only important when processing phase pairs - the processing of
input-results being comparatively fast. In practice DINCIN = 5 °

provides adequate treatment of typical data, while yielding clear
vectorplots of compatible orientations; a higher resolution over all
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space could not be adequately plotted on a conventional size grid.

DINCIN = 100 is appropriate for a coarse search, to be followed by a
higher resolution search over restricted regions of interest, or for
theoretical studies such as the plotting Sf graphs of significance
against an input variable. DINCIN = 10 or 2 is suitable for restricted
region searches with good quality data, in particular for studies of
variations in the acceptable regions as a function of uncertain input
parameters such as surface to source layer velocity ratio or takeoff
angle.

DEPTH Depth of earthquake (km). Leave blank for an intracrustal earth-
quake. Only used if INDANG 10 (see under INDANG below, and
section 2.5).

ANGPF Perturbation factor for systematically adjusting all the P takeoff

angles calculated or read in for each phase pair. Each P takeoff angle
a is reset to sin -1 (ANGPF x sin a), so that the adjustment of angles
is equivalent to multiplying the source layer velocity by a factor
ANGPF for this purpose only (see under INDANG below). If left blank,
is set to 1.0. The use of ANGPF is explained in section 2.5.

ANGPPF Perturbation factor for systematically adjusting all the pP takeoff
angles y, as for ANGPF above (see under INDANG below). If left
blank, is set to 1.0. The use of ANGPPF is explained in section 2.5.

INDANG Indicator to specify how P and pP takeoff, angles are calculated (see
section 2.5). If left blank, the P wave takeoff angle is read directly
for each phase pair (see ALPHA on Card(s) 3). If INDANG is non-zero,
the P takeoff angle is determined for each phase pair from
distance/depth tables contained within the program, using DEPTH
from this card, and DIST from Card(s) 3. In this case if DEPTH is left
blank, the earthquake is assumed to be intracrustal, and the angle is

assuming a sub-Moho P wave velocity of 8.1 km/s. For any phase pair
with DIST < 20 or DIST > 100 (or left blank) the P wave takeoff angle
is read in using ALPHA even if4 INDANG is non-zero. The takeoff
angle of pP is read in using GAMMA on Card(s) 3, or if this is zero, it
is set to the value of ALPHA. After ALPHA and GAMMA have both
been set, each can be adjusted using ANGPF and ANGPPF respect-
ively as explained above. The takeoff angle of sP, namely BETA, is
always calculated from the final value of GAMMA, using VPSRCE and
VSSRCE.

IPRNTI, IPRNT2, IPRNT3, IPRNT4, IPRNT5. "Switches" for printing the
orientations compatible with each card (whether phase pair or input-
result), and for printing cumulative acceptable orientations, etc. If
switch is non-zero, the corresponding list(s) of orientations are
printed. Details of input data and a summary of the results for each
phase pair or input-result, and for the cumulative results after each,
are always printed. Note that lists of orientations, especially as
requested by IPRNTI, IPRNT2 and IPRNT3, are likely to be very long.

IPRNTI A list after each card of orientations compatible with that
phase pair or input-result. For an input-result separate lists of those
orientations incompatible with one or more phase pairs are printed.
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IPRNT2 A list after each card (other than the first and last) of
those orientations which are compatible with all the phase pairs so
far processed, including those corresponding to any input-results, and
referred to as "cumulative acceptable orientations".

IPRNT3 Separate lists after each card (other than the first and
last) of those orientations which are compatible with all or
incompatible with one or more of the phase pairs so far processed,
including those phase pairs corresponding to any input-results, and
referred to as "cumulative partially acceptable orientations".

IPRNT4 A list after the last card as for IPRNT2, and referred to
as "orientations compatible with all phase pairs".

IPRNT5 Separate lists after the last card as for IPRNT3, and
referred to as "orientations partially compatible with all phase pairs".

IPLOTI, IPLOT2, IPLOT3, IPLOT4, IPLOT5. "Switches", equivalent to IPRNTI
to IPRNT5, to control plots of compatible and partially compatible
orientations. Each plotting frame displays a vectorplot of those
orientations which are compatible or partially compatible with one or
a series of phase pairs over the requested region of search in
orientation space. The form of the vectorplots, which are generated
using SUBROUTINE PLOTV, is described in section 2.8 (fixed length
vectorplot) and 2.11 (variable length vectorplot). If switch is non-zero
the corresponding vectorplot(s) of orientations are generated. Other-
wise the frame(s) are omitted.

IPLOTI One vectorplot after each phase pair or input-result,
showing the orientations compatible with the card. For a phase pair a
fixed length vectorplot is generated, but for an input-result a variable
length vectorplot is generated to show the compatible and partially
compatible orientations of this input-result.

IPLOT2 One fixed length vectorplot after each card (other than
the first and last) showing "cumulative acceptable orientations".

IPLOT3 One variable length vectorplot after eact ';rd (other than
the first and last) showing "cumulative partially acceptable orienta-
tions".

IPLOT4 One fixed length vectorplot after the last card showing
"orientations compatible with all phase pairs".

IPLOT5 One variable length vectorplot after the last card showing
"orientations partially compatible with all phase pairs".

IDEV3 Indicator for controlling output on to third output device (which is
defined by NDEV3). Leave blank for no output. If set to 1, an
annotated summary of input and results for each phase (including
those in any input-results) is provided, according to the format shown
in appendix C. If > 2, this is followed by the status of the orientation
array after completion of the last card, as required for use as an
input-result (see appendix C). Outputs on to a third device are
intended to provide results in a machine-readable form (eg, on cards,
disc or magnetic tape) for further processing in one of the ways
described in section 2.13.
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NVL Number of vector lengths for variable length vectorplots. This
corresponds to the maximum number of phase pairs which must be
incompatible with an orientation before the degree of incompatibility
is no longer stored in the orientation array or displayed on the plot
(see section 2.11). If left blank or negative, it is set to 1. The
maximum possible value of NVL is governed by the dimension of
VVLR and is set to 35. If > 35, it is set to 35. Section D3 of appendix
D gives instructions for increasing this maximum to provide for a
larger number of vector lengths, up to an absolute maximum of 255.

NDEV3 Number of the third ouput device into which will be written results
according to IDEV3 (see section 2.13). If left blank, is set to 7 which
is normally equivalent to punched cards.

ISEA If left blank, earthquake is beneath land. Any non-zero punch
indicates that the earthquake is beneath sea. The presence or absence
of a sea layer decides what surface reflected phases are expected, as
discussed in section 2.4. The specification of structural parameters
related to a sea layer is explained in section 2.6.

VPSURF P wave velocity of the surface layer (discounting any sea layer)
(km/s). If < 0.0, is set to 4.0 (see section 2.6.1).

DSURF Density of the surface layer (discounting any sea layer) (g/cm). If
1< 0.0, is set to 2.3 (see section 2.6.1).

VPSRCE P wave velocity of the source layer (km/s). If.< 0, is set to 8.1 (see
sections 2.5 and 2.6.1).

VSSURF S wave velocity of the surface layer (km/s). If .< 0.0, is set to
VPSURF//3 (see section 2.6.1).

VSSRCE S wave velocity of the source layer (km/s). If 4 0.0, is set to
VPSRCE/v3 (see section 2.6.1).

PPFCTF Multiplication factor for all PPFCTI values (see under PPFCTI in
Card(s) 3). If left blank or zero, is set to 1 .0.

SPFCTF Multiplication factor for all SPFCTI values (see under SPFCTI in
Card(s) 3). If left blank or zero, is set to 1.0.

IFCT3 If non-zero, all surface reflection coefficients (ie, PPFCT3 and
SPFCT3) will be set to +1.0 instead of being calculated in the
program as explained in section 2.6.1. This option is useful if the
complete effect of a complex velocity structure above the source -
including the free surface or sea surface and sea bed - has been
calculated elsewhere, and can be incorporated into PPFCTI and
SPFCTI (or PPFCTF and SPFCTF) as explained in section 2.6.2. Note
that for sP, the change in geometrical spreading factor upon
reflection (see appendix E) must then also be included in the
calculations, and the convention used for the sign of the sP reflection
coefficient must follow that used in the program.
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REGION If left blank, search will include all orientation space. Any non-blank

punch indicates that a restricted region of search in orientation space
is requested; details are given on Card 2A. Some uses of the option to
search only a restricted region of orientation space are described in
section 2.12.

Card 2A Card defining limits of restricted region of search in orientation
space (see section 2.12). (This card only to be included if REGION in
Card 2 not left blank.)

j FORMAT 3(F8.4,8X,F8.4)

PSII Smallest value of slip angle to be included in searches (degrees).

PSIN Largest value of slip angle to be included in searches (degrees).

DELTAI Smallest value of dip to be included in searches (degrees).

DELTAN Largest value of dip to be included in searches (degrees).

STRIK I Smallest value of strike to be included in searches (degrees).

STRIKN Largest value of strike to be included in searches (degrees).

PSII, DELTAI and STRIKI are corrected downwards, and PSIN,
DELTAN and STRIKN are corrected upwards, to the nearest search
increment in orientation space. If PSI1, DELTA 1 or STRIKI < DINC,
it is set to DINC; if PSIN or DELTAN > 180.0, it is set to 180; if
STRIKN > 360.0, it is set to 360.0. A required search region whose
strike spans north must be divided into two searches, one with strike
up to and including 360.0 and the other with strike beginning at DINC.
For details of recurrence of slip angle and dip see appendix F. For a
restricted region search the choice of DING and of the search bounds
must be such that the number of search increments in each angle
separately does not exceed the number corresponding to DINC = 5.0
for a search over all space, which has DINC < slip angle < 180.0,
DINC < dip < 180.0, and DINC .< strike .< 360.0. This gives a
maximum number of search increments of 36 in slip angle and dip,
and 72 in strike, see section 2.11. If these conditions are not met, the
region of search will be reduced as required. Array dimensions are
discussed in sections Dl and D2 of appendix D.

Card(s) 3 NOP cards - one for each phase pair or input-result. Cards can be
placed in any order, so that any desired grouping of the phase pairs
can be achieved merely by changing the order of the cards. This will
affect the development of the cumulative acceptable orientations but
will leave the final result unchanged (see section 2.13).

If the card relates to an input-result, it must be left blank, except for
NDEV, the number of the device from which the input-result is to be
read, which is right-justified in columns 79 and 80. There is no default
value for NDEV - any non-interger characters, or blark or zero will
cause the card to be deleted. If device 5 (normally the card reader) is
used to read the input-result, then the corresponding card deck must
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be placed immediately after this input-result card. The format of an
input-result is identical to that of the output to the third output
device, so that the data can be re-read without modification. This
format is given in appendix C.

If the card relates to a new phase pair, it contains its details as
follows:-

FORMAT A8, F5.0, 3F5.1, 2(A1,2F10.5), 2F4.2, A2

STANAM Station name code and seismograph type if required (eg, "ESK SPZ
or "WOL LPZ "). This is used only as a title, but must not be left
blank as a blank station name is used to identify an input-result card.

AZI Azimuth of station from earthquake in degrees (measured positive
clockwise from north). This is converted to its principal value (0
< AZI < 360.0) by the program so that positive or negative values will
be correctly treated. It is then approximated to the nearest value of
strike in the search mesh.

DIST Epicentral distance from earthquake to station (degrees). Only used if
INDANG is non-zero, to calculate P takeoff angles from tables stored
within the program (see section 2.5).

ALPHA Takeoff angle of P from downward vertical at the source (degrees)
(see section 2.5). This is only used if INDANG = 0. This variable can
have any value (values between 90 and 180 giving a P takeoff angle in
the upper focal hemisphere, and values bstween 0 and -180
theoretically giving an azimuth change of 180 ). This value (unlike
AZI) is not approximated to a search mesh point. The P wave takeoff
angles for all phase pairs can then be systematically adjusted using
ANGPF on Card 2.

GAMMA Takeoff angle of pP from upward vertical at the source (degrees) (see
section 2.5). If left blank, is set to the value of ALPHA (before any
adjustment using ANGPF). This is normal for shallow earthquakes.
This variable offers a means of specifying a different takeoff angle
for pP in cases where it may be justified for deep earthquakes. The
pP takeoff angles for all phase pairs can then be systematically
adjusted using ANGPPF on Card 2. Note that GAMMA refers to the
takeoff angle of pP irrespective of which phase pair this card relates
to. The sP takeoff angle (BETA) is derived from the final value of
G-AMMA when required, using the ratio of the P and S wave velocities
in the source layer (VPSRCE/VSSRCE). Note that BETA is
independent of v /v in any other layer.

SIGNP, PA2IN, PAIIN, SIGNPP, PPA2IN, PPAIIN. In the following, Phase I
represents P for a P and pP or a P and sP phase pair, and pP for a pP
and sP phase pair. Phase 2 represents pP for a P and pP phase pair,
and sP for a P and sP or a pP and sP phase pair. The types of phase
pair are discussed in section 2.4, and this method of specifying
amplitude information is further explained in section 2.2. For the
present purpose pP includes its sea bed and sea surface analogues, and
sP includes its sea bed analogue.
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SIGNP Polarity of Phase I as observed on seismogram.

+ = positive (ie, up), - = negative tie, down).

Any other punch or blank corresponds to uncertain or unknown
polarity and so both polarities are included.

PA21N, PAIIN Lower and upper bounds respectively on the possible
amplitude of Phase I as observed on the seismogram, measured in
arbitrary units. Amplitudes are specified by positive values - the
polarity being controlled by SIGNP.

SIGNPP, PPA21N, PPA1IN Same for Phase 2.

The above method of expressing relative amplitudes numerically was
introduced in section 2.2; for comments on setting realistic 100%
confidence limits on the amplitudes see section 2.3. Note that if the
amplitude range of either phase has zero width, or if the amplitude
ranges of both phases include zero, the phase pair is deleted by the
program. (The inclusion of zero in both amplitude ranges permits all
possible relative amplitudes, so that all source orientations would be
compatible.)

PPFCTI Multiplication factor applied to calculated pP amplitudes (if this
phase pair includes a pP type phase) to represent any loss of pP
amplitude during propagation with respect to that of P, other than at
the sea bed, sea surface or free surface (whose refraction and
reflection coefficients are normally allowed for in the program, see
section 2.6.1). This factor is primarily intended to allow for energy

partitioning at crustal discontinuities above the source, or anelastic
attenuation above the source, as described in section 2.6.2. If left
blank, is set to 1.0.

SPFCTI Multiplication factor applied to calculated sP amplitude (if this phase
pair includes an sP type phase) to represent any loss of sP amplitude
relative to that of P, for the same purpose as PPFCTI above. If left
blank, is set to 1.0.

Note that PPFCTI or SPFCTI for all phase pairs may be scaled
systematically by the use of PPFCTF and SPFCTF or Card 2. This
enables a general factor to be specified for all phase pairs, and it
enables perturbation studies to be performed easily on the loss of pP
or sP energy above the source (see section 2.6.2).

PHASES Code to identify the type of phase pair to which this card relates (see
section 2.4 for the possible types of phase pair). Punch 'PP' for a P
and pP phase pair; 'SP' for a P and sP phase pair; '**'for a pPand sP
phase pair (used only when both previous phase pairs are included
from the same seismogram - see section 2.4). If the earthquake is
beneath the sea (ISEA non-zero), then reflection at the sea bed is
assumed for the above cases (this conforms to the standard
definitions of pP and sP). Where pP reflected from the sea surface is
used, punch 'PE' for a P and pP(ssf) phase pair or '*E' for a pP(ssf) and
sP phase pair (S is not transmitted into the sea layer).

Any other punch or blank is assumed to be a P and pP phase pair.
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* Further complete data blocks may follow.

For normal termination of the program the last data block must be
followed by one blank card.
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APPENDIX C

FORMAT OF MACHINE-READABLE OUTPUT AND INPUT-RESULT

The standard format output into a third output device is intended to
provide the results of processing a data block in a convenient machine-readable
form, in addition to the routine printer and graphic outputs. As explained in
section 2.13.2 it is in two sections, the first of which provides a summary of
input data and results, and the second of which contains a list of all orientations
which are compatible and partially compatible with all the phase pairs processed
in the data block or read in as input-results. The format is designed so that, when
both sections are requested, the output can be re-read directly as an input-result
without alteration, as described in section 2.13. The format of an input-result is
therefore essentially the same as that of the standard output. The formats have
been spaced out to provide room for hollerith annotation of key variables, which
is automatically included in the output to assist identification and interpretation
of data sets. This hollerith information, which is indicated by H format fields in
the list below, is skipped on input. The format list which follows is arranged in
"Cards" although more generally these will be card images on disc or magnetic
tape.

Section I of standard output from one data block.

Card I Header card

FORMAT 3A8,16H,A8,12H,A8,4H,A8

TCARD(I), I = 1,3 Standard heading used on input to identify this as a standard
FALT dataset. The characters are FALTb-bSTANDARDbOUTPUTbb
(where b denotes blank).

VDATE Version date of the program, in the form dd/mm/yy (where dd day,
mm = month, yy = year).

RDATE Date when program was run, in the form dd/mm/yy.

RTIME Time when program was run, in the form hh.mm.ss (where hh = hour,
mm = minute, ss = second).

Card 2 Title card for earthquake (as for Card I of device 5 input).

Card 3 FORMAT 33H,13,35H,F4.1,5H

NVL,DINC (as for device 5 input).

Card 4 FORMAT 16H,F4.0,4H,F4.0,12H,F4.0,4H,F4.0,16H,F4.0,4H,F4.0

PSII, PSIN, DELTAI, DELTAN, STRIKI, STRIKN (as for device 5 input).

Card 5 Card with parameters relating to the earthquake (as for Card 2 of
device 5 input).

Card 5A Card defining limits of restricted region of search in orientation
space. (This card is only included if REGION in Card 5 is not left
blank.) This card is the same as Card 2A of device 5 input.
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Card 6 FORMAT 31H,16,35H,18

NCOMBR Number of orientations in the search.

NCOMB Total number of orientations in all orientation space.

One set of three cards, namely Cards 7A, 7B and 7C, now follow in respect of
each phase pair.

Card 7A This card is the same as Card 3 of device 5 input.

Card 7B FORMAT 26H,16,37H,FI 1.9

NTRUE Number of orientations found which are compatible with this phase
pair.

S Fraction of all orientations which is incompatible with this phase
pair.

Card 7C FORMAT 69H,F 11.9

SREAL Fraction of all orientations in real space which is incompatible with
this phase pair (ie, the significance).

Card 8 Blank card

Card 9 FORMAT 30H,13

IOBS (=NOBS). Total number of phase pairs (either processed in this data
block or included in any input-results read in as part of this data
block).

Card 10 FORMAT 26H,16,37H,FIt.9

NTRUE Number of orientations which are compatible with all phase pairs.

S Fraction of all orientations which is incompatible with all phase pairs.

Card 11 FORMAT 69H,F 11.9

SREAL Fraction of all orientations in real space which is incompatible with
this phase pair (ie, the significance).

Section 2 of standard output from one data block.

Card 12 FORMAT 16H,17,57H

NTOT Total number of compatible and partially compatible orientations
within the region of search.

Card 13 80H

Card 14 80H

Card(s)15 List of all compatible and partially compatible orientations, with the
number of phase pairs incompatible with each (see section 2.13.2).
For each card:-

FORMAT IX,!3,1X,13,1X,13,13,4(IH,13,l X,13,1X,13,T3),15
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111() Slip angle in fault plane * (degrees).

333(1) Dip of fault plane 6 (degrees).

KKK() Strike of fault plane a (degrees).
IVLN(1) Number of phase pairs which are incompatible with this orientation.

ICARD (columns 75 to 80). Card count for Card(s) 15. When read in as an input-
result this is used to check the order of the input records.

Card 16 Card to indicate that the end of the dataset has been reached. (When
read in as an input-result the program calculates this using NTOT,
and this card only serves to confirm that the dataset is complete.)
FORMAT A4

END Standard characters which are used as an identifier. They are ENDb
(where b denotes a blank).
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APPENDIX D

PROGRAM TIME AND STORAGE REQUIREMENTS AND
RELATED INFORMATION

DI. COMPUTING TIME AND PROGRAM STORAGE

Since both program storage and CPU time used are determined by the
minimum allowed search increment (ie, the minimum value of DINC), the
program can easily be modified to suit varied computing resources. The minimum
value of DINC is governed by the dimensions of the orientation array F, which
are related to the value of NDIM as described below. A suitable value of NDIM
can be estimated from the following approximate statistics, which are derived

for the present version of the program (NDIM = 18):-

(1) With NDIM = 18 the program requires 320 kb to compile.

(2) With NDIM = 18 the compiled program requires 256 kb.

Table Dl shows approximate CPU time requirements for different
values of DINC (see DINCIN on Card 2), expressed in arbitrary units:-

TABLE Dl

Time for One P and pP Time for One P and aP
No. of Search Phase Pair or pP and sP Phase Pair

DINC Points (All Orientation Space) (All Orientation Space)
(All Orientation Space) (Units) (Units)

150 3456 1.5 2

1 00 11664 4 6

5 93312 20- 35 40 - 50

20 1458000 300 - 400 400 - 500

10 11664000 2400 - 3200 3200 - 4000

Times for restricted region searches can be estimated by calculating
the number of search points and estimating the equivalent number of units from
the above table.

For the [BM370 installation, on which this program has been run, I
unit = I s.

D2. INSTRUCTIONS FOR CHANGING PROGRAM STORAGE

As mentioned above, the program can be tailored to available
resources simply by changing the dimensions of the array F (whose elements are
I byte), and the value of NDIM (which is used only for testing the validity of
input data, and is specified in a DATA initialisation statement). Set NDIM to the
desired maximum available number of search increments in a 900 band, exclusive
of lower limit (eg, if maximum resolution required is DINC = 5° , then NDIM =
18). Then the required dimensions of F are (NDIM*2, NDIM*2, NDIM*4),
corresponding to (slip angle, dip, strikS). Remember that DINCIN is always
corrected to an integer submultiple of 90 before being equated to DINC.
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With these changes the program logic will remain unaffected.

For higher resolution searches over restricted regions in orientation
space, the number of search increments in slip angle, dip or strike must not
exceed the corresponding dimension of F.

D3. INSTRUCTIONS FOR CHANGING THE MAXIMUM NUMBER OF
VECTOR LENGTHS

If it should be necessary to increase the maximum number of vector
lengths, to provide for larger values of NVL, this can be increased from 35 to a
theoretical maximum of 255 as follows:-

(1) Set dimension of VVLR to (n + 1) where n is the desired

maximum number of vector lengths.

(2) Set dimension of VVL to (4,n + 1).

(3) Set dimension of NTRUES to (n).

(4) Assign a unique code to the first byte of each new element of
VVLR, setting the remaining 3 bytes to "blank". This is most easily
achieved using hexadecimal "Z" specification in a DATA initialisation

statement (Z00404040 must be reserved for VVLR(I)). The codes used
in the orientation array are explained in appendix G.

45



APPENDIX E

METHOD OF CALCULATING THE RELATIVE AMPLITUDE BETWEEN TWO
GIVEN PHASES WHICH IS EXPECTED AT A GIVEN STATION FROM A GIVEN

SOURCE ORIENTATION

The procedure by which orientation space is searched and tested for a
given phase pair is outlined in appendix A. Here, and in appendices F and G, the
method by which the calculations are carried out is described.

At each search point in the mesh of possible source orientations the
acceptable range of relative amplitudes is tested against the theoretically
expected relative amplitude, calculated for the required phase pair at the given
station location, for the particular source orientation. The method by which the
theoretically expected relative amplitude is calculated is now given.

Let the seismic radiation from a point source be defined in spherical
polar co-ordinates (r,0,4) about the source, where ( = 0 is coincident with the X3
Cartesian axis and 4 is measured in a right-handed sense from the X1 axis (figure
4(a)). Then for a double couple force system acting about the X2 axis, as shown in
figure 4(b), the time independent part of the far field P wave amplitude at unit
distance from the source is given by (see, for example, reference (22)).

A (0.) L 1 1 s
Ap 4- v X + 2p

where X and p are Lame's parameters, v is the P wave velocity in the source
medium, K is a constant dependent upof? the magnitude of the couples, and r
denotes the unit vector. Similarly, the S wave amplitude is given by

K41 vA 64) -- 28co 2 OS4) cos sin 4 ), .... (E2)

where v is the S wave velocity in the source medium. It is clear from equations
(El) anc? (E2) that, although the ratio of P and pP amplitudes at the focus is
independent of all geophysical parameters, this is only approximately true for the
ratio of P and sP, since the relative excitation of P and S depends upon Poisson's
ratio.

Figure 4(c) is a three-dimensional polar diagrain of the P wave
radiation A (8,4), viewed as for figures 4(a) and (b). The form of the S wave
radiation AP(O,) is shown similarly in figure 5, where its amplitude and
polarisation direction are plotted on a three-dimensional representation of the
focal sphere. Here the planes XIX 2 and X2X3 are the "nodal planes" of P, which
intersect at the "null vector" X2 along which A = A = 0. For a point source we
note the familiar degeneracy of both P and S radTations under interchange of
fault plane (arbitrarily chosen as the X2X3 plane) and auxiliary plane, XIX 2. The
integrated effect over an extended source has little influence on the radiation
pattern if the source is small, but large or elongated faults given rise to
significant variations of pulse length over the focal sphere, in which case the
correct quantity to estimate is the square root of the energy contained in the
(broad band) displacement pulse throughout its duration, as discussed in section
2.3.2.
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The source orientation is the orientation of the above co-ordinate
system X in space, which is defined in terms of the three angles introduced in
section 2.7, namely the dip 6 of the fault plane, the slip angle i! in this plane, and
its strike a from north, as shown in figure 6(a).

The position of P, pP and sP on the focal sphere is refined by the
azimuth of the station, , and the takeoff angle of each phase - (%, y and Sbeing
used for P, pP and sP respectively (figure 6(b)). (These angles are respectively
the variables A71, ALPHA, GAMMA and RETA introduced in section 2.5.) a = y is
assumed for all shallow earthquakes, and 8 is determined from y using the ratio
of the P and S wave velocities in the source layer. We have

v sin y
sin a =M .. E )

P

(Here reference to the phase "pP" includes the solid free surface, sea surface or
sea bed reflections as these all emerge from the same point on the focal sphere.)

In order to calculate the amplitude of P or S along a given ray for a
particular source orientation, we require the direction vector x = fxj,x2,x3} of the
ray leaving the source expressed in the X co-ordinate systern. This is found by
applying a series of rotations to the direction vector along X3, namely (0,0,11.
The required direction vectors for a P, pP and sP ray respectively are given by*:-

0  0 si a o con 0a
\ x \ o = -sin. 1 c ' 0 0 Vc o s : c on i n 0 -1 0 .X. .

/x,\ / 1 0 \ €oo• 0iin n co0 0 )sin-

=i) Ocoa 4-uin41 • Bn 6co 6O )Oco n -sin n 0 -1 0 ...... (ES)\x3 Bin 0 co \ 0 t sinn co' -cos y 0 sin a I
0.:;* :- 0 0
L 0 0 (co.6sin6 0 sn Yo-co fo

Co-*-inn) s -1 o A .. (6% ~ o -B in Bif 4i n 6 cos 6 cos n-i )y0- ~J (6sn t0 o 0 1 sin l cos f coo Y 0 sin Y I

where T =&- a is the azimuth of the recording station from the strike. The
amplitudes of the corresponding P and S rays leaving the source are then given by

Ap 411 v + 2J sin (2 cos -1 (xs)) cos (tan -' (x 2 /xl)) .... (E7)
p

and

A = A A + A - - 1(cos (2 cos - I (x3)) cos (tan -' (x2/xl))§As -s~ -s~ 4Tr v 2

+ cos (cos - I (x3)) sin (tan
- 1 (x 2 /x 1 ))W .... (E8)

*Tn equation (3) of reference (1), the minus sign was omitted from the first
element of the a matrix.
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The normalised amplitude of the P phase at the station is obtained
directly from equation (E7), using equation (E4). That for a pP phase is similarly
obtained from equation (E), using equation (ES), after which it is multiplied by a
factor F (corresponding to PPFCT3 introduced in section 2.6.) to allow for loss
of pP amplitude due to reflection at the solid free surface, sea surface or sea
bed, according to which type of pP phase is being considered. The energy
partitioning equations for plane waves at a plane interface have been given by
many authors, eg, (23-25). The equations for a solid/fluid interface have been

given by Ergin (26). For the present purpose the matrices are expanded to obtain
a separate algebraic expression corresponding to each surface-reflected phase.

For pP reflected at a solid free surface we obtain

2 sin 2y, sin 2R - R,2 (cos 48, + 1)
2 sin 2y, sin 281 + R1Z(cos 491 + 1)' .... (E9)

where R, is the ratio of the P and S wave velocities in the surface layer, and
where Y, and Pi are respectively the pP and sP angles of incidence in the surface
layer, which are derived from y and 8 using Snell's law, given the velocity ratio
between the surface and source layers. This correction is less than 10% foryj < 14°

For pP reflected at the sea bed, expansion of the matrices gives a
similar expression, but which depends also upon the ratio of the P wave velocities
in the sea and surface (solid) layers, denoted by R , and upon the ratio of their

densities, denoted by Rd. We obtainP

If cog 20, (% %3 coo Y - -co o 28, co o X) *sin Zy, (sin 28 , co X R RdRP  sin 8 I)da...(310)

sin 2, (sin 281 coo X p * 31,%d ein 81B R1 coo 28, (coo 2B, Cos X % coro y

whIre x - sin
-
' ( sin YI).

For pP reflected at the sea surface F includes the effects of
amplitude loss due to upward and downward refraction at the sea bed; reflection
at the sea surface involves no amplitude loss but it does give a change in
polarity. The product of the three factors then gives F:-

2 coo y, coo 28, (&in 2y, sin 20, # 12 coos 29,)

+ 2 sin 2f, coo 26, (ia sin 
6 1 coo 26k - coo Yj sin 2Am) (Upward

F " refraction

(it p coo y, + co o 2, coon W t 2sin 2 0, - R to's 2) t seat bed)

* t pld si , p aIj i sn It coo 26, - coo 'y, sin 261)

.0 (Ieflection at
sea sutface)

221 Coo I coo 
28
, (Dowwrd refrac-

&in vO (it sin Sm * (sin 28, Coo I)/Ipi d ) tion at sea bed)

it coo 201 (cOo Y, * (coo 20, coo X)/ %%
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The calculated pP amplitude may be multiplied by a second factor
(corresponding to PPFCTI) to allow for loss of pP amplitude relative to that of P
due to any other cause - for example, as a result of energy partitioning of pP atother seismic discontinuities above the source.

Calculation of the normalised sP amplitude at the station requires
consideration of the mode conversion upon reflection at the free surface.
Equation (ES), using equation (E6), gives its amplitude and polarisation direction
in the X co-ordinate system. For calculation of the sP amplitude we are
concerned only with A. , the component of S amplitude in the vertical plane.
This is given by v

A = cos (E + E2),

where c, is the S polarisation direction measured relative to 1, and i 2b is the
angle between the vertic-I plane and A, measured perpendicular to the ray
direction x. Figure 12 shows the relevant geometry. Both _As and cl follow
directly from equation (Eg) as follows:-

IA I ¢ 12 I 1211...,E

A I = AIA + A. ,

El = tan _ ....

while E2 is calculated by expressing the direction of 6 = (0 1,0 2 ,6 3 ) in the co-
ordinate system with its 3 axis along the takeoff ray and its I axis in the upward
vertical plane (figure 12). This is obtained by applying a series of rotations to the
expression for F defined in the X co-ordinate system of figure 5(a). We obtain

ji IN(in A 0 -COS I 0 ion S -i / 0 0 \o

-I 0 oo n in n gn : co. ) Cc I m i l Co 08 gin . .(BI5)l - e 5 0 *in -/\ eg n n con 0Va o i \ -sin b cog -Co. 0

Substituting for IAsl, El and 62 in equation (E12) gives the required expression for
A- s

A = (A 2 + A ) cos ftan- ' (A /A ) + tan -  (; 2 / 1  .... (E16)-v -sO -s¢ -s -s
V 9 s~

Allowance for energy conversion from incident S to reflected P at the
free surface is expressed as the product (corresponding to SPFCT3) of two scalar
factors F, and F2 applied to the amplitude A - these being respectively an-S

expression analogous to that for pP, to allow for the partitioning of an incident
plane wave at the boundary as deduced from Zoppritz's equations, and an
additional correction (not required for pP) to convert to an incident spherical
wavefront. For the conversion of incident S to reflected P at a solid free surface
we obtain

F1 = 2R2, sin 4B._
2 sin 2Y, sin 2R, + R1(cos 48" + l) .... (EM
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The negative sign is necessary for compatibility with the definition of A shown

in figure 12. The equivalent factor for sP reflected at the sea bed is givenvby

21, sin 28, cos 2t, coo X
iln 2YI (sin 20, coo X 4 RJftpid sin 1) I,f coo 291 (cg 2 i co" K * I o _V)"

The geometry of figure 13 serves to show the origin of F2, which
allows for the discontinuous change in geometric spreading factor caused by the
change of the spherically expanding wavefront from S to P at the free surface.
This factor depends only upon angles and velocities at the source, and can be
expressed as

F2 - (R2 - sinC y)O9 .... (E19)

where R is the ratio of the P and S wave velocities in the source layer.

The sP amplitude must be multiplied by a further factor (corres-

ponding to SPFCT2) to allow for the relative excitation of P and S waves at the
source, which is given by the ratio of the premultipliers in equations (E2) and
(El). Here this ratio is set to 5.2, which is within 0.004 of its value for a Poisson
solid.

Finally, a factor to allow for loss of amplitude relative to P due to
any other cause (for example, as a result of energy partitioning at other

discontinuities above the source) can be applied to sP in the same way as for pP
discussed above; this factor corresponds to SPFCTI.
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APPENDIX F

METHOD OF SEARCHING UP tENTATION SPACE AND OF
STORING AND DISPLAYING RE. ULTS FOR A GIVEN PHASE PAIR

For a given phase pair at a given station the calculation described in
appendix E is repeated for each required search point in orientation space, and
for each point the calculated relative amplitude is tested against the acceptable
range, the result being stored and displayed as required. This procedure is now
described.

To establish appropriate angular bounds for the search in orientation
space we require knowledge of the symmetry properties of the P and S wave
double couple radiation patterns, shown in figures 4 and 5. In the X co-ordinate
system of figure 4(a) we have, for the P wave radiation pattern,

A Ap

for all integer m and n. This gives a two-fold degeneracy of orientations within
the region 0 < e < 1T, 0 < 4 211, which represents the full radiation pattern. In
addition, for a point source, interchange of fault plane and auxiliary plane
further douldes the degeneracy:-

A --A ... (F2)Ap A-- ~P =±e+flI

t=4b 4*=-0+(2n+)tn/z

Furthermore, the existence of alternate opposite polarity quadrants adds an
antisymmetric property to the radiation pattern, which is given by

A =-A =-A- ....Ap e---e ~P )+On P =' +I

$-4+ 1 =+(2n+I )r/2

The relations (F ) to (F3) are identical for the S wave radiation pattern.

The azimuth & of a station from the earthquake, and the corres-
ponding P wave takeoff angle at source, c1, (and possibly a different pP takeoff
angle y for a deep earthquake) are specified; these are defined in figure 6. For
each phase pair all orientations are systematically searched using an angle
increment d, within the following bounds:-

d $ 4 < ,

d g 6 w, (M)

d c r 2 7r,

these bounds representing the search limits when all orientation space is to be
included.

This choice of bounds takes advantage of the two-fold symmetry of
equation (F), so that it includes only one of the two degenerate orientations of
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the X2 X3 plane, thereby avoiding duplication of equivalent orientations. How-
ever, the additional two-fold degeneracy provided by interchange of fault and
auxiliary planes (equation (F2)) is not exploited, so that both the alternatives
appear as separate solutions within the bounds specified in relations (F4).

The vectorplot, illustrated in figure 7, was introduced in section 2.8
as a means of representing this three-dimensional "orientation space" in terms of

the three angles iP, 6 and o, within the limits defined by the relations (F).
Although the source orientation corresponding to any vector on the vectorplot
can be easily interpreted using figure 7, we may also wish to interpret angles
outside the bounds of relations (W4). This information is'required if a region of
acceptable orientations borders the edge of the region in slip angle or dip, and we
wish to know whereabouts on the edge of the region it "reappears" (perhaps in
order to specify bounds for a restricted region search as described in section
2.12).

Figure 14 shows a plot with the slip angle and dip extended beyond
the search limits defined in relations (F4). Any orientation whose angles lie
outside these limits can be translated into an identical orientation whose angles
lie within the limits, and which correspond to "principal values" of the angles.
Additional vectorplots similar to that of figure 7 are superimposed on figure 14
to show correspondence between orientations outside the search region, and the
equivalent orientations within it. From this it can be seen whereabouts a region
of orientations which reaches the edge of a vectorplot immediately reappears at
another part of its boundary.

Examination of figures 7 and 14 shows that the boundaries of the
search region as defined by relations (F4) do not rigorously fulfil the requirement
of covering the complete range of orientations. Along the boundaries of the
orientation space, a small number of orientations appear twice at the expense of
a small number of others, which do not appear at all. This can be seen by the
inexact fitting together of adjacent vectorplots in figure 14, and only arises
through the use of a finite search increment. In this connection we note the two
parts of the space where behaviour is anomalous. These are:-

(1) (IT, IT/2, ri ) for all T1 - vertical strike slip. Here the two
degenerate solutions included in the bounds do not involve inter-
change of nodal planes.

(2) (AI, IT, n) for all q) and n - horizontal slip. Here all solutions with
equal (4) + n) represent the same orientation in real space.

It must be emphasised that the size of the search increment d
imposes a fundamental limit on the accuracy of results, and the non-rigorous
behaviour described above is generally inside this limit. The bounds defined by
relations (F) are therefore used to keep the search limits simple for
computat ion.

At each search point in orientation space the normalised amplitudes
of the relevant two phases are calculated as described in appendix F, and their
ratio (with attention to polarities) is tested against the acceptable range(s) of
relative amplitudes corresponding to the input. The orientation is then accepted
or rejected, according to whether or not the calculated value lies within the
acceptable range(s) (section 2.7). The orientation is transformed, simply by an
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angular change in the strike, into the fixed co-ordinate system (4), 6, ) and then
displayed and printed as required if it has been accepted, or the value of the
corresponding element of the orientation array is reduced if it has been rejected
(see appendix G). Printing and plotting of the acceptable orientations is done as
the search progresses, while the orientation array stores a cumulative record of
orientations compatible or partially compatible with all completed phase pairs as
described in appendix G.

I4
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APPENDIX G

METHOD OF COMBINING RESULTS FROM A SERIES OF PHASE PAIRS

The method by which the program combines the results from a series
of phase pairs is now described.

The results from a series of phase pairs are combined by means of a
logical array F, called the orientation array, each of whose elements corresponds
to one orientation in the search mesh. (A given element of F will only correspond
to the same orientation in other data blocks if these data blocks search all
orientation space, or if they search identical restricted regions in orientation
space (section 2.12).) The orientation array contains the "status" of each
orientation and is updated during the processing of each new phase pair or input-
result, so that it always contains the combined result of all the phase pairs so far
processed. Note that any phase pairs which are contained in input-results are
included implicitly (section 2.13.3).

If the retention of partially acceptable orientations is not requested,
(using NVL) then we require to retain only those orientations which are
compatible with all the phase pairs so far processed. To achieve this, all
elements of the array are assigned a code which represents "acceptable" before
processing of the data block commences, and the element corresponding to any
orientation which is found to be unacceptable to a phase pair is reset to a code
corresponding to "unacceptable" if this has not already been done during the
processing of a previous phase pair. Thus, acceptable and unacceptable
orientations can be identified, and by accessing the array after each phase pair
or input-result card, we can obtain a listing or vectorplot of those orientations
which are compatible with all phase pairs so far processed. These are the
"cumulative acceptable orientations" described in section 2.8, and similar
accessing of the array after processing the last card yields the "orientations
compatible with all phase pairs". The cumulative fraction of compatible
orientations and the significance (see section 2.10) are always output after the
processing of each card, in the same way that these quantities are output for
each individual phase pair or input-result card.

When the variable NVL is used to facilitate printouts or vectorplots
of partially acceptable orientations, this information must 'e stored in the
orientation array. In order to save the extra computer storage that would be
needed for an integer orientation array, the logical (one byte per element) array
is retained, and different one-byte binary codes are used to identify the different
degrees of compatibility. Up to 35 different codes (given in the program listing)

are available, and we shall assume that these correspond to the integers I to 35.
In addition, the null code (equivalent to the logical .FALSE.) is used as explained
below. The maximum of 35 codes can be increased if additional codes are
required, by following the instructions of section D3 of appendix D.

Before processing begins, all elements of the orientation array are set
to the code corresponding to the integer NVL (which corresponds to the number
of vector lengths on vectorplots). Whenever an orientation is reached which is
incompatible with the phase pair being processed, the corresponding array
element value is decreased by 1. If it is already 1, it is set to .FALSE. This
represents the "threshold of compatibility" below which the number of phase
pairs that are incompatible with this orientation is no longer stored (or printed
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out or plotted). When an input-result is being processed, its orientation array also
contains the partially compatible orientations corresponding to the data block
from which it was derived. Each element in the current data block is compared
with the corresponding element in the input-result. This latter value is
subtracted from its original value of NVL, and the array element in the current
data block is reduced by this difference (setting the element to .FALSE. if its
value falls below 1). Elements which do not appear in the input-result are
reduced in the current data block by NVL. Thus, the array elements acquire the
same values as they would have acquired if the input-result card were replaced
by its constituent phase pair cards.

Referring back to the simple case where no partially acceptable
orientations are requested, we see that all array elements are then initially set
to 1, and reset to .FALSE. when an incompatible phase pair is reached.

The above method of storing partially acceptable orientations means
that a given code in an array element has a different meaning in data blocks with
different values of NVL, and this explains why any manipulations with input-
results must involve data blocks with the same value of NVL.

When a printout or vectorplot of cumulative acceptable orientations
is requested, only those elements whose value is NVL are listed or plotted, and
when a printout or vectorplot of cumulative partially acceptable orientations is
requested, all elements whose value is not .FALSE. are retrieved. Those elements
with value NVL are compatible with all phase pairs and have a full length vector.
Those elements with a lower value - say, n - correspond to (NVL - n) phase pairs
being unacceptable, and are plotted with correspondingly shorter length vectors -
the shortest vector being reserved for any array elements whose value is i. When
listing partially acceptable orientations, a separate search is conducted for each
value, so that separate listings are obtained of those orientations which are
incompatible with each number of phase pairs.

It may happen that the number of phase pairs in a data block is less
than NVL, in which case no orientation array elements will be set to .FALSE. In
this case the orientations incompatible with all the phase pairs are not listed, or
plotted, or included in the output, and allowance is made for this when re-reading
an input-result.
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APPENDIX H

LISTING OF RELATIVE AMPLITUDE PROGRAM WFALT)

FOCAL PECO-AKISS FAC,' P. LITTLEP-P A LITTLES-P RELATIVF APPLITUCES

*THF OCLLCWIKC IS A S00PAY Of THE PRCGRAP DESCRIPTICK ANC INPUT
*- FOrFULLF.ETAILS sf PEARCE, AminE REPCRT NO. 0 *1179 . HMSC
4 179). Erk EXAMPLES OF ITS AFPLICATICh SEE PEARCe, GECPmYS. 0

0 J. R. ASTrE. SOC. V(L. 50 PP 381 - 3%4 W1??) OR PicARCF, 0RH0
0 ThrSIS, UNIV Cc NFWCAE1LE-UPON-TVNE 41%1 71 OR PEARCE. GEOPHYS.

0 .J. P. 4ST'U. 5fl'. VCL. PP - f1qyqI.

DESCRIPTICh CF PACURAAP

THIS POAGAM SVS1EMATICALLY SEARCHES FOR THOSE FAULT PLANE
UFIr'TA'I2NS oI~tCH AP CJHPATIBLE Will, A SERIES OF PHASE PAIRS.

liNER! ONE. *PHASF PAIR- COMPRIScS THE ACCEPTABLE RANGES m
67TI?'E90 P A L!TTLFEP-P *OR* P A LITTLES-P *OR* LITTLEP-P £
LITILYS-P RFLA'IVE APLITUDES AT AN CeSERVING STArION. TH~E
R ACIATICN PATTIItN 'I FSCUL TING 9 ' 3 A C CUBSL C C uPL FORCE SYSTEM
ACTING 4T A P.JINT !S ASSUMED (SEE E.G. HCNDA, OCR. COSERVATIRY
pups. 15''). GIVEN THEF AZIMUTH, TA9FCFF ANCLE OF P. AND RANGES
OF ACCI.'TAdLE P A LIT'LEP-P (OR P A LITTME-PI AMPLITUCtS IN
ARtYITPARY uNI'S. WITH- THEIFR POLARITIES IF IDENTIFIABLE. ThE
PROGRAM SEAQCHES THE TH-REE OI

T M
ENSICNAL PARAUFTER SPACE DEFINED BY

SLIP ANGL' It. THE ;AULT PLANE (PSI), cIF OF FAUOLT PLANE IDkLTA)
ANC AZIMUTH- CF THE STAT ION FROM THE STRIKE (ETAI At TPE ORSIFEC
ANGLE INCRE:CNTP( NI, ANC STORES ACCEPTABaLE ORIENTIAT[INS IN THE
ARRAY F. ACCEPTAOBLE CRIENTATICNS ARE CCNIIENIENTLY )DISPLAYEC AS
*VECTOPFLCTS* CN GPAPH-IC OUTPUT USING SUeRCUTINE PLO'V Akr, IF

KEQUIRE... AWF PRINTF.C CUT. AFTER REPEATING THIS PACCECURF FCC
EACH PmASr PAIii. Tit.E FAULT PLANE CRIENTATICNS COMPATIBLE sIT$- ALL

PLOT -;RIr'4TATIfrNS MHICHt ARE COMPATIBLE aIT'. SOPS SUT NCT ALL OF
Thr PHASE rAIPS.

ALTHOk1;h1 T#E S-ARC,. NC.1MALLY COVES AL TH 1RIENTATI ON SFAC.E. A
RSTRICTT REAGION PF TH-E SPACE MAY S SECIFILO ENA LINGA

RESnLUTIC2 i1.r. rINC) Cr 1.3 CEO. TC BE ATTAINED WITH accepI~eLF
SPACL ANr TI4R R2.,UIERENTS. (THIS IS IN'ENOEV FIJP USE AFTER A .
PAELIMIIARY CArwS SE.CCCH- SAY %ITI- DINt - 5.0 OR 1lf.O C'G. - HAS
IOEN!IFIrrC A C"-FATIdLE RIGI ION CF CRIENTATICNS.I

ACCEPTAeL' S..U CE OPIEKTATIORS AND C71HER INFRkMATION PAY BE (UTIFLT
IN A S-Adnr)D, -AC1HI%E-RFAtTA81E ECRP, ANt) IF qFE.uIRED RE~qEAj IN A
slJssimuFN C*MPUTATIC% IN PLACE CF A FHA!E PAIR. THIS IS RE9ERREC
T' AS A. ItNPT-RESLLl%.

A SEPAPA~t P- AM, PLPV. IS AVAILABLE wi-ICH GENERATES FULLY
ANNn'ATrt' OCT EPLOTS IN A FLFXIBLE FCQ-AT. E.G. Ft)R PURLICATICN.

INPUT

CA0C I T ITL0 CARD

'cRYATIlOAP

TITI' 'ITLL 1F E60RTEGUAKE.
r(I.JMNS 65 T: dQ SHOULD BE LS.:C TC IDENTIFY THIS GATA4
01C(K IF, MCf. THAN ONECATA BICCA IS TO) BE Pv'CESSEf 1IN

JEPr To-E SAME EARTHCUAKE.

CApR , :CVT W! PARA4F"R5S RELATING TC 
T

HE FARTNCLAKE, AMC
----- PL CC r s I Nr EF I tNS .

NflP TCIAL NURR[. CF PHASE PAIR CARICS AND INPUT-RESULT :ARCS
INh THI$s IA T A UCK ( I C NUMBER p PHASE PA IRAS PL 6S NUMBER

UPF INFUT-R'5ULTS).

DINCIN ANGLE INCREPMENT FOR SEARCH IDEGREPS). THIS IS jET IN THE
PFh.'.AP Tr DINC, WHICH IS ADJUSTEC TO THE N4FACEST INTFGEP

L,-PuLTIptr CF 90, PROVICEC THEFRE IS SU9FICIENT STCRA6F
IN Yv- rrI9NTATIC% APR AT, F, WHICH IS NCRMALLY (FT TO
Pf'vI3E FCi A MINIMUN SEARCH- IPCRFMFNT OF -I DEG. WI-EN ALL
_mIkNTATIC% SFACF IS INCLUDED. IA FINER SEARCH INCREMENT
IS F'SIRLE FCR QCSTPICTEC REGICN SEARCHFS.) IF DINCIN
LCSS THNN CR FOUAL TO 0 CR GREATER THAN g0 rINC IS SET TO
-0 fl1,15 IS INTENDED FT)R TEST FLOPCScS N4LY AN- IS TW
COAPSC FOR I'IANIN;FUL RESULTS).
IN PgRztI1 cINCIN - 5 ORIDES ACEOUATE TP'ATM'NT (,F
TYPI,.L t)A'A, AUGC OINCIN - 10 IS APPROPRIATE PFCR A COARSE
SEAcrC. rC -j 1LLOWED BY A HIGHERF FFSCL.JTICN SEARCH- CVER
0'S'. ICTEC YEClIJNS 3- INTEREST. CIE.CIN - I CR IS SUIT-
APE 'Tra RESTQItTFrG kEGICN SEARCHES.

DEPTH t'eP'H IF EARTH-QUAKE (RN). LEAVE OLANK FOR AN INTRA-
rRUSTAL EAVTEG UAKE. ONLY LSED IF INDANG IS NCh2ER4'.

ANGF' -"OTU IATICK FACTCR FOR SYSTPPATICALLY ADJUSTING ALL THE
P TAKEnFF ANGL:S CALCULATED OR REFAC IN FOR EACH PHASE

OqIR EAC F AKEO~r AGLE Is RESET IC ARCSIN(WIP90
!'ILPAI.E THAT T4HE ADJLST'EN'OF A GLE .5is

.U'.VALCNT T: 
M
4ULTIDLYI%G TEtE SCLFCE LAY(R Vtt" (TV BY A

;A^"- ANC~f IF.JF THIS PkppCSE CNLY). 19 LEI -LANK IS
rT T' 1.G.



ANGPPF PERTU,.SATICN FACTOA FOR SYSTEMATICALLY ADJUSTING ALL THE
LITTLER-P TAKEOFF ANGLES, AS FOP ANGPF ABOVE. IF LEFT

BLANK S SETBLANKO

ROEC CPECLY OR ACHPHASE PAIR (SEE ALPHA CM CAAC(Sl

WITHIN THE FkA.UIGDPHFOTHSCRNDIT

EARTKUAKE IS ASSUMED TC BE INTRACRUSTAL. AND THE ANGLE
Is FURTHER CCRRECTED ACCORCING TO SNELLOS LAW USING
VPSFC, ANC ASMING A SUB-MOHO P WAVE VELOCITY OF 6.1
KM/S. FOR AN:SPHAS PAR bITH LIST LESS THAN 20 ORI~~~L GRAC HA 0 OR LEFT BLANK:NTHE P WAVE TAKECFF AKGLE
IS READ IN LING ALPHA EVEN IF BNANG IS MON-ZERO. THE
TAKrOFF ANGLE OF LITTLEP-P IS NEAC IN USING GAMMA ON
CARCISJ 3, CA IF THIS IS ZERC, IT IS SET TO THE VALUE CF
ALPHA. AFTER ALPHA AND GAMM0A H4AVE BOTH BEEN SET, EACH CAN
BACUST ED LSING ANGPF ANC ANGPPF RESPECTIVEL Y. THE

TAKEOFF ANCLE OFGL ITLES IIS ALWAYS CLAED FROM THE
U MMAPS CE ANDA VSSRCF

IPRNTI, IORNT2, IPPKT!, IPRNT4, IPRPHJ. SWITCHES FOR PRINTING THE
ORIFNTATICKS COMPATIBLE WITh EACH CARD (WHETHER PHASE
PAIR OR INPLT-RESULT), AND FOR PRINTING CUMULATIVE ACCEPT
-AeLF ORIENTATIONS ETC. IF SWITCH IS NON-ZFRO THE CCRPES
-PC NDING LISTfSh OF ORItMTATICONS ARE PRINTED. SUMMARIES
CF RESULTS APE ALWAVS PRITED.
NCTE THAT LISTS CF ORIENTATICNS, ESPECIALLY AS REQUESTED

BY IPRNTI, IVRNT2 AND IPRNT3, ARE LIKELY TO BE VERY LCNG.

IFANTJ A LIST AFTER EACH- CARO CF CRIENTATICNS CCMPATIBLE
WITH THAT POHASE PAIR OR INPUT-RESULT. FOR AN INPUT-RESULT
SERAFIATE LISTE SOC THOSE OP1IENTATIC NS INCOMPATIBLE WITH,
rm, OI. MOR E FhASE PAIRS AR PRINTED.

IFRNT2 A LIST AFTER EACH- CARD (CYHER THAN THE FIRST ANC
LAST) OF: -CLILLATIVE ACCEPTABLE CRIENTATIGNS'.

IFRNT 3  SEPARATE LISTS AFTER EACH CARD IOTHER THAN THE
CIDET ANDCLAWh OF $CUMULATIVE PARTIALLY ACCEPTABLE
C E'NTITICN51.

IFANT4. A LIST AFTER THE LAST CARD AS FOR IPRNT2,
CCKTAINING 'RPIENTATICNS CCMPATISLE WITH ALL PHASE
PAIRS'.

IPCNTI, SEPARATE LISTS AFTER THE LAST CARD AS FOP IPRNT3,
CENTAINING 'ORIENTAT!aNS PARTIALLY COMPATIBLE WITH ALL
PHASE PAIRS'..

IPLC't, IPLCT2, IPLET3, IPLCT4, IFLCT!. SWITCHES, ECLIVALENT TC
I~rklT1 TO IPrNT5, TI) CONIRCL PLCTS OF Cn4pATIBLS AMC
PARTIALLY CC'FATIRILE ORIENTATICNS. IF SWITCH IS NON-ZERO

T E C'IPRUSFCNCING VEC
T
ORPLCY(St Of ORIENTATIONS iNS

CENERATEC.

IfLCTI CNE NICTORPLCT AFTER EACH PHASE FAIR CR INPUT-
RC.SULT, SHEWINkG THF ORIENTATIGN! CCMPATIBLE WITH THAT

CR. FCR A PHASE PAIR, A FIXED LENGTH VECTOPPLOT IS
GENEAT, F U FORAN NPLT-RESLLT ACVARIABLE LENGTH-
V9CTCrPLOT IS GENERATED TO SHOw THE CCMPATIeLE AND

PARTIALLY CCEMPATIBLE ORIENTATIONS OF THIS INPUT-RESULT.

IFLOT2 ('NE FIXED LENGTH VEC7CRFLCT AFTER EACH CARO

(CTH-Ef THAN THE FIRST ANC LASTS SHO*OING 'CUMULATIVE
ACC2PTABLE CRIENTATIONSO.

IFLCT3 CNE VARIABIT LENGTH VECTORPLOT AFTER EACH CARC
ICTIHER THAN THE FIRST AND0 LASTS SHOWING 'CUMOULATIVE
PARTIALLY ACCEPTABLE ORIENTATIONS*.

IFLCT4. cNr FIXED LENGTH vECTCRFLCT AFTER THE LAST CARD,
SH-OWING 'ORIFNTATIONS CCMPA71BLE WITH ALL PHASE PAIRS-.

IFLCT4 CNE 'ARIABLE LENGTH VECTORPLOT AFTER TH4E LAST

CARC, SHOWING 'ORIENTATIONS PARTIALLY COMPATIBLE WITH
ALL PHASE FAIRS'.

I('EV3 INDICATCR FCR CONTROLLING OLTPUT ONTO THIRD CUTPUT DEVICE
IHICH IS CEFINED BY '4OEV31. LEAVE BLANK FCR NO CUTPUT.
IF SET TO 1. AN ANNOTATED SUMMARY OF INPUT AND RESULTS
FOA EACI, PO-ASE (INCLUDING THSE IN ANY ENPUT-RESULTS)
IS PRflVIDEC. IF SFT TO 2. THIS IS FCLLOWEn BY THE STATUS
CF 

T
HEL ORIENTATION ARRAY AFTER CCMFLETICN OF THE LAST

CARO, AS ArGLIRED FO3R USr AS AN INPUT-RESULT.

NVL NUPPBFP OF VE.10R LENGTHS FCR VARIABLE LENGTH VECTr'RPLOTS.
TH-IS C0RPlSFChDS TO THE MAXIMUM NUMBER OF PHASE PAIRS
WH-ICH MUST Of INCOMPATIBLE WITH AN ORIENTATION BEFORE THF

DEGREE CF INCCMPATIBILITY IS NC LCN6ER STORED INo THE
IPIFN'ATICN ARRAY OR DISPLAYED CN THE PLOT. IF LEFT BLANK
00 NEGATIVE IT IS SET TO 1. THE MAXIMUM POSSIBLE VALUE
OF AVL IS (s'ERFNFO By THE DIPEhStCN Or VR AND IS SFT

TC 35. IF GREATER 71HAN 3 It IS SET TC 35.

NDEV3 NUMBER OF 'H-IRD OUTPUT DEVICE INYC WHICH WILL SF WRITTEN
RESULTS ACCRDING TO IDEV3. IF LEFT BLANK IS SET TO Y
WHICH IS *4r'PALLY EQUJIVALENT TO PUNCHEDO CARDS.



[SEA IF LEFT BLAkO, EARTHQUAKE IS SENEATH LAND. ANY NOII-JEC
PuNCH IND5CATES THAT THE EARTHQUAKF IS BENwEATH SEA.

VPSURF P WAVE VELOCITY CF THE SURFACE LAYER IDISCCUNTING ANY SEA
LAYENI INN/SI. IF LESS THAI, ON EQUAL TO 0.0 IS SIT 10 4.0

OSUar DENSITY OF T"E SURFACE LAYER (OISCOUNIING ANY SEA LAVER)
1GM/CC I. IF LESS THAN OR EQUAL T0 0.0 IS SET TO 2.3.

*VPSRCE P .AVV VFLOCITY OF THE SOURCE LAVER (KMI/St. IF LESS TOe&k
OR LQVAL TC 0 IS SET TO 6.1.

VSSURF 5 WAVE VELCCITY OF THE SURFACE LAYER IKM/SI. IF LESS THAN
CA EQUAL TO 0.0) IS SET TO VPSURF/SQRtT(31.

VSSRCE S WAVE VFLOCIlY CF THE SCUNCE LAYER IKM/SI. If LESS TH-AN
06A rQUAL IC 0.0 IS SET TO YPSRCE/SQRTE3#.

PPFCTF *ULTIPLICATIEN FACTOR FCR ALL PPFCTI VALUES (SEE UNDEP
EFOFTI IN CARCISI 3:. IFLEFT BLN mZR SSSETUTO 1.0

sprCPr MLILIC C FCTO CR ALL SPFT ALUES.4 SEE E
SPFC71 !N CARCIS) 31. IF LEFT BLANK OR ZERO IS SET TO 1.0

I6C'3 IF NON-iEQC, ALL SURFACE REFLECTICN COEFFICIENTS (if
FrFFCTI &NO SPACT3) WILL BE SET TO #1.0 INSTFAD CF BEIhG
CALCULATED 1% 74E PROGRAM.

REGION If LEFT eLANS, SEARCH WILL INCLLDE ALL ORIENTATION SPACE.
AKY NON-PLANK PUNCH INDICATES TH-AT A RESTRICYFo REGION
]F SEARCH' IN ORIENT7TICN SPACE IS REQUESTED -DETAILS ARE
IYFN CN CARD ZA

CARC ZA :ARC Lt:FINING L1IMITS Of RESTRICTED REGION OF SEARCH IN
-----IIENTATIN% SPACE. (THIS CARD OMY TO BE INCLUDED IF

aFGI0t. IN CANC 2 NOT LEFT OLANKS.

FEAPAT 3(Fe.A,dXF6.AS

P511 SPALLESr VALLE OF SLIP AAGLE IC SE ENCLUO)EC IN SEARCPES

(CEGOFCS j.

PStH LARCES' vAL4E OF SLIP ANGLE TO SE INCLUDEC IN SEARCIHES
(CrGREES S.

DELTAI SPALLES' VALUE OF DIP TO OE IhCLUCEC IN SEARCHESI (cFaRfFS)S

DELTAN LARCEST VALUE CF DIP TO BE INCLLOEC IN SEARCHES
(CECOFFSI.

S'I.IKI SMALLEST VALUE OF STRIKE TO SE INCLUDED IN SEARCH4ES
(CEGREFS).

51R 1KM LASGEST VALUE CF STRIKE TO SE INCLUDED IN SEAPCI-ES

PS11, OtLTAL APID STRIKI ARE CORRECTED DOWNWARDS. ANC
PSIN, OELTAN AND STRIKN ARE CORRECTED UPWARDS, TC THE
NEAREST SFARCI- INCREMENT IN CRIENTATICh SPACE. IF PSIL,
7EL'Al 1R STRIKE IS LESS THAN DINC IT is Sr1 TO DImC. If
P516. CR DELIAN IS GREATER THAN 180.0 It IS SET Ta ISO. IF

STFIxN IS GREArER THAN ?60.0 IT IS SET TO 350.0. A
REQUIFFC SEARCH REGION WHOSE STRIKE SPANS NCRTH MUST Of
DIVIDI'D INTO TM] SEARCHES, CluE bITH STRIKE UP TO AMC

INC L UDING 3e0.0 AND TH4E ClefS WITH STRIKE BEGINNING AT

OINC. FC& A RESTRICTED REGION SEARCH THE CHOICE CF D016..
4tD OF THE SE ARCH SOUNDS, MUST ef SUCH THAT THEF NUMSER CF
SEARCH INCREMENTS **IN EACH4 ANGLE SEPARATELY*$ COES NOCT
'XCEEC THF N4UPSER CORRESPGNCING T O INC.0 FCR A SEARCH
CRvER ALL SPACE, WH-ICH HAS SLIP ANGLE BETWEEN DING AND
180.0. ')IP BETWjEEN DINC &ND 180.0 AND STRIKC cTWEFN
DINO AND 3e0.C. THIS GIVES A MAXIMUM NUMBER OF SIFARCH
INCREMENTS OF 38 IN SLIP ANGLE AND DIP, AND 72 IN STRIKE.
IF Tmrse CCNCITIONS ARE NET MET THE REGION rF SEARCH WILL
9E qErUCEC AS RE.JUIRCO.

CAPCIS 1 HOP CARDS - ONECDR~ EACH PHASE PAIR OR INPUT-RESULT.
-------------------------------- CARDS CAN BE PLACED IN ANY ORDER. IF THF CARD RELATES TO

AN INPUT-RESULT. It MUST BE LEFT BLANK EXCEPT FOR NCEV.
TI-F NUMBER OF TIE DEVICE FROM WHICH TPE INPUT-RESULT IS
T: BE 91EAD. WH-ICH IS RIGHT-JUSTIFIED IN COLUMNS 79 AMC

80. 1; DEVICE q INORMALLV THE CARD READER) IS USED TO
RIAC THE INPLT-RESULT, TH-EN THE6 CBRRESPONOING CARD CECK
MUST BE PLACEC IMM*DIATELY AFTER THIS INPUT-RESULT CAFC.
I' TI4F CAFEr RELATES TO A NEW PHAS! PAIR, IT CONTAINS ITS
DTAIlt AS FOLLOWS.

FCPA A,50J512AI2A.l242A

STANAM STATIChNMAPE CODE A40 SEISMCGRAFH TYPE If REQUIRED, EEC
*C5

1 1 
SPI ' OP *wOL.LP . THIS IS USED ONLY AS A TITLE,

LI ST NCIB LEFT BLAN;.

AZI AZIMUTH OF STATION FROM EARTHQUAKE IN DEGREES IMEASURED
POSITIVE CLCCKWISE FROM4 NORTH1. THIS IS CONVERTED TO ITS
PRINCIPAL VALUE IBETWEFN 0.0 ANC 360.01 AND APPRCKIMATEC
TC THE NEARESI VALUE OF STRIKE IN THE SEARCH NESH,.

DIST EI(CZNTRAL CISTANCE FROM FANT14CLARF TO STATION 101FOREES).
TNLy USEED If INDANG IS NON-1ERC, TO CALCULATE P ANO
LITITLc-P TAKCEOFF ANGLES FP(CM ?MOLES STOREC WITI-IN THE



PP 0GR AM.

ALPHA TAKEOFF ANGLE J)F P FROM CCWNWARC VERTICAL AT THE SOURCE
ICEGPEES). THIS IS ONLY RFAC IN IF INdDANG-O. (THIS VALUE
(UNLIKE All) IS NOT APPRCXIMATEC TO A SEARCH MESH4 PCIhT.1
TH-E P WAVE TAKEOFF ANGLES FCR ALL PHASE PAIRS CAN THEN OF

SYSTEMA
T

ICALLY ADJUSTED LSING A06GPF Ch CARO 2.

GAMMI TAKECFF ANGLE OF LI'TLEP-P FROM UPWARD VERTICAL AT THE
SCIIRCF (CEREESI. IF LEFT OLANK IS SET TO THE VALUE OF
ALPHA ( BEFORE ANY ADJUSTMEkT USING ANGPF1. THIS IS NORM4AL
FCR SHALLOW IARTHQUAKES. TH4E LITTLEP-0 TAKECFF ANGLES
FCP ALL PHASE PAIRS CAN TtEN SE SYSTEMATICALLY ADJUS TED
USING ANGPPF CN CAR1 2. NOTE THAT GAMMA REFERS TO TE
TAKEOFF ANGLE OF LITTLEP-P **IRRESPECTIVE OF WHICH PHASE
PAIR THIS CARD RELATFS TC**. THE LITTLES-P TAX&OFF ANGLE

(BETA) IS DP.RIVSO FROM TH-E FINAL VALUE OF G;AMMA WHEN

REQUlREL, LSIKG THE RATIO OF THE P AND S WAVE VELOCITIES
IA THE SOURCE LAYER fVPSRCEJVSSPCE).

SIGNP, PA21h. PAIIN, SIGNPP, PPA2IA, PPA1IN. IN THE FOLLCWING
PHASE I REPRESENTS P FOP A P & LITTLEP-P OR A P a
LITTLES-P PHASE PAIR,. PASE 2 RTEPRESENTSA LITTLE-P FRA
LITTLLS-P PH-ASE PAIl, PAE2RPET LITTLEP-P FOR A-

P A LITTLEP-P PHASE PAIR ANC LITTLES-P FOR A P A
LITTLES-P CA A LITTLF.P-P A LITTLES-P PHSASE PAIR.I (~~LITTL' P-P INCLUDES ITS SEA BDA'S A RACE ANALOGUES
AND LItTLES-P INCLUDFS ITS SA ED ANALOGUE).

SIGNP POLA pITY OF PHASE I AS *C:SERVFOs ONCSEISMCGRAN.
+ POSITIVE IIE UP) AND - - NEGATIV fI 1 CWNI. ANYP

CEH.ER PUNCH- CA BLANK COFRESFCNOS TO UNCERTAIN OR UhKNCWN
PILARITY ANC SO BOTH POLARITIES ARE INC LUDED.

PA2IN, PAIIN. LCWER AND UPPER OCuNOS RESPECTIVELY CN
7FE POSSIBLE AMPLITUDE OF~ PPASE I AS OBSERVF) ON THE

SFISMCGRAM, MEASURED IN ARBITRARY UNITS. APPLITUDES ARE
SPECIFIED BY FOSITIVF VALUES, TH-E POLARITY BEINGj CENTROLLE. BY SIGNP.

SIGNEP,' PPAi1K PPAIIN. CSAME FCRK PHASEH2.

NCTE THAT IF THE AMPLITUDE RAGE FEITHER PHASE HAS

ZERO WIDTH, CA IF THE APPLITUDE RANGES OF *POTHO PHASES
INCLUDE ZERC, THE PHASE PAIR IS DELETED BY THE PROGRAM.
(THF INCLLSICN OF ZERn IA BETH AMPLITUDE RANGES PERMITS
ALL PCISIBLF RELATIVE AMFLITUDES, SO THAT ALL SOURCE
JAIP.,TATICNS W-OULD IE COPPA71OLF).

pPFFCTI OULTIFLICATICN FACTOR APPLIED TC CALCULATED LITtLEP-0
AMPLITUCtS (IF THIS PHASE PAIR INCLUDES A LITTLEP-P
TYPE PHASE) TC REPRESENT ANY LCIS OF LITTLEP-P APPLITUDE
"uRING pqcPAcArIoN WITH RESPECT EC THAT OF P. OTHFR TH-AN
AT THE SEA 8FC, SEA SURFACE OR FREE SURFACE IWHCSE
CEFRACTICN AND REFLECTICN CCEFFICIENTS ARE NORMALLY
ALLCMDO FOR IN THE PROGRAM). IF LEFT BLANK IS SET TC 1.0.

SPFC 1 NULTIPLICATICK FACTOR AFPLIED TC CALCULATED LITTLES-P
ANpLI'UC (IF THIS PHASE PAID INCLUDES A LITTLES-P TYPE
PH-ASEI 7C ArPESENT ANY LOSS OF AMPLITUDE RELATIVF TO
To-AT CF P, FC9 THE SANE PURPOSE AS 

0
PFCTE ABO(VE. IF LEFT

PLANK 1S SET TJ 1.C.
NCTE THAT PFFCTI 0R SPECTI FOR ALL PHASE PAIRS MAY BE

SCALI!O SYSTEMATICALLY BY THE USE OF PPFCTF ANr SPFCIF Cit

CORD 2.

PHASBS C O To IGFNIIFY THT TYPE CF PHASE PAIR TO WHICH THIS
CARO FELATES. PUNCH IPR' FCA A P A LITTLEP-P PHASE FAIR,
SP' -oR, A P & LITTLFS-P PH-ASE PAIR, 1*4 FCA A LITTLEP

A LITTLES-P PHASE PAIR. IF THE EARTHQUAKE IS BENEATH THE
SEA (ISEA NEN-lEPO) 'HEN REFLECTION AT THE SEA BED IS
&SSUML.D IOR THE ABOVE CASES. WHERE LITTLEP-P REFLECTED
FOCI, THE SEA SURFACO IS LSEC, PLNCH 'PEO FOR A P A LJIT-
LEP-PISSFI P-ASE PAIR nq -*E' FOR A LtTTLER-P(SSFI A
LIITLES-P PHASE PAIR. ANY CTHER PUNCH CR BLANK IS ASSUMED
TO BI A P A LITTLER-P PHASE PAIR.

FURTHER CPMPLFTE DATA BLOCKS MAY FCLLCW.

FOP fiIOPmAL TERMINATICN CA 'H' PROGRAM THE LAST DATA BLOCK MUST PE

POLLOWFC BY (Nr BLAAK CARD.

ODOUPLE E8ECISIQ-N SINTAe(3A0,,COSTA8(3601,TITLE(1ODTITLFI(5I,
l')9O&.PIiOINC.PPFCTF,CPINCALI,ALPHA,P£I,PA2,PPAI,PPA2,
2A1 ,PAQ,EATMXI,AATMNI,SINAL,rCISAL,RATI.RAT2,RAT3,RATAQSMALL,
3SMRALLSPSD,SPCn,CRSC,CPCO,SESA,CESA,PSIN,DELTAA,OINC IN,
16 PtI. P12, P21, P2223, P3sI P3l3,Pl,P2,I3,PPI,PP2,PP3,AP,APP,
SARAT,STARS(l2,,ULIPItIIOhFTRUE,S.FNCCMB,P:NTRur,STATCN,STANAM,
6HOL1,HCL?,I-OL4.HCLL,ANCIS,PCSTIV,NEGIIVBLANKA,MOLA,HO0LR,
VPAIL N, P421 A, PAIIN, F821'4,RATMX2 ,RATMM2., PFC TI,SPFCTF ,UL lNES(ICI

RF.AL*. HCL2,H-CL5.CR ,eLANK4,PLUS,MIINLS

ODVUBLt PRECISIVN BETASINbECOSBEPLIIPPtPLITSP.SPFCTI,SPFCT2,
ISPFCT3,SPFCTOIT3,SPAtSPA2,BPTAI,
2511yP51,rCSPSISASP,SACPCASP,CACR.SBSP,SBCPCSP,CBCP
3SINOFL,COSDOELCACDSASC ,SASPCD,SACPCC .CASPSDCACRSD,SBSD,SBCDq
4CRSD,tCACO,SBSPCO, SBCPSC.SBER(O,CBSPSDCBCPSCCBCPCE,
55! NFEA,CP7SErA,SPMOI .'M2,SPN*3,EHITAP'I.,SINPHI ,COSPHI ,ASPTHF.

S9



, ASPPHI. SESI. SECIsCES ICEC I.SPANiGI. SPANGZ .ASP .SespscO cAspco.5ST.
lCiST,S INTHE .LPPLSP,PFCT

ODOUSLE PArC ISION PPFC T? 2~A14"AGA'MA , SINCACOSGA.FPLI.PPlI .*Uii.

LPPL2, PIZ23.PP32 3,SESCCESG,VSEANPSUSU ,VPSPtCIVUAII.vfiT82,CSIA,I 2DSuRF.PATI.PLPPE,LPPILS,PPFCT.PSI LCfLTAI.STPtkl.STNIKoi.
3PNCDN,St..v!SUI,VSSACERSUAFPSRCEPSUF.PSRCE,tSAS,FFAC11.eFAC?.
4FarAL,S~fAL .GEPTHDISI

*AEALSO TCAAnIS), TCARWDIIO).TITLED(I0).oINCO.PSUO,PSIN,CLID.
IDELTNO.STAKIDSTKr.CPPFCFDSPFCFO ,vPSAkF0,Su3F0,vPSSCD.vSSRF0,
2VSSPC'.DLPT-T t ASURF CPSURKFD,RSAtCE0.PSAC ED DU'$NV* I LEJ(1 .ANGPFC.
JAN PP FO

REALO CIEFI94).CCEF0I1),1ClEF02(17.CCFF03(?I.C0EF04t?),
ICII:kO5IT),COEFQA( ii.CCEFO7(1) ,COEFOII.CCEF09( ?iCOfFl104 1.
ZCOEFIL( 7I,COt:FI2( ?I.CCEF13( 7).COEF1AI?) ,DEP1I4)eVPO,OISTNN,DIsINX.

3ANGPr,ANGFPFDISTP .AI.A2

AEAL*8 VCATE,PCATE.RIIPE *

RFAL* PO.ASES.PPSP.S1PSTftP,STAE.FIf,V'LP(36) .REGICN.TIILEF(AI

OIPENSIC4 llI(09-10,.IOKKK4IOI

.4UVALENCE (TITLEI3(13 STATOWI .ITITLEI(Z).STANAN)
E(jU1VAL(NCr ITITLfJ I TL eF(I

0EiQUIVALLNCE ISGt.PP,fSGN4SPE,(SI.NPPSIGNSP),

IIPPA.SI.4PA.P3(NODEPP,WOE SP I

LOGA:ll:IPZSAFICALsIF -16069721 , .FV449 1

EQUIVALINCE (FIFI4d, IVLII,VVft(I))

OIPIENSICNt KTRUES13SI

ItAL&& TPS;LNITSEKCifNOO.AEGNO
r-AL*& CICIT I),ToITLt-1 5, ,

L')GICALIl %OSWL(4 3 TEIKSL.U.NITSL,fLAAW1

DIPFNSTCN 1110(5) . .j(5).KKKD(5I.IVLN.CE5) ,VLNSbI

EQUIVALENCE IPIASES.CEVLtiI).(TENS,'ENSL).(LhNITS.uNITSLI

0EUUIVALEkCE (COEfit. II.C0EFOIIIII.(CCEfI. 2loCCEFO2(i).
I (CCF'FII, 2).COfF031I)),ICCEFlt, 4J.COEFO4(I)Il
z (COEFtE, !lhCOEFO54IJI,(CCCF(I. 61,COEFOAU3I0.
3 ICOEF(II ?1hCOEFOII)).(CCFFfI, S),COEFOefIil,

5 (CI3E (1.i1I .CCEFIII).4CCEFII.12).COREFI211)).
6 (COEFI I,11,,COEF13(I)I,ECCEr(I,14I *COEfII,(lI

D10Ft.SICN G&GUIREOFKIS

SINTA813601.CCSTAO(360),FU.CN*NioteDt2.N0op.AI.
WHERE NCIP - 4AK(C'6;C/ZIfi I.E. %DIP IS THE pAxImUP' prSSI.3LE
NUMBER OF INCREPOk.IS IN. 90.0 DEGREE EAND EXCLUSIVE CF L(IbEl LIMIT.
wHEN A AESTr0CTft SEARCH REGION IS REQUFSTFC, THE CIPEP.S10.S OF F
FIX YHE PAXIMU4 NtJMflFq OF SEARCH INCOEPEP.TS IN iACH CIwEP.SIC#6
ISLIP ANGIF, CIP AND STRIKE RESPECTIVELY).

VVI(NIMV,4I.VVLR(NDIMVI,NTRIUES(NOlPV-13. afEFE hJEPV IS
KAXIMU- VALUF CF %VL, FLUS ONE

DATA PO"/ Id/,SMALL/1.4tO-14/,QSWALL/-I.OC-14/,NDII-V/361
DATA STAT'N/8eSTATICh I

ODAYASaO/2IH.'**,LN/0S.---/
LULIF4!S/IC*( ........
DDATA ANDIS/P. AND is /.OTVSPSTV/.ETVihGTV/
11FP/4" 00 /i, ANV.E/4H /,GLA%94IAI. 1,1LANW.I/tH
DATA PLLS/4.H. /,4INLS/4H-/

DA'A PP/AHIP /,SP/4m5$ /,STPSTRi4e-s* /.PE/4HPE I,STREI*4.f

00*1* PLITIP/ 14060C7fLE 707*040/tPLITSPI 140AOO?bBA2D?4O0/.~
ILPPLSP/ J404097C?6PA2C?4O/,PLPPF/ jC74bBq?O1&2A2q640/,
ZLPPgLS/ MsCIAzA2ef6eA207/

SU-RAFY JF PPA!C'CES

PHASE PALO P a P A LITP-P P a LITP-P
LITP-P LITS-P (SEA BED LITP-P (SEA SUN3-
(SEA APO if UkDt* (SEA SkjR- FACE IF
it UNDER SEA) A FACF 10 UNDERSEAJ
SEA) tITS-P UNOERSrAI a .IfS-P

INPUT I-CLL9tv"
T  

pp S9 SIRSIR Pe STIt
PLCTI'Ji~ I(CLLEPtrp FL.ItPP P9ISP LPOLSP PLPPE LPPFLS

VALJF :F I%CP 1 4 E 5

DATA FIAI'.M f
QOATA VVLAI 1"4)0444G.031 4042 .4#-3 94H4 0A4s 9,"6
14H ? 94 HS ,&ll ,#*& 14HOf ,AHC 04"0 04"f 4"r
24MG ,4#-H :&HI ::I' J ,AHK 'L *IpP ,H. *C ,

3#,HP ,.."Q ,HR ,45 AHT ,4HU :414 4MIN ,4141
AAy .t. I

OOA'A n'CtT/4h0 ,A.hI 42 9400 941-4 *AHs .4"6
14"7 ,.4"4 .4H9 /0



UOA A ITLE 1 4H P 'A+4 '.N 4 M LIT.44P-P
4240p LI,AmP .4m 9414 LIT@414S-P

34m P 04- ,4HLITP.44-6S,44SFJ
4 41- LIT,'4P-Pf .4SSFI,414 LIT,404S-P/
DATA TCARO/di-FALT - SteNTANCARD 90MCLYPII

c D T TTLcF/414INPU,4I-T-R(...MSULT,41-,CEV.4141CE @414

PATA COFFORI 114.333400741. -114.634050709. 2133.255615952*
1 -3O'1.3?23?9017, 224a.892553647t -941.049765704# 194.1056S4022/

trATA COFF02/ e3.175496190, -!6?.e6?1139I7v 1581.0976676?1.
1 -2263.242954442, 17ql.680028642* -718.81484848S, 163.?23115 7 79 /

DATA COEFO/ !7.769406806, -400.270320049, L134.612169994@
1 -1670.70c413385' 1!2!.8997954999 -sts.1107Ces08, 139.018304124l

DATA COEF04 / 5!.159O96744, -343.057462708, 1016.470230156,
1 -1'860.dBSCS756t. 111'.69405-5367, -4S6.47182886 129.696103304/

CATA C('SF05/ '.f.71713769s: -321:147746728, 90 7:156935364.
I -1334.!73ge1786, L06 6 782464 S3, 44 08119755 7: 126.097047911/

nATA COEFOb/ !1.992933403: 3O02?71 967.2858-J3113/9
I -3Q11836257. CSC.959 9221 8 441.552579773. 1272 0 6663S/
DATA CCEPrO?/ lt.775055138, -376.1594123S7, 1031.0791202739

I-141,9.q'54fl384, 112T.73334988, -466.998315637, 128.8?4?07618/
-)ATA COEFOb/ el.575423940, -447.552257854, L2t08.15165031949

I -1677.t55234801, I2!r5.56!2758I0v -50S.Se0094o53, 134.4080C7722/
DATA COEFO9/ 8E.3434909, -515.054639974. 150971874105,

1 -2170.35t51197" 161!:465700657. -036.8!34 983. 158.9862#-0926/
nATA COEFLOI 55!.26792?171, -625.541669240, 1662.628116165,

1 -221.9 dc96E25015. 16'6J.2X350018, -6!i.S!99132?T, t64.4545158251
DATA -CEFLI/ 7: 1.09103 -4.5972, 1304:301o0OSIO

1-L766 524852 128 .46.JQ7695. -1 3.I 154 1 80a 51405402
VATA CoFC12 6 4 1328883, -411 60135453, 1155.795647821,

I -1549.q11'6e613, 1118.742122191, -448.770012873, 143.235113081/
DATA CCEF13/ El.639913983. -429.068555158. 109.133623800.

1 -1'L35.'C'571'1. 1CC7.9813R$099, -400.72tll73?41 138.849557063/
nATA CCEF14/ 45.0L15U406669 -31$.Qe2%60?Z0, 839.868132317,

1 -1140.E23!929!2, t4'0.107839S31. -3t0.672478252, 138.619892851/

OOA1'A O.P/ 0.J , 2!.Di2. 56.38,155.76,223.14.28t.52,349.90.
I 41'. 2b,476.6,540.04,603.42 ,a66.80,730.18,793.56/

DATA VP0/8.1Cfl/,OISTh~./20.DO/ .01 STPA/100.00/.o40EG/6/J CD.MUN /LI7CAV/ VLATE
CCPMnN/P/PlI

DPi .AAN.0145.t0
OP! AA.I.0/'.5.CO

090-190
Ti TI III 1-UL !N741I
TI'L. ( 5J-LLINFI 13
SPFCT2-.2CO

RC.CT3-DSCD ( 3.r0)

Os I .C0
k4f 1C.zLA1K4

I tN2.3
FFACT1.16 c0*ctllo*CqCicpt1

TEI.S-BLANK4

U10 SL.LANKI

UN SL.e A1 61I ND'EVLI1I)-LAIKl

CALL DAT 11(BCAT ,QT I"E)
C
1: ..... CC FOR EACH EAPT14CLAXF CATA 6LCCf( .....
c

1111 RfAC.fI) TITLE

100 w9IF.4( S%,FS.0,B5.1.2F4.2,STA101.1,t !.1P 12,SS.2,P4.2,1.A

196h FDCvL.1i M wRI'ESM IVNP.E ~ LTAEPC P A ITER PLlvPPK
35 'UE OF.P AT A SI6 RW -CF LPATIQN *4,1214 i-ATF OFN AU.4,4 AS/ 4/

C PP2 rTIO!PR4 FIPP FCIIL.yFGTPO4ILT#C

trEiNCIN.LFE.0.f021 4CI.T9.0 CC T 10

OINC.09
DC~~C 8C 1.,00



'I IPIS4fC(IQO,I).NE.O1 GC TOa
IFPASCCtcI.-ODIC/CLCaTttja.GT.CAeSIc~cCINltc,, GC TC 0
OINC:P9O/OFLOAVEIII
%1#4c 1

C

N'&l.NINC
NS4KN

NPABC-INCIOP.IFAC
C CO

P~j-CFL 3*T(KPl*CINC
ON..I'FL.JAT(ftC) CINC
S-4'OPLC STM(PSISC INC

C
PSI 1*OIP.c
OF LTA= I-INC
SYS IKI.C INC

C SYR IKtI.SN

IFfPPPCTF.kQ.0.nC3 FPCTF=I.D)o
IFESPFCTF*~.i.eC3G SPFCVC.1.3O
IF IVPS.JAP.LF.O0I O) PLRF-4.9O
IFIVPS&CF.LE:0COJ 0.SAS-8.i0O
VPA'IV;EAIVPSUPr

IFIVSSU cT.LE .0.003 %SSLQF.VPSRE/CC13

RSS. S LOFPSUR F

OPSJgt-iVPSLRr.VP:U::'4.OO.VSSIA::bVS5LP:II2.O0IVSU,::vPSU~:I

JVSRCF=PS-tVSSRC

IFINVL -;T.P.1MV-1 I h'a.N0IMV-1
I F 4NVL.LE.O) NVL-I

IrICFP( IfLT~.CT.CEI.I GFTHO TC 1

31COtN TINuF
IOEP-14

32 ICEPMI=ICFP-I

IPFAC4%.,.I PSII.PSIN,rCLTAL.J)FLTAP.,SIRIKISTQIKk

c F0LMATI 3(FP.4,-lX.Ff.411

IPIPSit.LF.PSIP.) 6- IC 5
PAI..PSI I
PSI I.D;:N

5 F DELTA1.f.OrLTANJ CC TO 6
PA4;.OELTAI

DELIPI1.T.NPSI ~P
6 IF~PILI .G?.ON)K~ CC TIC I

IPST IK1.'. bSTIP.

7IFIPSII4.L!.0INC I PC!N.CINC
IFIDFLIAN.LT.CINCI CELTIN.ONC
IFISA IKP.LT.dINC) STAIKN.OINC
IPE PSIN.GT S.I PS IIN.P
IPI'FL'&N.G1.ZDN 0FLThP..ON

IPI.S[I.G.N S1/ININC

IOISI*4'.s I/INC) I-II
KIIFSPIN- .IC SIINDN

ISIN.CTC PSI-If

IIPI I-cs INCsr N

IPN.P- II

IC.- I (%
tSN4Sh If-Stl I9.I/L INC

P40.4P- : 1-1 .



PSL.DFLCAI i PtiIrINc
OILTAI:DFLCAT( ICI I * IC
i"AIV1CFLCAT I Psl KIC

0 StP4.IFL C AM PN J* lIkC
'-LTAN.OFLCAT( ICN)* INC

C

IFfREGZCN.Pk.8LAKg.AI CC TO 11

It OWfF'I1I NP~rINCIN,OINCNINC.FSI1.PSIN.OIN-COELAIDELTAN.
I DINC.STRIKI.ST',I.N.t INC

12 OF3P'"AT(/
120 .'HNU~Ek OF Pl-A~f PAIR/INPLT-RISLLT CARCS.4/
ZZ13KAOHANG.E INCREMENT FOP SARCP (AS INPUjT) .FI0.5,

4ZX4HNL INC..EMFKT FOR SZARC. (CCORFCT:IEC FO

7201, OHSLIP AN~ CCE5 FROMF6.1,3P TC.F6.1.11H IN4 INCPEPeNTS CF.
gF4.19aH DFG. /

92L'XZ0OIPrC C: FROP.F6.t,3h TC#Ft.iI7H IN IKCREPENTS CF,
AF6. .A Dam /
82OA.20HSTRICE GrTS FRCI,Fb.1,?#. TC,Ft.I.17H IN INCREOIENTS CF,
CFF,.1,SH DEC.. I

IF IRGCN.IiQ.dLANK4J boRI (CA.131
11 O;F IAW

IZOX,39HITI-FSE LIMI'S IKCLUIOB ALL GrIFN TAIICNSII

IF0 9HOICN.NFBLANKIT ESI.IN FSAC IN ORIENTATICN SPACE IS OF

32-)X.4qH4THE LI-IIS - Tt< EAC W K#OShNAFV)

Oh--!TF(a,1%I FPFCT ,.SIEC'F,BLANKI .IFFNTI,IPBNT2.IPRNT3,IPRNIA.

IIP-NT5, IPL:TI. !DLCT;* IFL1T3, IPLCT4,IPLCTSNVL,NOEV3. lOEV3
op") NP~A, /

120x,48NPPFCTr...SCALI%C FA,TCR FOR PPFCTI TO BE APPLIEC/

2CX:&8NTC ALL.LITTL P-P !PASES ,F7.2//
320 ~4 HSPCF ..SCAL! NC 'ACTOR FCP SFECTVI TO BE APPLIEC/
4ZO;:48HTO ALL LITTL --P PHASES .FZA/
520 .1 HIPRT1.2,3.-. *11.411H.0II1,
5w * YHPLl..3,*4* 11.AI It (/.

Cb

52(Q,'8HcO*P"IN &VC VELCCITY RI)SATIOE LAVER

31AA.50H* hAVE VrYYCITY 01 (SCRC LYFAC LAVER.
,jH KmISEC/

9I8X.S0HO S ..AAT VEL-.I'Y CF SCUPCE LAYER .F?.2,
A8H KM/SE/
9Z-)A,48HCOPsP;.NCi.G 0 TO S VELCCIIV RAT1IO..2
C2OK.48HCC'FrfP0NCING Pctssoc~as RATIO

17 OFOPMAT(/
1ZOXSHINDAKr; -. 12,29' - P AND LITTLEP-P IAXECFF ANGLES WILL/
220:.48NB: CAC INCACTLV FOR EACH PHASF PAIR (DEPTH /
320 4,H N CI5TANC~t WItL NJT BE LSED)I I

C

16 OFCkPAT(/
120X,SHIhDANG -0,I2.1lI - P TAKE"IFF ANGLES WILL BE CALCULATEZ;/
22UX,AUHFD~wM INTERN4AL TABLES USING DEPTH ANCD CISTANCE /
3ZOX,48HUNL'S ZISTANCE IS OUT OF MANGE
&ZOJ(.461-DEPTN Cc AAFTI-CLAKF /F6.1.
58H K" I

C
IF~tNANG.O.A.'H.E..O.D i RIMEE.191

19 OFO)APATI
IZOX,48BMDEPTH IS ZERI - UNLESS OISTA14CE IS CUT OF RANGE /
22OX.&OMP TAK

9
OIFF AN.GLES AT DEPTH - 33 KP ARE READ FRCW4 /

320X,48HTAPLFS AMC mILL BCD CORPECTEC FOR $OURCE LAYER /
4201.48HVELCCITY IVPSGQEI ASSUPING A SIJe-PMHO VELOCITY f
5iOX.ASI4CF E.1 Kgli/.w( I

C
IF(ISEA.EJ.O1 wRITff6.201

2%) OP'J'MAT(/
120X.48SCUACE IS NIT BENEATH THE SEA

IF(ISEA.N[.Ol o66ITFIt,211 VSEA.OSEA,CStPF
Z1 OFIOPMAT(/

120Xt46SCUQCE IS BENEATH THE SEA i
21X.50H* ASSUFDO P %AVE VELOCITY CF SEA LAYER ,P1O.5,
38H K4/SEC/
*IBSOII*H ASsw~re cENstiY OF SPA LAVE# 905
5AM4 GN/CC /
6taxMs,50 DENSITY C ISCLICI SURFACE LAVE$ "..
76m GM@/CCI



C

22)F:ANGPF.PC.00G.ANC.AkGPPF-EQ.1.O00 WRIVI&,221
02 MFRATI/

12@X,54mT&KECFF ANGLES ARE NOT PERTURSEC tSIhG hACGP CA *NGP*

IF ANGPF.NE.I.CO.CR.AN-CPPF.NE.1.CCI bRtlyte.231 At4GPF,iAmGPPF
23 OFO:WAT(/

120R,46NALL F TAKECFF 00GLES AN0CC ALL LlILEP-0

ZZ0,4NTACCF AGS hILL ST PERTURSEC LSING ANGPF AND/
32 XZ2#MANG PVF SkPECTIVELY IANP

S20.4BH .P :TE TKEFFANGL VALUE INCLUDE THE f

f C I !T'.Nr.01WIE494J24 QOOMAT(/
120xt48H***WARNING.*' ALL SURFACE REFLECTIOt.
220::48tHcCEFFCIENTS IPPFCT3 AND SPFCI3J SET To o...
320K,4dmTl'7v "AV NSTE AC BE INCCRPORATEO INTO PPFCT1 ANC/
'6201.48HSPFCT1 IO PPFCTF AND SPFCTF IF REQUIRED I

2S WRITrU,2,,i2 O FORlOAT( f
11eX,5cH* USk, CNLV FCR CALCULATING EFERGENT ANGLUS A160D
22ox,'RNQEFLECTION A PTFRACTION CCEFFICIEN'S AT SEA BFD
3ZOX,&dHANOCllN cPEF SURFACF AS RECUIRED

C IFIIDEV3.LE.0) GO T 21

C
WP1Tr ItCEV3,ZbI NVL,CIAkC PSII#PSIN,CELTA1,CELTAN;S!RIKI $TO "N

2 FPMAT(33.'UmstPOF VECTOR LENGTS (NVLI ,I383N "1 ACH IANGLE
1INCRE~rNT WINCO F4-.5h DEG./L6MSLIF ANGLE FR0P *F4.0,414 TO
2F4.0,12h. CIP F16P *F4.0.o4H TO ,F4.OtL6i. STRIKE FOC" fP6.0.
34H TO .F4.0)

0FI'FtCEV?.--) NOPCINC,OEPTH.ANCPFINGPPF,INOANG.IPPNI,IP4NT2,
IIPP.N 3. IPRNT4, IPRNT5, IPLOT1,IPLOITZ .IPLOT3 .IPLCT4 ,IPLCTS,(CL V3,
ZNVL NDFVY3, 1ISt A. VPSU r C SURF tVPSRCE #lSSUPF VSSRCEPPFCTF ,SPFC IF
3ZFCT3,' "GicP.

OIFIRFGI LN.NE.BLANK4) ,PITF(NDPV3,4) PSII .PSINCELTAI,DELTAN,

WRITe INCEV?.271 NCCo-pA.Cpe
2? OFOPOAT """' r. F CRIMNTONS IN SEARCt .,16,35a4. 7CYAL %C. CF CRT'

INS. (.LL SPAZCI ..I i

28 00 30 11NPr
00 30 J=1,Ncq
00 30 i(.I,PSR
F(I,.JhVVL(I,NVLPII

30 C 0 NT IN UC

C ASSIGN SINC-LF PkECISICh VAPIABLES FCR PLCTv
C

SPINC-CIN
SCINC-CINC
55 INC -0I NC
SPSI1=pSlI
SUEL'I-ODLA.1A
SSTOK1-STQIK1
SPS IN-IS IN

SSTkKN-iTRlIKP.
C
C GENERATF SIN' ANC CCSIIPE TABLES

DPIC.INC'PI I
SINTAB I I-CSINIOPINC I
CoSTAB(1)-ZC9S(0PINC)
OC 40 !.2,%7AeLE
SINTARILIISINTAAII-11*COSTAb(IICCSTAII-l*SINTA(13
COSTABEII.COSTAB3(1-I1bC0STAE((1I-SINTABII-I3*SIKTAEIII

40 C 0N T 1NU L

C,
C ------ C FOR 9ACN PHASE PAIR CARC/INPUT-OFSULT Cage
C

On adO I!P-I,NCP
OPFAMS0,1) S'aNAP,AI ,CIST,ALPgA,GAPPA,SIGhP,PA2IN,PA1IN,StGNPF.
IPPA2IN.PPAI IN,PPFCTI .SFrCT1 .M.SES

51 FORMAIAS,P5.0,3F5. 1,g(AI,2FIC.51,2F4.2,02)
C

1FfSTAAl.k.P8tLANI(8I CC TC 90

C lIIIIIIIIII VOCCI:SS INPLt-AESLLT IlIIIII
C

wRITEI~, 1025 ULINE(II,iOP,NCP,ULIE.ULINF(1I
101 FORMAT(1HI,AS,99CARC N4C. .13941 Of t13.ICA@,I*4fIMP4L-PESULTj,ASl

C
C SIT NOEV 'aCM PHASES
C

TEP SL.NDEJI I I
UNITSL-NCEVL(2)
1-1
IFITENS.FC.eLANX4I CC TO 112
00 111 1-1.10
IFITCNS.h .OIGITIIII CC TO 112

III CONTINUE
CIO Tc 11*

112 Of) 113 NOEv.1#10
IF(UNI'TS.lr.(IGITlh(ENII GC TO 114

113 COINTINUF 6



it* vitITFIb.115) 1'HASES
,,S1 U PROATI//2.,A.%OHINPLI-F.ESULT DELEIEC -SpfrrFuso DEVICE kUPOER IS

1.42.Z4H' WNSICP. IS hrI §K INTE'I9
GO Tn %9

C

C REAr DATA IN

OREAOINOEV,121 I TCABLL.71 TLEO.h4VLO.OlhCOUSI1O.PSIFIC.CEtV1O.DELfhC.
ISTPW ID. STPKNO

121 OFOAMAT(I A/ILOAe/33A,1P,35k.,F4.1/16X,FA.Go4X,FA.0.1ZAX.F4.0.4X,F4.O
I.16X. P4.0, 4X F4.3J

CPB ITFPCT104 FTC.

C

IcIP4VLD.F4E.NVL) GC IC 125
IF(CIMCC.NE.OINC) CC IC 125
IF1PSIIC.NF.PSII1 GC IC L2%
IF(PSINO.N'.PSINI GC TC 125
Ikf(OELTIC.KE.O1:LTAI) CC TC 125
IF(DEL'ND.'4.J1LTANI GC TO IZ9
IPI$SYRKIC.hF.STRIKI) CC TO 1
I94STPkhC.hf.STPIKK) CC TC 1 5
GCj T1 133

I-IPUT;ZSUL 'LrTEC - EITHER IN~kT-*ESLLT BEGINS hITHINCORRECT

3dLCC K. /bI
121 REAC(~N,iZ fNCC

12d Fj QPAT IA41
IVIENOC.NE.FNDI GC 7C 127

3Pq jF)MA;/ZO20A, 9@1.IZ, HAS SEEN wCUNC C14 TC EP40 C9 THIS IMFUT-
IQ, SUIt P
Cr~ T 59S

130 TI 'L!J(41.T, *Lt'INII V TLEJ( 51- tI'-( Ic)
OA' &'NDfV,I-) IrUP.,UPDFPTH,ANPFO.ANPPF.IOG.IDPY.

21fJY. IOUPv .!OUP,ISFACVPSFC.CSAPL.VPSCOVSSFC.VSSACC.
3PP~croSPFCFC.IPCT--[,REGIC
Oil: SEdtC.%(.Pj ANK4)
kqFACIN4CrV,4 I
kT h"INCEV-.7)

I)1 CF,)MAT/2OIX,c3.SU-BAQV OF INPUT-RESUL1/20K.ZAf,?H ... d/ZOA.10A8
jIIZOX,1IOA8/ICK,1OhP-/CX,83H$ARCH tCREPEP.T, SEARCH REfGION ANC hC
2. .F VrCVOE LcNC'ik AS FOR PUFSENT CATA etCCK)
WPF TF16,ISI rP CFC, PFCPO
X )jpTO.vPSGPI vsSFC

*ISpC~rj.BPSACC/vssrr
opS JP-O 1 4P5RFC-vPSA.' -2.OOOvSSRFOi5SRFC,(Z.COVPSECr'PSRFO-
IVSSBFD*VSSQF"I I
OPSRC~f1.IVPSC0VPSPCC-2.DOSVSSRCDbSSPCCl/2.OOOVPSRCSPSRCD-
1vSS~CVSC'
OwkI TEI 16,CO SI VPSR F.N'SPFC.NsuR~r.PSURFCNPSRCDV5SPCr.RsPcEc.
IPSQCTO

IF(!NONC.C.hf.0) WAIICS,16) NGDCPH

t I INONCO.NI.O.ANO.CEPTH.EQ.O.DOI 'RITEI*.19I
f6 IISEAC.F6.CIJ uwITV C(.ZOI
IFIIS[AD.%F.c) of-ITE16.211 VSEA.OSEA,OSUMFO
IS (ANGPFC.FC. 1.OO.ANC .ANPPFO.EQ.I.COI W4ITfI6., l
Pz(A4(-IPO.NE.I.Co.CO.IP.PPFC.NE.A.90I kRITE(6.231 ANVGPPO,AN4UPF
IFI IFfIO.F .01 wk TEIA,ZAI

C RCINACPITSPOYOF CONS1ITUENT PHASE PAIRS p

L2OfrIPOAT(I.1x 1-.HSuIPARY OF CONSIIT, 4ET PHASF PAIRS5/

21 SN A ?T ALOP fp pm Pp P
304 PF $F PAfI PHASE 2 . P 01A A V F *
4- TA I AFAI HC HI H-A NC HI 11
5A PA PA E S uIT S
6. AM I S ic BOT AL AN AX At AN A
rx F C F-~ ~-/
@5 rE 0 M L ELP SA S S $A S S
q C, CT NC. OF FRACTION SI(.NIFI-01
At 1 1) A CE OE- ED EA EA ED FA E
SA ic T.) CcppAT CF DRYNS CARCI, I/

Ce 0 1 N F F P I p 0 1 P
OP Lit to Ile INCDMP- IIN DEAL*/

Fc F Vf it 10 IF IF 2P
FP CpTNS. ATISLE SPACE$ f/

G-F v y 5/1

C
141 oRFACINOEV,5IIPN*5IOSIAPACPASGN.AIAI4

ISIGHPP,PPA2IN%,OPAli I,PPFCIl.SPFCTI ,PHASES
IF(S1'AFIP.EO.PI.ANK01 CC Tn 190



READINOEV.142J NTRUE.S ,SREAL

K-1
IF PHA5S.E c.SpI K;2
I FIPHAS.SEQ SSTP)J P-3
IFIPHASES.FC.Pri x-4
1A(PHASES.Fl..SrREI K-!

1Slt.NP,PA2INPAI IkSIGINPPPAZIN.PPAIIP .PFFCTL,SPFCTt.
ZITITLEI1IJ.K),J.1.51 ,NTPUE.S.SREAL

143 OFJRMAT(/I5),,*NPASE PAIR N1. ,31X2S3.-~KA,5a

Oiri IOEV3.GI.01 WRITt(NC1V3,511 STAN4AP,.AZI.OIST.ALPHA.6AMPASIGNPt
IPAZ1IAPAIIN,SIGN4PPtfFbiaN,PPA1INtPPFCTI.SPFCI.P4ASES
MFIDEV3.GI.0) Wt-ITIEICEV3.5061 NT0UES.SQFAL

C REAC It. CgfIENTATICN ARRAY f:RCM INPLY-OPSLLT AKC INTFPRATE 6NITH

C UQIENTA*ICK AgLAY OFP Il-t$ DATA BLOCK
C
150 REACIN' VI5I3 hOeSC
151 FORP'AI12CX.131

REArINDEV. 142) NTRUE.S,SREAL
RFAC(NtEV ""' ENt!.NTCTO

155 FORM AT IA.. * 1T/I /lIZ !~IU I. IAEPISDLTD'

1FtfWrJ.hLENC) GO 'C 15?
WnAI~rr6.1~tl NOBSO

156 OFOPMAYII2Ox,l NO CRIWtATION ARRAY - INPLY RESULT CELETECI/

I O6ss I 'S-NCas'
Cr7 T; rqq

15I? 4RITE4 , 1611 LIZI).1.5

161 0FrlRMATIIHt,1'.A.4,H6-FLLTS COQRESFCNCING IC TO-IS INPUT-RESULTi

1FII.TI..OlGC TIC 165

183 )Fll-'MAt/20X,60"1PQIhTCLT OF CCMPATIBLE ANC PARTIALLY COMPAT19LE CAI
ICNTAI!NS/UX.7A84--I

164 OFlAMATI/1X,!fe'SA - SLIF AtNGLF IN FAULT PLAhE,41,241-OIP - CIP CF FA
hiLT PL4N&,AX.2lHSTk STRII(E OF FAULT PLANE '4X,354N - NO. IF INCOM
1PATI IL' hS, PAI /eI1lj- SA OgIP SIK %/I/)
Gfl T 1'

165 w(U1. elILINF4I.11,?l
166 0FU9'tAT(/Z1lK. I tHPREN

T
CL I 3F CCMPATIOCE ANT PARTIALLY COMPAII1ILE CAI

IENTA'TIsh - I~C' r r CLESFO/ 2Ox,7A8.4H---- I
16? IF(MCL71..0O GO T' 16'.

OCALL ),TUPVIII
T
LE.T!TLEJSHSLIP AKGEl- DIP.SH STRIKE.50SI1,

ISPPS(,SF3I",Sn' -LT1,S0INC,S0FLTN.'STRKISIIC,SSTkKN.'I

CALL :FTL:L (fVL I

16 4RtUrSI Il0
I ILL-l
F F AL 0 *CJ
l CAR: )-.
NCAcCr INTOTr#'/s

C
Or, 1q" IPsIIIp'.PN

00 19J IlFI.7A=lI..I2N
DC IQO IlTRIk.SItI5.

J~tICrL.TA- ICIPI
K.IST'lIK-I51k I

spsI-VrLchflpsI1."]h:
St ELTA'CFLC1TIIDfLIAlI*D NC
SSTQ I" =OvL Ajt STA I.. l'C C
lItl1= F1XI 5P; $0.1,
JJJ1I'IrxISCFLTA#..I
KKXIIF V.ISSTPIM*.')

C
IF(II1.N.Jl GC IC 112
IP1CA.')C.NCARCI C 10 180

UOr.AC(NI'CV, 17G) (IIC(I i ,JJJ01121,RKC( I2l,IVLNDII2),12.1.
1 ICARPn

IC AR flICahzc,1
IFfICAR.CC.kL.ICAACI %MITE(b,1711 ICAACC,ICA~rI

171 OFVRMAv4/'flR.'l&RNIN, - F.~R.R IN INPUT CF ORIENTATION ARRAY -CARD

1'I. Is W,1.PF CAI.C ItS,- SHOULC BE/)
11-11-1

C
113 IrIKf'01.%r.FKKnlI1II CC IC 180

IF11111.%'1.1IICI~i CC Trz 100
C

c 3IFT'CATIK IS I1N CAAC
IVLM.IVIN'I II
NIRUFSI %vL- IVLPI.-NTXLE!iIAVL-IVLWI,1
IFlIPRNTj.F16.0J GC IC 17?
llitIFILLI 11111
JJJ(IIILI-JJJI
RIK I I'- LLllkk.Kl
IVLN IF ILL I. VIM
IF[ IF ILL-41 17',174.114

1?'. wfI 'Itt,. leI111!IjIJI3.RIIhVLEIl*31E
IrILL~ 1
GC T-3 17?

I" IFILLIII L*1



I?? 1111PL(OTI.%.r.0, CALL. FLCTVL(SPS1,SCELlh.!SRglkiVL-INLPII

IFI I I IT~ I
I~ ' 0 1 11 -

C IFI1NTAIlC IS NI2T C. (ACA~
180 IVLM-NVL

I Na8S'. LT7. VL II V I ?COiS'
161 F 1-'II,JK)

II F I Q. k F;vNI 1 III I CL IC 1qo
L)' 182 1II..F.L
I VL .NVL - tI - I

lbIFIFP.Q.'VVtIVL.IIIG1 TC 183

IF I VL.&.T. . IVLsO
Ftl IJ,.I-VVL( I, *IVL I

140 CUNTINUr

C FL Ski IF IL. PUI 1
I 'ILL *I'ILit-I

LI * 1,! ILL I
C

AC &INofEV 1?41 FNfPP
1- 4 tNO,'.%F J NC) wR I' it. L11' 1

1 ;- 0F0&MATI/ Op%.*pARI. - ERROR IN INPUT CF CRIEF.IATICK ARRAY ARA
I 0'FS N(- Ilcw:NATF b[INF *:A* CAP('-)

I11I!0t.'TN.F..J ALL IC TALS
1'(ITPL.'T.1C.L 0 hIt It. 211) (LJL INF(I 1 .1I.31J

C Sw~mAP~t1 At PSULT' c T.m' IFPLY-RESLLT

sw 11 4 L 1" 1 J. I J.I2

7 IL OF".Arl /LJX, 14. k IETA'I('NS CLT CF TF.F -.IS.- ARE CCNFATICLP *I
IT-, ALL T. . 'SI~ PAIRS IN TH~IS thPU'-RESU.LTI)

I~ (IF I -A III( e, IEIfL'IA I ! IAV'% S CL I CF TI Hf , 14. IA AE INCCwPATIt.P
1.V' 1 71 i I .t I: .- 0IASE PAIRS IN. THIS IFKPUT-RtSLLTI)

1 L *NVL- I I

WQ I 'E,.4.1ov I l L1.NcIJpt.IMI.hCsSr
191I L IN' INt'L

j I I I ~ Q f , ot ANk 4 I. hI T F 16 , 104 1

1PII1I C f. .bLANFAI1 .9I1 T E I h NI CEP AP.FNCCXS

LCC

I' C u I It f9XSS Nil. Pt-851 PAIR I II I1I1II1I1

910 k

I I vHASf 1.f . INV.'.I

II P.S : . F. . ' S7 I I

IF I P1A f C IN.r.

T,' 4 .'

Q I O 1 1.1 ,. All .14CAP C C. .1I3,4m I': .13.5&0.22H --- (%[ PHIASE PAI
IQ- I *AFI/)

L o Ipp PP , . e. L ITTL1,P-P SCrCTICF, BEGINS PP PP pp f-

I x 41 Nn pI .1 LI 6 .P'.C

0 mA I I S .. I S HV A T
1 

Pf.1 Nt. IC1j.,T4X.VMS1ALltCN AS.1l

~ 1. 'A k :ITLEF-PISCLIC FREE F!tRFACFI/

I'fI 151.111 .0I I. VT I.'I - .SIFA.i~~S P6111,F
IlOF '14A II %A, I' A 'Ati %o. I!.24%.FMSTA'IC% A.88

1 I4k4 FLPP.t OF 1j t TLLP-PistA Pf CI f

'IN.'LIES IIi' Il, -.I.Lf

jfV.I -3I'AIN.;% HrA 0 AL9 %c.. 01, Z41.NSTATION .6
I Imt' Fo, I'll' k k t ?TUtP-PE NFA S10 AC F I/

........................... 'A SiAt, £. . .. I



C PPCTFC' ICN FTC.
C

1*64 Al-Al!
Oi(AZ.f..fl)t=AI-0(ALOIF.C/.C,CINC*0SGhCl.C/2.DO,AZI+
101 NC/ 2 *C )

802 IF(AZ)8O3,e0?,80.
803 A1-A2.3t0.C0

GO TO 802

804. IP(AZ-3t0.CC) $:. 8Cf, 8C5
80% Al-AZ-!60.C0

Go TC 804

806 IAZ=AZ/C1C#0.5)0
C.

IFtPEG1CN.! Q.8LANK4J CC TC 892
IE1:.IAZ-ISN
IEN 1AZ-:S
IF1 IEN.CT.0) Cf- 12 E.l

IEN-C1. l %S

891 I(1.G'.01 GC T ; ES
(112-IC IPNs

I 1N2=NS

892 IFICIST.LT.NIS4m .. CA.IST.GT.DSTx) GC TC 8e8
0ISTPIF 5T.L1~

A!(r!EF( I *IttPMI)

D0: d37 !zl.NCLG

A2zA2=C ,ST' C CFF( I,. 1P)
eel CCKTIINUE

ALPHAA.(frf-zFP-P(2'EPmIji*(A2-l/CFF(IEP-FP(IO8PtlJI

PAC=r'SINCA.CP11)- PSAP/VP

ALPHA-CAPS I P&.I /CE II
C,
88d IFICAM~t.c1...) CAPPA=ALPHA

PA.Q.rSIN( ALPF.*.r'P 11) 'ANGPF

IF(1PA.NT..0 )' AZI'.C

0PPMMA=~0.C!.)2t0.AMMl)*SIN2.C*8EA

GA'.EOCA liSIN(C0~APNAI)*CSIAT2.O8V'l
GfE1TAJr) P73 N~.!~rpl VA2

IFP'-P(SEA ,j SURF C l.)

7T~t,.C'S..Cr.~~C CCSGMME70I(.ClfFTl

0PPFCT3=. C73

C,
87 PFCTrA.0) G,~P' C $PFC

C I'I-53LFRESrCE
I SP.034.OC:(2C-AMI*SI4.CeT
I"SGNO.F.PLUS C*E1I;Sh. 0:1SN

(?.Co- Sl(2.C GA A i r oa

* 'P* LC S( . O-.E A &.D )



I SGNPP;OIF(SIG PP.FC.PLUS) ISGt.PP.1
LF(sIGNPP.C.MIKUS1 lscNPP.-1

PAZ*OABSIPA21NI

PPAL.OAIISgrPAIINS
ppA2.CAeS1iPAI1')

IV(PAI-PA218II,808912i
608 W4R!TE(b6,8OqI
809 OFORNATI/i$2OAPHASE PAIR DELETED -P CA CtITLEP-P APPLIIUDE RANGE

IHAS ZERC WIDIHOI
GO TO 5;q

811 PAQ:PAl
PAI PA2
PA?. PAQ

8 12 IfIPPAI-PPA21813,e0tE14
813 PA a PPAI

PPAI.PPA2
PPA2-PAC

C
814W NOOEP-0

NODE PP-O
IFIPA2.GT.SMALL) GO 1C 815
.NODE P- I
IF ISGNP E .I PA2V-Pt

IF(NODIP.E(.O) GO TG CIO

wR1TE46,8171
817 OFORMAT(/MOX.IPHASE PAIR DELETED P &NiO LITILEP-P APPLITUDE RANG~E

Is BOTH SPAN CP BOUND ZERO,)
GO TO1 99

C
818 Nr'OEPP-1

tF(ISGNPP.EC.OI PFAZ-PAX
r
C CALCULATE PATIO~ RANGES
r
819 IF(NOVPP.tC.I1 GO iT fjO

C
C P IS No. NODCAL - LIYILFP-P/P IS LSEC

RAT 1.PPAI/FAI
RAT2:PPAI/PA2
RAT3 3PP 2/PA1

j RAT4-PPAZIPA2
GO TO 621

C
C P IS NOCAL - SHIALL LSE P/LITTLEP-P
C
820 RATI-PAl/PPAl

RAT 2PA 1/P PA2
RAT3.PAZ/FPAI

RAT4-PAZ/4442

C

C

C

C

63 HOLA.ANCIS
HOLI:NCGTIV
HaL2 BLANK4

NOL3-BLAUMP

IFIISGNPPI 834o3t83

635 IFINODEP.E.0i GO TC 132

HOL 4-81AK P
GO TO 84

c
636 HOL2-OR

t4OL 3NEGT IV
c
633 ,IOLA.POSTtV

834 "OS-AND8



c
0%0 owstt1l'4,." I A.AI *ALpKA.GAPIA.CISI~ *Ph,PAImCtA,H(nLIt4CLjq

38~N .)

A.' -0 I A,.i I L F L I TTL# P-P FPCP 4Jib*AU vcRT ICAL

L~uk .i~ /0- 'F

;( \T 4LA L~ I hASLTA Flo.,.S

f 111 I VTA I t t AIL'' ufr RANp ~.4I I S RFrCI IS fIIP O.S#

Ik) I.'e. I ',4.'ICTI.PPIC

%~~OA.~t4I4A ~ f I I , P PAl LA I~ tPmAL

L I ~r4'' 1.L I I'L I F-V 4UL IIPLICAT1CN FAC I OtP V tI. N, N-LIT4JDE Lc S 11 E LVE TtI OU

j.'LA.--11~AML T F Ll'-, A l'tL"P ANG S Al C SL'U$AC& ~ ~
6204.4F4-40F4 IU* - *fqA'C IESE Vlt

IF N4HPr T .~ . r-- i: P4LILCA IKFC

B42 MA44. , ., ',I' AL Al11 IUC LCSPS ATV r L PtDF t'

C ' F4:4 ,;AN L S 1 ACC~t, F'1AIktL F AG LA C A AREhI CT

-868 I -IN' .IA F k "C f o1 r
c

H44 FORMAT'II IT4 lb1 ;T P Amf LILPP 6 IS T1C AAkF PN C 4 NSI'h
C

WPIV VE"I E R 1 4 LI ,fACCMII AF ITC(RI ,

841, NI 11(. .- I I* t C

3/OP.IlSFN p'A f - F'/ - TF4- 4 (.4 LPPf SU

C

84 1 0P A' 20 , 8II FPAT I jI rP /PIS 0
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C
C TFST 1

320 APA'.A;PIAP
IPI&AAI.GY.RA14XI GC IC 30
f(ARA-.L.QAT-NI) CC V. 31;0

Go T' 3e,)

C. TsSt ~
330 AQAI.ASPIAP

IF(ArAT.CT.QdA
T

.XZI CC IC 190
It(ARAT.LT.$NLTN21 GC T(: 390
GC T' 2qO

C TEST o'TM
140 &QAT.AS-/Al

IF(ARA'.C'.A~TX13 CC Tr 341

IFIAPAI'.L'.PAYMN1) GC 1' 541
GC "C jeO

341 ICAA.T.AM~ CC V' 31,O
IFIARAT.t'.kA-mN2) C,- T0 "90

C 1 J~f P/LITLLS-P IC'2 LIITLCFPIPLI'ILES-P)

345 IF(IS,NSPI 305,147,14S
C
346 IFIASP.C7.6SPIAL.I rC VC "0

I~i IC'iP.~.1 CGi '(



G- '(7 310
C

34? IF4ASP.rT.!lwALL) C 'Z: 348
IFIASP.I.T.CSOALL) CC IC 348

'T1 3 90

348 IF(ISGNF.kC.31 C^: TC '!C
V0 TO 37

C.
3 49 4 IIASP.L..0ALL) GC TC 39p0

C
C TrST I
350 ARA'.AP/ASP

IrIAPA!T.R:IAT4Xt1 .C 10 390
1 0- A FAtLT.,ATM 'I CC In3 3'q0
GrI T! 3ea

C
c rrST
360 AVAT-AP/ASP

IcIARAT.GT.r.ATMX20 LC 10 390
IF4AAAT.L?.A.%TNZ CC IC 390
U0'J 0 380

C
C TI ST BIfTI

370 APA
T
-&P/ASF

I14A&A.GT.PA'-hLI CC TC ? I
1'lARAT.LT-s3T"NI CC IC 311
Ge Tr) 3e%

371 1l (ARAT.CT.,:AT-Xjl CC TC 290
UF(ARAT.LT.CATUN2) iC T0 390

C

C ACCEPT

C
Jl81 SSQRl L7Ti63.flJ(IS~l-I iI 1.11.1

JI ( F L J I IO l.,A I SC I .A'

JJJA(FILj.Irxs Ak1

W ' F f "A T I O u I IcCX.13,9XI

Iq F I LJ.'0L L- , Iv-

G00 TC 301JU

C *...ECT.

C SICTITt. CIMC

IF(FIFEQ. L11LtJ C Y 39.12

UCTC T300It T

l00 L ~ IN) I I41.7

C

114 IN.



5 9 1f 0 - K TRU I F N ", C

r-N r ..At "'I F F WFCCF

S) A) . I4 L RF FAt

)U7FT~ PU N v-0 A "6 5 L L FOR THIS PI'hSI PAIR
C

.FI'4 L Ic,' NL AL t FIFI I

So 0t 1 FC..A 4/1l 1.I C(PINAT ICNS CF It9 Tt&FE RCTATIC. *kLFS ACCEPT
I '74 k * jI/I .FAC IN 0F' F ALL T PLANE J6l .'ATIC-6 ACCEPT

-'& L F f .1.)' I F kFA7IN IF $AFLLY PLANE tVRICSTA'ICA.S I'NCOPPAT
31F~. (INC9-F'/CFF F~9i~~PCI~ CF FAULT PLANE
4 I' : 9.TA'lh %S AL.PAFL F IN qFAL SPACE *.1'AI1%w1,$qACTF.' CF
S 9AMF " Z Nt Ck 1 TA IICNS INCONPATIOM IK Fr.EAL SPACF (SIF'stICACf

09-4- t"~/1 k. ff1c I C~ ;SE PH ISCL~jCES A))L CF )RIF&TATIFN SPACE)'
is

I I FFF . At O ASP, . I hPI~TflesoI) hCcpdp,'.crpj%ill O'~AT I I k*jIFCN CF FAECp# IS A'STrTCE-.8 CI4IT
P.~~~~~~~ I F FF.$ A()FN TESI*S

P 41 V. I,. A S7 1 S 1C S A SSu01 $ Te 1-tAF atF AR-4 rc I vI:%at ccm
3PAr I:% CL 1 F' .A T ItNS C LTl5pfF THk RE( ICe. 7t SEARCH)'$

I ' I "' . , 1 -0) IA f3..~ KulfL.S.'RIAL
50F6 OF CAT 4 : -k' . I C C VP 411 b f ': 1P4S . *. 1 I.I?. CRACTICF4 Cf OATKS. F

t *FIIi/ -.. I' PA': ' CRIFKYATICI.S F%CCNP&TIFFLF INY R
F .1) N VANCE) .FC.FPFCE

I C C V''rccc

'.1-4 1F 1 1F\ -." I" eCU

F'F1. !%I .L.' $F,"..LAIIVL A.CF'TAFFLI CFPNITAII(NS/

J11":%T AN'*L 'IAFN Ct'-PATLekf. wil- ALL. PH'ASE FAIQ)

71~~~~~~P L :. *~\''Fl'NN F.'14

*' IN* It. I F "TL SAC FC"PFTATICF. CF 5LPPARY CF RESF.LTS

IF f I 100. N A F F . IF lT F(e ro I i " ).I A F 51 1I 1 .43
To ' %-~ATI I. 104HC UMUL71VF A-CEPIABLECFN"Ii/1.4P',.F

74, 1F Ot I,-..4 x 4,Cg I PTAF'IINS CCFF'AIIPLE wIFN AL.L eNS rI

F.' .F %F F IF I I * *

01
(V' IV' IC IA I I .4 tL, L TI A ~ c A L

,. ,I. I, , F' . Y I .F 5 1 1 S lF.SIN S *
I"" L- IFLi t.I'Fh . .lL SSR. ISII F

IF 
1

10.F.V' F1F )~ I C

A F N F AS A I 'tF F* I N A

9SF ;F f F A Lt.'F r~

F" 700 1 V.I I.pF . 1N

0, F00 I S" IFt'. I.' .N

I.. i F Ik .t V.F I I! FNV I FIFF I I 1.I.IC 7F

' T' A 'I:' IAI CIN

I)' I leF "t

IC I F 71.. . .F .. 73



04IF IIPLiJ'N.KE.) 141I1fiA.5111 (JLIhE(III I.Zi

NT -NI AuE

FNTRur.NIALE
FTRUE.FITRL F0NC.MS
S. IFNCdN5-FNT~j, I/rNCCP8
PAI'AL" FA*L6FFACT
SOr AL -1rOFAL

C 3U'PUT SU?~wAvy t' RrTLITS
C

WRl TE16.SOI) NTNL ,%CCO-B,FT4U1 ,SPREAL,SPEAL
IcI REGICN. .dAN.'.l bw TEIA.5O41
IIFGCN..lLANK4) Iwli Ti46,509) NCCMBR,NCCPtl

c
C .AIN' AND FL- uULAIlVi PARIALLV ACCEFTAdLE ORIENTATIONS/

----------------------- -- -- -- -- -- -----------------

CPRINT ANC FL.T CRIFINTAIIONS PARTIALLY CCPFATIBLE WITH, ALL

IPRNT'4-IPQNT3
IFII~3P.FQ.hCPl JiN'll-PRNT5
I 'LCTN-IOLCrI

C
1 1 l1P.%E.NLOPI wQITfja,7JbI ILE I.l1l

71o OF,,FAT4//J! *4,..CU0ULATJVE PARTIAL.Y ACCEPTABLE CRIENTATIONS/15%.

7~8.6FNTIL1xN.FTTrcN PARTIALLY CCWPATIBLE WITIH ALL. PlASF

IF(IPRNTN.F.0) CC h 2
C
C OFlINNT'UT
C

NI T i IA t eI (UL IN(I I I; lli
O. FU-AT(/2Cxk. ,HVP IT1J O PARTIAlLLY CCPFATIBLE ORIENTATIC%S/201,

JFIIOp.%.NOp WRIT,.(f,7311 ICBS

731 OF-JO'A
T
I /Z0%. 'IlfTTIJN.S COM~PATIBLE WITH ALL THiE 1.13,

I- PHA~r P'AIRS ).- FAR PAOCESSZD*I
IFIlfP.ECAkCP) WRIT I6,7'Z) lOBS

7 32 0T OR "ATI II //,, jk IF AT V3FS C00PAT I LE W1ITH ALL T"F *,i,
I- PHASF AF

C
D' 39 1 I , fjVL

111l-NV-I#

7 33 OFnZ.MATI / / Lx , -'P IFTA IlTN, INCOPFAT IBLE NJITH *I OF 1-4 .13.

l* rmASF PAIRS SC_ FAQ PROCUSSE0'FtPL11IAClL~.NL RTI,74 III~

7A -,,6 4A / ,. k , *O I .T At IONS I MCCNI'AT I LE W ITH *13. OF ALL THE

ILLI1
C

1 1 738 CLAIl.T

I:,PSI-I$IFI
Ji CELTA-ICImI

xS- STRI.C'h4IRSI'
F~ltA=FjlKrI ~ lCI

55 Tx IK CFL 41I TR IF -t CNC
111IF ILLlI I Xi SE' I *C .I

KKfF4IlLLI-l lxISS'ClK4D.N4)

iILL- I
T' 7!0

737 IFIL-IFlLL-1
138 (INTINUE

C
C FLIJSH 1IFILL "L

If ILL-IF IL I- I
FIIF ILL.N! -0I1 kAI!I.8I1141.J31I*RI .IIIIL I

?39 C(INTINu[

C VUTORP'Lt- Ahr' C"-PI'TION Ifr SLWPARY rF ALSL.LTS

7Z~l'FxA?/~'Y~I-.PIINL rF oAcTIALLY CCWFA'IPF CRIE'.TATICNS 14CYt

724 IcIIPL -N E l k' ', I

LCAIL SET 0PVjI'lLE.,CLx-
T
lvF PARTIAtLY ACCEPTABLE CAINT7NS

20HIH7LIP £Nl'.o. lrI.ghA STPlKF.SPSII.SI1iCSPS1hd.SttLvl.SIPC.



3SO 'NSSTQL.SSIN.C,5STRKN,31
0 Ff ( P.fc ."cp )
MCALL SETUPV(

T
ITLE.404-C'TNS PRTIALY CI'PTOLE Wlt ALL Pb4$r P-"

284HSLIP ANC.Ri- :IP.E,i STRIxE.SPS1L,SFIhC,SFll -,LtLTL.S9)1NC.

3S0FL'4,SSTF1SSlC(,STQIKN.31
CALL SiY'UPLIN~VL)

725 IV11-NVL-I_'dStI
Or 117 -1. 1 VL

717 N- I )zt)
C

00 70Ii SIlplIlPN
00 IN0 lU'LTA 1D1.ICN
007123 IS!K1=1SI.ISN

J.IDELTA-!Cl141
K- I STP ! K- 1 ',10
IFfI.'JT; I*FIJ,K~J) .C 7C 720

C

DO 718 IVL'1,KVL
IF(F1D.FC.AVLPCIVt-llI GJ TO 7115

118 CONTINur
C
719 1'(IIL.LT.iVLII GG IC 7Z2

NTRUt-S(IVLl-NTRUE (IVLJ,1
IF I IPI91TN.rt.31 G IC 720
SPS 1.DFLC ']& IIPSIlI INC
SOr LTA=-. F LrCA' IlL TA)'C INC
SSTP.lKzCFLCA(ISTRIKj*CINC
CALL VLC'VL (SPSISOE16A,SSTA IK,lVLl

720 CON .T I4U

728 O0f-MPATI/20X.4 HVAP1A8LF LENGTH VECTORPLCT - HAS BEEN PL0)TT-)/
12OX.,3Ad, 2H-- I
IF(rPL(:rN.Nt-. l CALL TCTALS

729 0Fjp.ATI ?0K,'.2HVALIAPLE LENGTH vECTCPFLO7 - NOT PEQUESTECI4)X,3A8,
12H1--)

C OUTPUT CF LPt'ARY OF AFSULTS

.dF1T 4o.51'1 ( ULINEl11,1-1,21

IWQ11Clo,.7ZI 
T
Qu FS(t.vLl,NCOImb.ICeS

721 UF,: M4TIKI8.- IIFNIATICNS OUT CF 1411 *.180' ARE COMPATIiLE WIT
IH ALL _t ',130 PHASE PAIRS SC' FAR FACCESSEO'I

IW IT[((,, %~'I N'tLIuSN L I NtCOOO, ICBS
705 OFt4113 P8 'IENTATICNS OU' OF l,c *.180' ARC Cn"PPT14LE WIT

1,4 fLL -r ',13,- PiHASE PAIRS-)
7212 0FOPA&'l1G,le0 "IENTATICNS CUT CF TE -,IS.- ARE INCC#.qPAT*0LF WI

ITH *,13,0_ ThFf%2 PHASE PAIRS SC FAR PV
0
CESSEOI)

7J~ DO0F'A4~rI1)XI,9 CRI;NIATIONS CUT CF 10-F 1.18.1 APE INCCPF;ATIeLE WT
1TH ,1_1 LF ALL THC 1,13.1 PHASE PAIQS* I

IFI'NVL.F%..II C' T-;
DO 710 :=Z,'.VL

ItI ~ ~ - I..CS C 14C
IVI '4VL-1.1

DIP II.N.2'
1WQI'f(b,1722 NCFcLSfIILI ,NCGMA.IAI.IC8S

IWPITFlI,?O~j NTAUfS(I~VLI.COPB.I"I.ICB5
730 C 1'TItU-

74.0 IF(;' GItN..ELANK4J h I tE(6.50iO~
1Ff 1JI--.NE .BtANK4j 4.AITE(6,5051 NCCw8R,N(CB

C
C 0UiTPUT T-J THIAF. uTFLT "zVICE

IFI 1'P.N= .N CC.fCfLV .LE.0I GO IC EGO
, 0 ITrCINCTV7. 11 I i

?5.1 FOF4A7/
1
0-TCTA L N Ut"qEA F PHASE PAIRS .1_3

WFlT-(:4C-V3.5fl,) N'OLZS,SAEAL

NT CT 0
01l 752 IVC-I.NVL

752 NT' NT-
T
.NTQU-S(I Lvi

WA ITEVICFV?,I5 3I NTCT
753 OFI)PA'(1-HLI31 OF ALL 'HL .17.57H1 CCI'FAITSLE ANC PARTIALLY CMFATI

180L 17 : NTAT IJNS FULL-IhS180H'CiOAT - I SA-SLP ANCIF. DID-CID. STK-
2STI I K NNP. OF INCC"FAIBLI PHASE PARS)/8TH SA GIP S~T N/ SA
3DIP iTk N/ SA !11) STK './ SA ClIP K ht SA DIP 51K N CA.01

IF I I I
Do 76J :-;rI,IlpK

I-IPSI- 'P1.1
J-:flLTA-T1411

DO 'Se, Ivt-1.NVL
I FF I -If,.VVLWf~VL-Ilf G1 TO 7';9

?58 CONI1II

159 IFIIVC.L-.IVtl) _ C 60



S"~ IOF ILLA I~~X PSI)* IA 0C

IVLNIIF 1LLa*-4VL-IVL

V F I TOt A' I.I3,IV3. 7"") 11 1,4(1 I KXKI I . I 3. 1.I.1 1 .).IM

& 1LL*1
7 f 60

160 CC'NTINUE

c FLLSIH IFILL V.FF

IJIJI I I I. C

IVL NI 1120

Tj!% 
"'IItJ

761 WL tT94NCfv3. Yt I I Nt

C
600 C!T I NUF

Gil T,' I I I

'v 9 C A L L rN J L ' V

s3



APPENnix I

LISTINC. 0F IPL0iTNGAsIFIRLIUrINE (PLOS

PLC TV

140CIF~rOci1/t iL7 %EflrvF CI.PLATIVE RFCCB" C VECTEAS PLCTPC

WAIY r''IAL41.
ENTRY jCILFA(NVL)

CNR "C LIAICI
ENTRY PL TA A.

Tii- SOIANLTI ILLIS SELICTI CCMBIKATIENS CO: IMF ANGLrs A.e.C
mIl'i A AS IFE -%6SC'.%, I AS TW4 CCVNhA&RC CAOINATE AND? C AS A
uNt' VI VC,' OF kITA? IC% ABCuT THE PCIINT A.8 CLCCF.WISF F5CN THE
L16WAC VQ'I1(AL * FCA EACH CRANE T0 OE PLGTIED. THE V(rCCS CAN
of 'IF -I141,' Lf*,(;N, CP IF 01I'CRFTF VARIABLE IfNGTH L ITO NIPItSENT
A '*(ul'04 VhF !A'%LF Ill-IC1 CAN4 AS.UPE SFVFPAL VALUES). VIIEN USING
THIS I. o-1,N L CA% TAKE VALUES Ffr:m 1 TC a PASIPUP. NVVL. THE
L.jUIVAtL:NT vxc'. - w rcims AR: SCALED TC LIE SITWEPAI lEAJ IFOR t-01
AFrT. ld AXIMU- -FNtGII' (FOR L.NvLI

f,10 I-ACi ''A~t Tt: Pf FLOTTFO. E lEf IhE FIXED VECTOR LEF..vTH
OP'I1V 10 TIMF VAP IABEF VFC TOP LFNGTH OPT IO PAY Of LSEO

IAI 11fc VECYCR LIFICTi. LPTiT'N

F IR%'

LALL I L VuCT I III T IttF.AAF ENAP.CNMI..A 'A Aft'st A]Nhc II
IC I.CN. F1 1, S UP~ IFF PLOTT14G FPAPF

TITL' TITLE CATS FLING PAOCfSS1E ESEAt*P TITLEI k011
TI'LrF TI'LI ' YHE TiF 4iL IRFALS IITLFFEY1

ANAPE NA-L i IMF A VARIABLE (EALABI
AN.A' NA-, I F~ C' VARIABILE (FIEAL011)

*Al ZNC-l:fMINT CF A VALUE If) OF LSEC Cii PLOT 40.PE',
* IAN o-IGt S* A VALL, TO BE INCLLD(T' Cro LCY (LEGPIFSI

,11 ('.CST di VALUc I tiINCLLjf3 cElkC PLOT IDF'jiRELsI-,(I~.FM NT I- eALU I ~ t'.F C L?~IbE~
tN 01F,NIT, t1 VALLE TO AE INCLUDIC Ch PLCT EOF0~FfIh
C1 L('Vt';T ( VALCLE TOL 4[NCLUCEC 'nit PLCT IMCiaFFS1
CI TISIkFNFNT S" VALUE T.1 A( LStC Chi PLOT 111EGOFS1

(N l-~lf C It~tii 741 tt l'.CItjO CA PtCI ICFGREESJ

SE N~?L Ai . SAJ' FCO [ACH- SET OF VALLE$ IC Ot PLiITTIO
I' ICSA V1 Ippt 1 11S C Att 0CF S NOTIh? NLICE PPIT?(II I 116A IINST
h-.timf *:T S SP F fI' Ct J L 'I TSCUF 11,1 RANCE F 1F4 T IATEC BYF C AtLL% YTiJPV.

ilk LYINk -,.f-K INCREtMENTS)

FINLLY1 VAAI 'ALEIT"L~.P IF

CALL S' TIJP'S.. (AS ABOVF II

A'LL SI F'VL IA.Ft I1 Wh R FIEAC ISE F VALLES OF BEC~T VLCIIC

(TINF4 SA5 4PP 1141 ALLA DUES NdW. c I NCLLCE PIOTLCTI(N AGAINS

IWF-YT'lI. A'.~ I f RE UYSI CL [kOL11CRFEL-40I A

IlL R I LVPI V'NAtI NIFPC

Tip? l At,( PRAM EAC St.L*TG V I OF N ALLI: CVTOP BENITH5 L' I
(Ir SAV.M -P ATH LCVNF .fS NOT~ PLC? E NTLC111 G~S

All ICTS/iN I S. C ISO PI-PI/SOO PUS?1 PPTAIE SBY CLP OtTSI
I.1' 5'" NkL N TIN'"

FIINALLY' 1 I 1,1WIA$C

Cl),tL f'PuI. ftupL 'I?11.'LT 6FI.ANANCSPP S CNAU PLI ,hC
TH PRimf.IV' 4vPILV% V TFNOP FVCO FuMIL M

TO 0P IkH T0 Nf ICA kFo W T t LBC



C
C PLC! VE.CV7P
C

Y-YC*B.YF

1v~y

!xv:X.VL#Slht II I
IV Y-VIEC SI - Plz

CALL. V*C T')I AIXIKlI,IYVI
S99 I 

T
UAN

[(N!DV TCTALIP.1

CALL TSPfqtA .48.81
CALL NO iM2~4t.ZI
CALL I F cUI. A. 5)
CALL ErNCFM4F

FNTRV PlCTWLA,P.C,LJ
X: XCA~X

VLL:VLI'FL
V XAV VL*S1P(C.P:I)

IYV . YVLL.CrSlC.Pl Ii
CALL vECTOR( IX~.Y.IA,IYV)

C
NTDY TOTALS

CALL TSPl9f4,Ae.A)
CALL ,40RAM14IsNVL=,41
CALL 1FORM1IsVLliJ
CALL ENCFME
GO TO -9c;

IC I.*CN, IF I
C
C PQ'2TV9CT!CN
C

IFIAK) 10,11,12
10 Al--Al

GO TO 12
11 At1 =* I

Al I( A iS 171
1 A I

17 AN-AN4AlPCrCAN-AI)IAI
C

20 !"*-1'

1;1 10 22

22 1F~je;4-t3I 25,27.27

C
27  

BN.B~fAMC0W(N-et),0lJ

IF(Cli 20,11,32
30 Cl.-Cl

GC T' 32

31 C-I .
35 .Ji-C

35 .CvJ
CN.

C

C SrT UP FRA-E

CALL AOVFLP'(IF)
CALL TSP(-4,40,81
CALL ,4AAP'TITLE.8U)
CALL HOQAM(1I- I)1

C CALL NC2RAMITITLEF.60l

CALL TSP(-AS.46241

-ALL Ii0QAPIAK.AME.Al
CALL Z)RAM(4 -ACRC S (.9)
CALL FFOPI(IAI,6,1)

CALL FrCQp'(A1.6,2)
,ALL HOGAIIill1
CALL FFCP"(Ah.fl
ALL HORAPI41-1 .'(

CALL H340RAN9AP~kl.I
CALL HC"H AM11Cr 1.)
CALL FFCP~lil,6.1)
CALL HOAAPI(1-,.Ll
CALL FFCPM(eI,6,21
CALL MflGAMfIt,.tl
CALL Frcom(sk.t.Il
CALL HOQASP(4PI .)
CALL #HOPAMCAE.O
CALL IfAMIHC~h~ UP-01 t.1'1
CALL MC1it

I0



CALL NORAM4(IIstU
CALL FFCQt4EC!,o,2)
CALL HI)RAM1lI-,,l)
CALL FFCOM(CN@Ce,Il
CALL NORAM41~iollI

C
C SET UP SCALE FACTCRS

X1-16.

XF LXN-XI J/(AIN-A1,hll
XVLsXF*A!/2.
XC-X1*XVL-AL'Xc

Y1-32.
YN= 1023.
YF-lYN-YI )/f0N-B1.81)
YVL-YF*01/2
VL-XVL
JF(XVL.GT.'VVL) VLVYL
YC=Yl+YVL-el*YF
I P-4

C
C PLCT GRID

C N1-(AN-Al )/A!.1.5
NJE(BN-21)/BII.5
DO 40 1=1,'!
IXP=XC*(A1,FLCATI I-I )OAI )*XF
D13 40 J=INJ
IYP-YC+(814FLCAT(J- )$EI )*VF
CALL V[CTOA( IXP-IPIYP, IXP.IP,lYPl
CALL VECTOR( IXP,IYP-IF,IMP,IYP*rPI

40 CONTINUE
GO Tfj 49q

ENTRY SFTUPLfNVL)
NVLI-NVL
FNVL=NVL 1
VL1=VL/FNVL

ENC O~
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P:6.0 to 8.0;+ve
pP: 4.0 to 11.0;-ve
sP: 0.0 to 8.0; vel-ve

(a) observed
at YKA=6.00

A =73.30

P: 8.0 to 14.0;+ve
pP:4.0 to 9.0;-ve
sP: 0.0 to 5.0; +ve/-ve

(b) observed
at WRAAl:
I =12760
A=81.60

P:1.5 to 6.0;+ve/-ve

pP: 00 to 1.5; +ve/-ve s

sP: ao to 12.0; ve/-ve

(c) observed
* at GBA=180.60

=303 0

0 5 IO$

FIGURE 1. THREE TELESEISMIC SHORT PERIOD ARRAY OBSERVATIONS OF THE 1 MAY 1969
EAST KAZAKHSTAN EA"THQUAKE, ORIGIN TIME 04.00.08.7, LOCATION 43.980 N,
77.860E AND BODY WAVE MAGNITUDE Th = 4.9 (NEIS PARAMETERS). E AND A
CORRESPOND TO AZIMUTH OF THE STATTON FROM THE EARTHQUAKE AND EPICENTRAL
DISTANCE RESPECTIVELY. PRESUMED PHASE IDENTIFICATIONS AND THEIR POSSIBLE
AMPLITUDES (IN ARBITRARY UNITS) ARE SHOWN
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I
free surface

(a)

earthquake

\ .. ..... ,pP

sea surface
(b)

sea bed

earthquake

sea
',.reverberat ion

sea surface
reflection

sp

FIGURE 3. SURFACE REFLECTED PHASES FOR EARTHQUAKES (a) BENEATH LAND AND (b) BENEATH
THE SEA. THE SEPARATE SEA BED AND SEA SURFACE P WAVE REFLECTIONS WOULD NOT
NORMALLY BE RESOLVED ON A LONG PERIOD SEISMOGRAM
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FAULT
PLANE

X
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X,

FIGURE 4. THE DOUBLE COUPLE SOURCE MECHANISM: (a) CO-ORDINAFE SYSTEM USED;
(b) DOUBLE COUPLE FORCE SYSTEM WITH THE PLANE XZX3 AS THE FAULT

PLANE; (c) THE P WAVE AMPLITUDE RADTATTON PATTERN IN THE FAR FIELD
SHOWN AS A THREE-DIMENSIONAL POLAR DTACRAM. ALT, PARTICLE MOTION IS

RADIAL, ie, TN TIHE DIRECTION OF PROPACATTON
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FIGURE 5. THE DOUBIE COUPLE SOURCE MECHANISM: (c) SHOWS TIE FAR FIEID S WAVE

RADIATION PATTERN. SINCE PARTICLE MOTION IS PERPENDICULAR TO THE

PROPAGATTON DIRECTION, TIlE AMPLITUDE AND POLARISATION DIRECTION
iN ANY PROPAGATION DIRECTION CAN RK PLOTTED ON THE SURFACE OF A SPHERE

CONCENTRIC WITHI TilE SOURCE. CORRESPONDING AMPLITUDE VECTORS FOR A

RANGE OF DIRECTIONS ARE SHOWN ON A T)IREE-DIMENSIONAL PLOT (ORTHOGONAL

PROJECTION)
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Figure 7. Method of representing acceptable fault plane

orientations in terms of slip direction ,, dip , and strike ,,, as

defined in Figure 6(a). Acceptable orientations are plotted as

vectors from the Cartesian point defining ,nd N, in the

direction of the strike Lower hemisphere stereographic

projections indicate the type of fault plane orientation represented

by various combinations of , and ,,, and are shown oriented for

strike , = 3600 (northerly) In each case the fault plane is shown

by a thick line-, the auxiliary plane by a thin line - Shaded

quadrants are negative Differ-ent parts of the plot character-

ize various fault types, and some of these are shown Where the

interchange of fault and auxiliary planes yields a different fault type,

this is shown in square brackets
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I MAY 199 IA' kAZAKHSTAN (FOR IIGURE 8 Of REPORI) STATION YKA PPP .... 74.26

SLIP At8-AL4 -S 5.0, 5.00, 180.0) DIP-DOWN ( 5.0, 5.00, 18n.0) STRIKE-CLOCKWISL (LUP-) ( 5.0, 5.00, 36.0)

U * * 4 , 4 + + + + + 4 + 4. + 4 + .44 4 + + * * 4 + 4 # 4 * .

* 4 . 4 4 4 + + .4 + + .4 + .4 + + + 4 4 4 + +- + + +, + +, 4 4 .

* + + + + + 4+,4 + 4 4 , 4 4 + + + +, + + 4 4 4 * 4 4 4 , 4

*~~ ~ + + + 4 . . . .4. . . . .- . . ..4 4 + + +,4 4 , 4 , 4 , * 4

* + + 4 + + + + + +, 4 + + + + +, + + + + + + +, +4 + + 4+ 4

+4 + 4 . 4 4 + + 4 + 4 + + + 4 + + + + 4 + + + + + +

+ , 4 + + + + + + + + + 4 4 .+ 4+ + + + + + 4 + 4 4 + 4+ + +, +
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4 + + 4 +, + 4 + + + + +, + + + + + + + + + +, + 4 + + 4 4 4 + +
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4, *4- _4 . 4 . . . 4 . .4.. , 4 +, +. + + + + .4 + 4 + 4 +, 4
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0 . . . . . . . . . . . . .I . . .. . , . . . . 4 4 + + +

4 . - ..

+4+ 4

4 . . .L

FIGURE 8. CONVENIENT GRAPHIC REPRESENTATION OF RESULTS FROM THE RELATIVE AMPLITUDE
PROGRAM FALT USING A VECTORPLOT, WHICH IS ROUTINELY GENERATED BY THE

PROQRAM USING SUBROUTINE PLOTV. THIS VECTORPLOT SHOWS THOSE ORINTAIONS

WHICH ARE COMPATIBLE WITH THE PHASE PAIR AND pP AT YKA, AS SRW IN THE

SEISMOGRAM OF FIGURE rIa). EACH VECTOR REPRESENTS A COMPATIBLE ORIENTATIO
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SLIP ANGLE IN FAULT PLANE
100 300 600 goo 1200 1500 1800

10 + 1. 4 4 + + + + + + + + + + + +

+ + + 4 + + 4+ + 4 + + + + 4 + + 4

KSTRIKE or
S30- + , + + + + + + 4 + +

600 4+ + + + + + + 4 + + + 4 + +

+ + + + + + + + + + + + +

TJ 00 + 4 + + + + + + +

+ + + 4 4 4 + + 4 4 4 + + + +

+,4 + 4 k + +

1200 
+ +

V* '44 .pa +

* ~ * Jr p. + +

1500 + A t~U 1  -Ok I . .

) 100 + + + + + + + +

FIGUR 10. VARIABLE LENGTH VECTORPLOT SHOWING THOSE ORIENTATIONS WHICH ARE C0OMPATIBLE
WITH ALL NINE PHASE PAIRS AS IN FIGURE 99 BUT ALSO SHOWING THOSE
ORIENTATIONS WHICH AR INCOMPATIBLE WITH ANY ONEZ TWO OR THREE O THE PHASE
pAIUS - THIS BEING REPRSENTD B PRRSSIVELY SHORTER VECTORS. NIT TEAT
PREDOMINANTLY STRIKE SLIP FAULTS CAN ONLY Sit MAOE COKPATIBLE BY EXCLUING
THREE Of THE NINE PHASE PAIRS
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FIGURE 11. VECTORPLOTS SHOWING ORIENTATIONS COMPATIBLE WITH ALL NINE PHASE PAIRS,

BUT RESULTING FRON TWO ORIENTATION SEARCHES OVER RESTRICTED I30GION OF
ORINTMTION SPACE (a) AND (b) AS SROWN. A FINE9R SEARCH INCR=IENT OF 3"
IS USED
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FIGURE 13. THE ORIGIN OF THE INSTANTANEOUS CHANGE IN GEOMETRICAL SPREADING FACTOR

' WHICH OCCURS FOR P UPON CHANE OF ODE FROM S T'O P UPON RFLECTION
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slip angle
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-1800 4 afto dip
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( - -
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FIGURE 14. DIAGRAMI TO ILLUSTRATE THE CORRESPONDENCE BETWEEN VALUES OF SLIP ANGLE
..' AND DIP 0 WITHIN THE "PRINCIPAL VALUES" USED IN THE SEARCH, AND
VALUES OF v!) AND t5 OUTSIDE THIS RANGE. (VALUES OF STRIKE OUTSIDE ITS
RANGE OF SEARCH CAN ALWAYS BE CONVERTED SIMPLY BY ADDITION OR
SUBTRACTION OF 3600 OR A MULTIPLE OF 360)
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Same Metric amid S1 Unit Conversion Factors

(Saoed an DEV STAN 00-11/2 "Metric Units for Use by the Ministry of Defence',

DS Not 5SA "AE Metric Guide" and other British Standards)

Quantity Unit Symbol Conversion

Basic Units

Length metro 1 lm 3.2808 ft
1 ft a 0.3048 a

Rase kilogram kg 1 kg - 2.2046 lb
I lb a 0.45359237 kg
I ton - 1016.05 kg

Derived Units

Force newton N - kg ai92  1 N - 0.2248 lbf
1 lbf - 4.44822 N

Work. Energy, Quantity of Heat joule 3 - N m 1 3 - 0.737562 ft lbf
1 J a 9.47817 x 10-4 Btu
1 .1 - 2.38846 -10' kcal
1 ft lbf - 1.35582 J
1 Btu - 1055.06 J
1 kcal - 4186.8 J

Power watt VD - JI/s 1 W - 0.238846 cal/s
I cal/s - 4.1868 W

IElectric Charge coulomb C - A a -

Electric Potential volt V - W/A J /C -
Electrical capacitance farad F - A O/VN C/V -

Flectric Resistance ohm 0 - V/A -

Lonductance siomen S *1 0-1 -

'lagnetic Flux weber Wb V Vs -

*Magnetic Flux Density teoa T W b/n2  
-

Inductance henry H -V @/A W h/A -

complex Derived Unit

*Angular Velocity radian per second red/s 1 tad/s - 0.159155 rev/
1 rev/s - 6.28319 red/a

Acceleration metre per square second 8/s 2  1 m/62 - 3.28084 ft/s 2

1 ft/s2 - 0.3048 U/@2
Angular Acceleration radian per square Second rad/*2

-

Pressure newton per square metre N/n 2 p- Ia N/rn2 - 145.038 - 10-6 lbf/in2

1 lbf/in! - 6.89476 K 103 N/S2

bar bar * 10 5 N/*2  -
1 in. Ug - 3386.39 */*2

1Torque newton metre N a 1 N a - 0.737562 lbf ft
I lbf ft - 1.35582 Nma

Surface Tension nowton par metro N/IS I NIS - 0.0685 lbf/ft
1 lbf/ft - 14.5939 N/u '

Dynamic ViscosItY newton second per square metre N a/*2 1 N e/m 2 - 0.0208854 lbf a/ft7
1 lbf s/ft 2 - 47.6803 N Sim2

Kinematic Viscosity square metre per second t isa 1 m2 js - 10.763Q Wt/o '
I ft2/s - n.0929 *2/g

I Thermal Conductivwity watt pat me'-re kelvin W/o K-

IOdd Units*

Radioactivity hecquerel aq I Bq - 2.7027 - 101 C1
I CI - 3.700 v 1010 8q

Absorbed Dose gray Cy I Cly a 100 red
I red - 0.01 Ely

Dose Equivalent sievert SY 1 St - 100 ran
1 tom - 0.01 Sw

IExposure coulomb per kilogram ./k% 1 C/kg a 3876 R

Rat* of Leak (VaCuum SYStRMs) willibar litre Per second ub 1/s I A .7M6 t 1 or/k
1 tort 1.33322 ob

&These terms are* roeogised toe within the metric ystem.



Sam Metric anod SI Unit Conversion factors

(Based an DEP STAN 00-11/2 "Metric Units for Use by the Ministry of Defence.
DS Met 'S501 "AWRF metric Guide" and other British Standards)

Quantity unit Symbol Coversion

Beaui Units

Length metre 1 lm 3.2808f t
1 ft a 0.3048 a

Kass kilogram kg 1 kg - 2.2046 lb
1 lb a 0.45359237 kg
1 too o 1016.05 kg

Derived units

Force nevion N - kg a/*2 1 N a 0.2248 lbf
1 lbf a 4.44822 N

Work. Energy, Quantity of Heat joule 3 - N a I 3 - 0.737562 ft lbf
1 i a 9.47817 x 10-4 Stu
1 i - 2.38846 - 10-4 kcal
1 ft lbf - 1.35562 J
I Btu * 105.06 J
1 kcal -4186.8 J

Power watt WD J1 I/ 1 aI 0.238846 cal/s
I Cal/$ - 4.1668 W

Electric Charge coulomb C *A a
Electric Potential volt V - /A JI3C -

Electrical Capacitance farad F -A eft - C/V -

Flectric Resistance ohm 0 -V/A-
Lonductance siemen S I 0
Magnetic Flux weber IWb *V a
Magnetic Flux Density tesla T - Aim2

-

Inductance henry H -V s/A W h/A -

Complex Derived Units

*Angular Velocity radian per second red/s 1 red/s - 0.159155 rev/s
1 rev/s - 6.28319 red/s

* celrtinmetre per squae second m/0 2  
1 U/82 - 3.28084 ft/s2

Acceleation1 ft/a2 - 0.3048 *,*2
IAngular Acceleration radian per square second red/s 2

-

Pressure newton per square metre H/m2
- Pa 1 N/in2 . 145.038 x 10-6 lbf/in?

1 lbf/In! - 6.89476 x 10 N/u 2

barbar* 1~ 3*2 I in. Hg - 3366.39 N/0n2

*Torque newton metre N m 1 N4 v - 0.737562 lbf ft
1 lbf ft - 1.35582 Nma

*Surface Tension newton por metre N/a I W/m - 0.0685 lbf/ft
1 lbf/ft - 14.5939 Ills

Dlynamic viscosity newton second per square metre N s/n2  1 N elm 2 - 0.020854 lbf s/ft
I lbf s/ft2 - 47.8803 N e/m2

Kinematic Viscosity square metre per second 0
2
/8 1 N2/s 1 0.7639 ft 2 /g

1 ft2/S n .0929 U21S
Thermal Conductivity watt pey metre kelvin W/o X

OdioaUtity hecquerel Sq 1 Sq -2.7027 - 10-1 C1
RadiactiityI Ci 3.700 x 1010 Sq

Absorbed Dose gray Cy 1 Cy -100 red

Dose Equivalent siewert 1 re w 1001 ry
1 rem - 0.01 SW

Exposure coulomb per kilogram Not I C/kg - 3876 a

Rate of Leak (Vacuum Systems) millibar ittre per seconid mb I/s I a - .58a10 C/kg

1 torr -1.33322 Ob

*These terms are reconised terms within the metric system.




