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1 Introduction

What is the multiple inverse method? The method is
a numerical technique to separate stresses from het-
erogeneous fault-slip data [46] and from heteroge-
neous focal mechanism data [30]. The former class
of data are obtained from outcrops, borehole cores,
etc., and allows us to understand secular changes in
crustal stress. The latter class of data come from seis-
mic events, and cast light on spatial and/or temporal
changes in the state of stress at depths.

This document describes the way to use the soft-
ware package implementing the multiple inverse
method for the Windows Operating System. The
mechanism of the method is explained in Appendix
C of this document and in the articles [29, 30, 46].

1.1 Purpose of this software package

What areheterogeneousfault-slip data? The hetero-
geneity is the key term for the method. First, we
assume that stresses with the common principal ori-
entations and the common stress ratio represent the
a state of stress. Then, suppose that an area experi-
enced two successive ages with different stress states,
and that a group of faults was activated by the older
stress state and another one by younger stress state. It
is not straightforward to determine the geological age
of fault movement. So, suppose further that we can-
not discriminate between between the groups. Then,
the fault-slip data from all the faults are said to be
heterogeneous. In contrast, the data only from one
of the groups are said to be homogeneous, and bear
the information of the stress state corresponding to
the specific group of faults. A heterogeneous data set
comes also from a rock mass in which the state of
stress changes spatially and/or temporarily.

If a homogeneous data set is given, it is very easy
to determine the stress that was responsible for the
faulting or seismic events by means of the classical
stress inversion method (Appendix B.7), which was
completed until the early 1980s [1, 2, 8, 11, 40]. It is
explained in§7.1 to deal with such a dataset with this
program package.

The multiple inverse method aims at separating
stresses numerically from heterogeneous data. Given
a homogeneous data set, the method answers not
only the optimal solution but also its confidence level.
When a researcher aims at understanding the tempo-
ral or spatial changes in the state of stress from a fault-
slip or focal mechanism data set, the researcher should

expect the heterogeneity of the data set.

1.2 Studies using this method

The basic mechanism of the multiple inverse method
was proposed in 2000 [46], and was applied to faults
in Mesozoic and Cenozoic basins in Japan [14, 15, 17,
18, 36, 45]. After the software became open for the
public in 2004, the method was used in various areas
in various tectonic settings. Those include faults in
Cenozoic rocks around the Baikal Rift, and in north-
ern Iran and western Himalaya [9, 10, 20, 21, 32];
Mesozoic, Paleozoic and Proterozoic rocks in Europe
[12, 35, 42]; and a Cenozoic ophiolite in southern
Chile [41]. Several researchers used the method to
understand processes at depths in metamorphic and
accretion complexes [23, 26] and in a wide shear zone
[4]. Shear planes in oriented core samples were in-
verted by the present method to study paleostresses as
well [28, 44].

It was difficult to deal with heterogeneous focal
mechanism data, because it is not straightforward to
determine which of the two nodal planes of a mecha-
nism represents the fault plane, though the nodal plane
selections are feasible. Recently, Hiratsuka and Sato
assumed both planes being fault planes to infer the
stress field around the rapture zone of the 2004 Indian
Ocean Earthquake with the multiple inverse method,
whereas Pasquale et al. applied the method to the data
for verifying this selection [13, 31]. Now, the latest
version of this software has the function to deal with
heterogeneous focal mechanisms avoiding the selec-
tion [30]．

1.3 About the software package

This software package consists of the main and post
processors, sample datasets, User’s Guides and aux-
iliary files. Given a set of geological or seismolog-
ical data, the main processor calculates stresses that
are consistent with the data. The post processor not
only visualizes the stresses but also provides various
functions to analyze the data and stresses. Using the
functions, the user can interactively determine stresses
from data, and can classify faults according to the
stresses. The method of using the functions is ex-
plained in§5.4, and worked problems to determine
stresses from homogeneous and heterogeneous data is
illustrated in§7. If some faults are observed to cut
other faults at an outcrop, we are able to determine
the order of faulting. And, we can estimate the time
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sequence of the stress states that are thought to be re-
sponsible for the faults. Bedding tilt test [51] can be
applied to fault-slip data from fold zones or tilted fault
blocks by means of the multiple inverse method in
tandem with the software “KUT” [37], which untilts
fault-slip data and is available from our web site.

Important Terms

Multiple inverse method
A numerical technique for detecting stress states
from heterogeneous data obtained from geologi-
cal faults or from seismic focal mechanisms.

Stress state or state of stress
A state of stress or a stress state represents the
stresses that have the same principal orientations
and the same stress ratio (Appendix B.2). A
stress state is specified by the combination of
principal orientations and the value of stress ra-
tio. Note that this diction is not in common use
among researchers.

homogeneous data
If fault activities occur in spatially and/or tem-
porarily homogeneous stress field, data from the
activities are said to be homogeneous.

heterogeneous data
If fault activities occur in spatially and/or tem-
porarily heterogeneous stress field, data from the
activities are said to be heterogeneous. It is ex-
pected that the heterogeneous stress field is rec-
ognized from a heterogeneous data set.

Misfit angle
The angle between observed and theoretical slip
directions on a fault plane. The latter is obtained
from an assumed stress state.

2 Evolution of the method

The multiple inverse method was invented in the late
1990s [45]. And, the software implementing the
method became open to the public in 2004. At that
time, both the main and post processors had the ver-
sion number 4.

2.1 Main processor

The alteration from the version 3 to 4 was due to the
improvement in the computational grid by [34], which

was realized by the redefinition of the parameter space
to represent stress states [33].

The main processor version 5 had improved algo-
rithm to reduce noises to improve resolution, and to
shorten the time of computation [29]. The improve-
ment of the main processor to the version 6 includes
mainly the function to deal with heterogeneous focal
mechanism data [30]. There is no change in the func-
tion to deal with geological fault-slip data. But, the
recent refinement of the computational grid improved
the resolution of the method [50].

The article [29] reports the resolution of the main
processor version 5 using artificial data sets1. An-
other article [30] briefly reports the resolution of the
main processor version 6 when it is applied to hetero-
geneous focal mechanisms.

Paired stereograms in Fig. 1 illustrate the difference
in the resolution of the versions applied to the iden-
tical heterogeneous dataset that were artifically gen-
erated with the assumed stresses A and B. Because
of those gradual improvement, it is advisable for the
users to specify the version number of the main pro-
cessor in their articles.

2.2 Post-processor

Unlike the main processor, there have been no impor-
tant changes since 2004, except for the alterations of
the Stress menu. Until the version 4.14, this menu
included the functions of measurements and visual-
ization methods. Functions of the first category are
included by theMeasurement menu of the present
version of the post processor (ver. 4.15). Those of the
second category are moved to the newly-established
View menu. TheStress menu ceased to exist. In addi-
tion, the version 4.15 got the function to measure the
angular stress distance (Appendix B.5) between the
stress states that the user specifies on the main win-
dow of the program. The present one (version 4.16)
has the function to draw Mohr diagrams for triaxial
stresses, which the user specifies. The normal and
shear stresses on fault planes are plotted on the di-
grams as well.

3 Installation

The minimum system requirements for this program
package are listed below.

1Liesa and Lisle [19] tested the resolution and accuracy of the
main processor version 4.
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Figure 1: Paired stereograms showing the results of the different version of the main processor obtained from
a set of artificial heterogeneous fault-slip data with the parameters,k = 5 ande = 6. Open diamonds indicate
the principal orientations of the assumed stresses. The stressed A and B had the stress ratios of 0.5 and 0.6,
respectively. Lower-hemisphere, equal-area projections.

• Pentium processor, 200 MHz

• 200 MB RAM

• 7 MB free disk space

• Pointing device (mouse)

• Windows 98/NT4

In short, the software runs on a PC circa 2000. The
software is compatible with Windows 7 and with Win-
dows x64 Edition. A Macintosh user reported the

compatibility of the software with Parallels Desktop2.
It is very easy to install the package in your com-

puter, as the installation does not change the registry
of the Windows Operating System. The package is
available from the web site3,

www.kueps.kyoto-u.ac.jp/ web-bs/tsg/software/

2Parallels Desktop is Macintosh software by Parallels, Inc.,
providing hardware virtualization for Macintosh computers with
Intel processors.

3If the above site is not found, please visit one the home pages
of the authors.
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Download the zipped file from this site, and and ex-
tract files from it in a directory in your computer4.
Then, you can use the software.

The executable filesmim60.exe andmiv4.exe are
the main and post processors. It is possible to launch
the executable files from theStart menu of the Win-
dows Operating System. Consult the built in help sys-
tem of your operating system for the procedure to reg-
ister the executable files in the menu.

Uninstallation is easy as well. Just delete the direc-
tory containing the software package.

4 Main processor

This software package includes the executable files
mim4.exe andmim60.exe, which correspond to the
versions 4 and 6 of the main processor. The former is
provided exclusively for the purpose of the bedding
tilt test proposed that we proposed for paleo-stress
analysis of fault-slip data from tilted rocks [51]. Use
the version 6 unless the user apply the test. The usage
of the both programs are basically the same. So, we
explain only the latest version of the main processor
in this section.

The main processor reads a data file in a certain for-
mat (§6), and outputs the result in a text file, which is
visualized by the post processor.

4.1 Basic operations

The main processor,mim60.exe, is a console pro-
gram (Fig. 2). The following is the procedure to use
the main processor.

1. Double-click on the icon of the executable file
to launch the program. The program can be
launched through a console window opened be-
forehand.

2. As soon as the executable file is launched, an
open dialog pops up to prompt the user to select
a data file. Choose an appropriate data file.

3. Next, specify an output file name through a save
dialog. The program appends automatically the
file extensionmi4. If the user specifies an exist-
ing file, the program asks to input the character
“y” or “n” on the console window to answer yes
or no to confirm or cancel the overwriting. If
canceled, the program is terminated.

4Avoid characters other than alpha-numeric ASCII characters
for the directory names of this software package

4. Input an integer 1 or 2 to indicate either geolog-
ical fault-slip data or seismological focal mecha-
nism data are processed (Fig. 2).

5. Input an integer for the fault combination num-
ber, k, through the console window. The data
classes have different range ofk. For fault-slip
data from geological faults, the program accepts
an integer in the range 3≤ k ≤ 8. Input one
of these numbers following the promptk = .
For the case of focal mechanism data, input an
integer following the promptk <4 or 5> = .
The program accepts the value 4 or 5. We rec-
ommend the valuek = 5. If the number of data
is as large as, say,> 100,k = 4 is acceptable5.

Having received all the parameters above, the pro-
gram echoes back the file names as

Input : sample fm.fdt

Output : sample fm v6k5.mi5

The fraction4800 / 487635 at the final line of the
console window in Fig. 2 shows the progress of the
computation, and indicates that 4800/487635≈ 1%
of the entire computation had done. The numerator
increases by hundreds. The denominator of the frac-
tion above equals the binomial coefficient,

NCk =
N!

k!(N − k)!
,

whereN is the number of faults, or equals

2NCk =
(2N)!

k!(2N − k)!
,

whereN is the number of focal mechanisms. The user
can predict when the computation ends by comparing
the increasing fraction.

Shortly after all the computation is over, the main
processor writes the result in the output file, and closes
the console window. If the user launch the program
through a console window opened beforehand, he or
she can read the messages from the main processor.

The execution is canceled by clicking on at the
upper-right corner of the window.

We recommendk = 5. If N is large,k = 4 is appro-
priate. The main processor has the maximum number
of faults, Nmax that the processor can handle.Nmax

depends onk (Table 4.2).

5The present version of the program has the upper bound for
the number of data (Table 4.2).
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Figure 2: Console window of the main processor．
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Figure 3: Time of computation and memory needed by the main processor for calculation. The data shown here
were measured with a personal computer (Pentium IV, 2.4 GHz, 512 M bytes of memory)．

4.2 Computational resources

The present version of the main processor has the lim-
itation in the number of faults,N, so as to satisfy the
inequality,NCk < 2,147,483,647= 231, because the
program uses 32-bit signed integers to count the iter-
ations. For the case of focal mechanism data, the con-
dition 2NCk < 2,147,483,647 must be meet, where
N is the number of data. This limitation will be re-
moved in a future version by utilizing 64-bit ones. If

N is large, specify a smallerk not to exceed the upper
bound (Table 4.2).

The time of computation depends on data in two
ways, the number and heterogeneity of data. The pro-
cessing of focal mechanism data takes about twice
the longer time of computation than that of geologi-
cal fault-slip data. The following is the explanation of
the time for the latter class of data.

First, the time of computation depends on thek
value that the user choose and onN, the number of
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Figure 4: Main window of the post processor. Stress states significant for data are visualized as clusters
on the paired stereograms; principal orientations of the stresses are denoted by lower-hemisphere, equal-area
projection.Np, the number of stress states plotted on each stereogram;Ns, the number of different stress states
output by the main processor;NG, the number of computational grid points used by the processors; EF, enhance
factor; DF, dispersion factor.

faults. Given these parameters, the program iterates
the classical stress tensor inversion (p. 28) many
times. The number of iteration is smaller than or equal
to NCk. As k is generally smaller thanN by at least
one order of magnitude,NCk is approximated byNk,
which inflate with increasingN andk.

Second, how the actual number of iteration is re-
duced from NCk depends on the heterogeneity of
data6. The more heterogeneous the data are, the
smaller the number is. Fig. 3(a) shows the time of
computation for an artificial data set. The decrease in
the time of computation for the case ofN = 25 and
k > 6 resulted from the reduction effect.

5 Post Processor

The post processor has various functions, among
which the main is to visualize the results that the

6The main processor version 4 and earlier versions iterated
the classical stress inversion literallyNCk times [46]. Adopting
the algorithm of Otsubo and Yamaji [29], the program cuts back
on the number of iterations after the version 5.

Table 1: The fault combination numberk and the cor-
responding maximum number of dataNmax the main
processor can handle. FSD, fault-slip data; FMD, fo-
cal mechanism data.

k 3 4 5 6 7 8

FSD 499 269 122 75 55 44

FMD 238 96

main processor calculated from data sets. In this sec-
tion, the procedure for the visualization is briefly ex-
plained. Other functions are detailed in§5.3.

5.1 Basic operations

The post processor has the name “MI Viewer”, and
the executable filemiv4.exe. The program has the
main and data windows, the former of which shows
this name in the title bar of the window (Fig. 4). The
latter has the titleFault-Slip Data in the title bars (Fig.
5).
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Figure 5: Data window of the post processor. The table in this window shows the fault-slip data processed by
the present method. The same data are illustrated by the lower-hemisphere stereonet. One fault datum is high
lighted by red lines in the stereonet, because the datum is indicated at the first line in the list and the first column
of the line had been clicked. The column is high lighted by gray background.

When the post processor is launched, the main win-
dow lies on the data window. Choose items in the
Window menu on the main window or typeAlt + W
on the keyboard to bring the data window on the main
one.

Follow the steps below for the visualization.

1. Run the executable filemiv4.exe.

2. Choose one of the files that were output by the
main processor by clicking theFile menu and
then theOpen submenu on the main window.
An open dialogue opens by these operations. If
the file is loaded, the fault-slip data that are con-
tained in the file are shown on the data window.

3. Click the Draw button on the main window, then
the result of the multiple inverse method applied
to the fault-slip data is visualized on the paired
stereograms on the main window (Fig. 4)．

4. Click theFile menu and click the menu itemExit
to terminate the program．

5.2 Visualization

The post processor visualizes the results of the mul-
tiple inverse method, and extracts the pieces of infor-
mation about the stress states recorded in the user’s
data.

5.2.1 Main window

The paired stereograms on the main window show the
principal orientations of the stresses detected by the
multiple inverse method (Fig. 4). The stereograms use
lower-hemisphere, equal-area projection. Each of the
symbols that have heads and tails like tadpoles plotted
on the stereograms represents a state of stress. A state
of stress or a stress state represents stresses with the
common principal orientations and the common val-
ues of stress ratio. In what follows, we use the term
“tadpole symbols” for them (Fig. 6).

Clusters of tadpole symbols with similar colors and
similar attitudes on the stereograms represent signif-
icant stresses for a given set of fault-slip data. The
stresses detected from heterogeneous data are de-
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Figure 6: The legend plotted between the paired stere-
ograms in the main window. The plunge of stress axes
are denoted by the lengths of the tails of tadpole sym-
bols. Φ values are color coded with the intervals of
0.1.

picted by those clusters.
A color of the symbols denotes the stress ratio,

Φ =
σ2 − σ3

σ1 − σ3
, (1)

whereσ1, σ2 andσ3 are principal stresses andσ3 ≤
σ2 ≤ σ1. We use the sign convention that compres-
sion is positive. By definition, the value ofΦ has the
range [0, 1]. The two casesΦ = 0 and 1 represent
the stress statesσ1 > σ2 = σ3 andσ1 = σ2 > σ3,
respectively. Both of these are axial stresses. Triaxial
stresses have intermediateΦ values, Values of this ra-
tio are indicated by 11 colors with an interval of 0.1.
There are color bars just below the menu bar and un-
der the stereograms. The color scheme can be freely
changed. Violet and red indicateΦ = 0 and 1, respec-
tively, in Fig. 4. And, for example,Φ = 0.2 is rep-
resented by the third color from the left in the color
bar.Φ values are digitized with the intervals of every
0.1 on the main window. Each of the color bars on
the right-hand side of theReset button and under the
paired stereograms are composed by 11 colors (Fig.
4), and indicate the color coding of the 11Φ values
0.0, 0.1, . . . , and 1.0.

A state of stress is completely depicted by a tadpole
symbol on one of the paired stereograms as follows,
but the use of two stereograms help a user discern the
principal orientations of the state of stress (Fig. 7). On
the left stereogram, position of the head of a tadpole
symbol indicate aσ1 orientation, and the azimuth and
plunge of theσ3 orientation is designated by its tail
(Fig. 6). The length of a tail is drawn proportional
to the difference between 90◦ and the plunge of the
σ3 axis. The steeper theσ3-axis, the shorter the tail
is. The correspondence between the length and plunge
is shown by the ten gray tadpole symbols plotted be-
tween the stereograms; they indicate the plunges at 0◦,

10◦, 20◦, . . . , and 90◦. The roles of the head and tail
of each tadpole symbol are inverted on the right stere-
ogram. That is, the position of the head of a tadpole
symbol on the stereogram indicates theσ3 orienta-
tion; and the length and direction of the tail denote the
plunge and azimuth ofσ1 orientation. Using the two
stereograms the user can easily take in the stress states
that are represented by the cluster of tadpole symbols.

At the base of the main window, a status bar in-
dicate several parameters. Among those, the string
sigma3 in Fig. 4 indicates that the mouse pointer was
placed on the right stereogram, and the fraction31.1
/ 0.0 indicates that the position of the pointer corre-
sponded to the azimuth at 31.1◦ and the plunge at 0.0◦

when the picture was captured. Other items shown in
the status bar are explained in the next section.

The track bars above and below the color bar on
the right-hand side of theDraw button are used to
limit the range ofΦ values of the stress states to be
plotted on the stereograms. Track bars 1 and 2 in Fig.
8 indicate the upper and lower bounds of the values.

5.2.2 Data window

The data window has three panels (Fig. 5). Fault-slip
data are shown in the stereonet occupying the upper
left panel. At the upper left corner of this panel, the
position of the mouse pointer is shown by the azimuth
and plunge of the position on the stereonet. List of the
data are shown in the panel to the right of the stere-
onet. When the program deals with geological fault-
slip data, each row in the list corresponds a fault-slip
datum. If the method is applied to focal mechanism
data, two succeeding rows indicate the parameters of
the nodal planes of a focal mechanism datum corre-
sponding to a seismic event.

The pop-up window in Fig. 9 appears by right-
clicking on the data window. The fault-slip data in
Fig. 5 are exhibited by their tangent-lineation diagram
in Fig. 10. The plotting methods can be switched by
choosing the two submenu items underPlot Method
of the pop-up menu.

If a line in the list is clicked, the corresponding fault
is highlighted by red lines on the stereonet. Just be-
fore the window shown in Fig. 5 was captured, the
first datum in the list had been clicked. It is easy to
see the correspondence between plotted symbols in
the stereonet and data in the list. Function of the but-
ton Switch off highlighting is literally to switch off the
highlighting.

The bar graph in the lower left panel shows the his-
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Figure 7: Even without colors, the correspondences of the clusters A and B in the two stereograms turns out
from the lengths and directions of tadpole tales.

Figure 8: Track bars above and below the color bar
limits the rage ofΦ values plotted on the stereograms.
When this picture was captured, the stress states with
Φ = 0.4–0.6 were plotted on the paired stereograms.

Figure 9: The pop-up window shown by right-clicking
on the data window.

togram of the angular misfits between observed and
theoretical slip directions of the faults. The latter di-
rections are calculated with a state of stress designated
on the main window. The usage of this histogram is
explained in the next subsection (p. 10).

Figure 10: Tangent-lineation diagram showing the
fault-slip data in Fig. 5.

5.3 Menu items

The post processor has various functions to help anal-
ysis. The user can use the functions interactively
through the main and data windows.
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5.3.1 File menu

First time the user launch the post processor, the last
item in theFile menu isExit. If a file is loaded, the
file name is automatically recorded in the text file
prevfiles.txt, which is stored in the home direc-
tory of the post processor. Next time you launch the
program, the file names are appended belowExit as
dynamically created menu items, with which the user
can access to the files.

[Open] Click Open to load a file that was output by
the main processor. The data in the file is not plotted
on the paired stereograms until theDraw button on
the main window is clicked.

[Export Image] The paired stereograms are saved
as a vector or raster image in a file with the extension
emf or jgp, respectively, through this menu item in
order for publication.

[Save Coordinates] The stress states depicted by
tadpole symbols are exported in a text file through
this menu item, which has the submenu itemsPrinci-
pal axes and stress ratios andReduced Stress Ten-
sors. When the former is chosen, the azimuth and
plunge of theσ1- andσ3-axes and the stress ratios are
saved. Each line in the text file corresponds to one
tadpole symbol. If the latter is chosen, the six compo-
nents of the reduced stress tensors (p. 25) representing
the stress states,σ11, σ12, σ13, σ22, σ23 andσ33 are
saved7, where we use the rectangular Cartesian coor-
dinates in Fig. 38. Six items in a row in the file are
the values of these components in this order.

5.3.2 Edit menu

[Copy] The graphics shown on the paired stere-
ograms is stored in the clipboard by choosing the
Copy item from theEdit menu. The user can edit the
picture with a drawing software.
5.3.3 Measurement menu

Functions for measuring misfit angles and statistics of
stress states are accessible fromMeasurement menu.

7The version 4.10 and earlier of MI Viewer output compo-
nents of the reduced stress tensors defined by Orife and Lisle [25],
which are equal with the components of the tensor in Eq. (6) mul-
tiplied by

√
2/3.

[Misfit Angles] The post processor has the function
of calculating the theoretical slip directions of faults
based on the Wallace-Bott hypothesis (Eq. 4, p. 24)
for the state of stress specified by the user (Fig. 11).
The angular misfits between theoretical and observed
ones are also computed. The misfit angles are used as
the keys to classify data (§7).

The user have to specifyσ1- andσ3-orientations
and a value ofΦ to input a state of stress. The main
window receives these parameters through three steps.

1. Designation of one of the orientations.

2. Designation of the remaining orientation.

3. Designation of aΦ value.

The menu itemMisfit Angles has two submenu items,
Designate by Mouse andDesignate an Axis through
Keyboard (Fig. 12) to prompt the user to choose one
of the two ways for designating the first orientation.

If the submenu itemDesignate by Mouse is cho-
sen, the tip of the mouse pointer is encircled on the
main window (Fig. 13). And, the status bar shows
the signDesignate 1st Axis, indicating that the pro-
gram is in the first mode to designate the stress axis
the user is going to specify. The open circle moves
with the tip of the mouse pointer. In Fig. 13 the
pointer is placed on the left stereogram, meanwhile,
the great circle arc on the plane perpendicular to the
direction indicated by the pointer is drawn on another
stereogram. The arc moves following the movement
of the mouse pointer. Place the circle on a cluster, then
click the left mouse button to designate the principal
orientation. This operation fixes the open circle and
the arc, and cues the program in entering the second
mode to designate another stress axis.

If the submenu itemDesignate an Axis through
Keyboard is chosen (Fig. 12), the panel in Fig.
14 appears to prompt the user to input theσ1- or
σ3-orientation through the keyboard. Input the az-
imuth and plunge of theσ1- or σ3-axis, and click on
theConfirm Parameters button to terminate the first
mode. The other stress axis and stress ratio are desig-
nated by the same steps with those described in the ex-
planation of the menu itemDesignate by Mouse. The
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Figure 11: Data window after a state of stress is designated through the main window: the stress has the stress
ratioΦ = 0.3 and theσ1 andσ3 orientations indicated by the symbolsand , respectively, on the stereonet.
The orientations and the stress ratio are shown by their azimuths and plunges at the lower left of the net. The
lower left panel shows the histogram of misfit angles for this stress. Bars of the first three bins are colored
brown, olive, and pale green, respectively, in this histogram. The rightmost column in the data list shows the
misfit angles, where the same coloring is used for the backgrounds of the angles smaller than 30◦.

Figure 12: Submenu items ofMisfit Angles.

radio-button in the yellow panel indicates which of
the stress axisσ1 orσ3 is chosen.

After a principal orientation is designated, the post
processor enters the second mode to receive another
principal orientation. In the second mode, an open
circle glides along the great circle arc with the pole,
the orientation of which has been designated through
the first step, above. Click the left mouse button on
the interested cluster to designate the principal orien-
tation. Then, then the program enters the third mode
to receive the stress ratio.

A Φ value is designated by one of the two ways. If
the user specify one of the values 0.0, 0.1, 0.2,. . . , 0.9

Figure 13: Screen-shot of the main window on which
a state of stress is designated to calculate the misfit
angles on the faults listed in the data window.

or 1.0, click one of the color blocks in the upper part
of the main window (Fig. 15). A more precise value
can be input through the box “B” in Fig. 15.

As soon as the designation of a state of stress is
completed, the post processor calculates the theoreti-
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Figure 14: A principal orientation can be designated
from keyboard using this panel.

Color blocks B

Figure 15: Upper part of the main window in the third
mode to designate a state of stress.

cal slip directions of the faults, and plot the directions
on the stereonet in the data window (Fig. 11). At the
same time the program calculates the angular misfits
between the theoretical and observed slip directions.
The misfit angle of each fault is shown in the right-
most column in the data list. The histogram in the
same window shows the frequency of the misfit an-
gles with the bin width of 10◦. The program paints
the first three bins brown, olive and pale green. The
same color scheme is applied to the background of the
right most column of the data list and to the symbols
representing faults.

Contents of the stereonet and histogram can be
saved in enhanced metafiles. The angular misfits
shown in the table can be also saved in a text file. Use
the pop-up menu shown in Fig. 9 for those purposes.

Stress State 1

Ö = 0.4

Stress State 2

Ö = 0.6

Figure 16: Paired stereograms showing two stress
states, whose angular stress distance is shown in Fig.
17.

Figure 17: Angular stress distance (Θ) between Stress
States 1 and 2, which are shown in Fig. 16.

Figure 18: Dialog box showing statistical parameters
of the stress states plotted as the tadpole symbols on
the paired stereograms.

[Angular Stress Distance] The post processor has
the function to calculate the difference between stress
states (e.g., Fig. 16). Choose this menu item for this
purpose. Then, the post processor calculates “angular
stress distance” to measure this difference (Appendix
B.5). Each of the stress states are input through the
same procedure as that for calculating misfit angles.
Fig. 17 shows the dialog window for indicating the
angular stress distance between designated stresses
(Fig. 16).

[Global Average and Spread] Choosing this menu
item cues the program in calculating the averaged
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Figure 19: Enhance factore can be changed through
this menu.

stress state and the spread around the average forall
the stress states plotted on the paired stereograms in
the main window8. These parameters are shown in a
dialog box. The values219.1 and 71.8 in Fig. 18
indicate the azimuth and plunge of theσ1-axis of the
average state of stress. The rowsigma3 axis = ... indi-
cates theσ3-axis of this stress. The spread is denoted
in two ways using mean stress difference,D, mean an-
gular stress distance,Θ. The definitions of the average
and spread is given in Appendix B.6.

5.3.4 View menu

[Enhance Factor] On the paired stereograms in the
main window, a great number of tadpole symbols are
plotted. Clusters of the symbols represent significant
stresses for given fault-slip data, but too many sym-
bols makes it difficult for the user to take in the clus-
ters. Namely, the clusters are obliterated by the noisy
background in the stereograms. In that case, the user
can thin out the background and, as a result, enhance
the clusters. MI Viewer has this menu item for this

8The next major revision of MI Viewer incorporates the func-
tion of clustering, which evaluates the average and spread of each
cluster [27].

purpose. The mechanism of thinning out the back-
ground is as follows.

The software package uses the computational grid
points in the parameter space, each of which a state
of stress. The number of grid points isNG = 60,000:
we have the same number of stress states standing for
any stresses. The multiple inverse method calculate a
great number of stresses, and the stresses are approx-
imated by the 60,000 stress states.

Let m(i) be the number of stresses stood for by the
ith grid point. The post processor plots a number of
m(i)/max(es, 1) tadpole symbols on the paired stere-
ograms, wheree is the enhance factor that the user
specifies through the menu itemEnhance Factor, s
the standard deviation defined by

s2 =
1

NG − 1

NG∑
i=1

[
m(i) −m

]2
and

m=
1

NG

[
m(1) + · · · +m(NG)

]
.

The default value ofe is 8; the program accepts inte-
gers in the range 0≤ e≤ 99. The user can choose the
integers from the menu item shown in Fig. 19. The
standard deviation is shown in the middle of the status
bar with the prefixSd (Fig. 4). Since the denominator
of the fractionm(i)/max(es,1) is greater than or equal
to the unity, this fraction is smaller or equal tom(i).
Accordingly, the tadpole symbols are thinned out by
this division to enhance clusters9. The total number of
tadpoles plotted on each stereograms is

Np =
m(1) + · · · +m(NG)

max(es, 1)
.

The left most section in the status bar shows three
numbers,Np, number of grid points withm(i) > 0 and
NG, which are separated by slashes (Fig. 4).

To cancel this thinning out effect, set the valuee= 0
through the submenu itemOther...

[Dispersion Factor] It is not easy to see each tad-
pole symbols in a high density cluster, because the

9This enhancing technique is simple, but the fact is that it
spoils the resolution of the multiple inverse method. The clusters
should be identified without the thinning with the enhance factor.
For this purpose, it is necessary to find out clusters in the parame-
ter space. We have tested some techniques [27]. A future version
of this software suite shall implement artificial intelligence tech-
niques for clustering in a high dimensional parameter space.
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Figure 20: Attributes of the tadpole symbols.

Figure 21: The color scheme to indicate stress ratios
can be changed through this dialogue．

symbols lie one above another. In that case, the clus-
ter can be dispersed by choosing a larger “disper-
sion factor” through this menu item. If it is set at
zero, the symbols are plotted just at the points on the
stereograms corresponding to the computational grid
points.

[Tadpole Symbol] Other than colors, the tadpole
symbols have several attributes. The tails help users
to see the correspondence between the clusters in the
left and right stereograms, but the tails are not nec-
essary in some purposes. The submenu itemsHead
and Tail andHead Only determine whether tails are
plotted.

The heads have two sizes, large and small. Large
ones may look nice for publication purposes. These
options can be chosen from the submenu itemsLarge
Head andSmall Head (Fig. 20).

[Change colors] The color scheme for distinguish-
ing Φ values can be changed through this menu

item. By choosing this, the dialog in Fig. 21 ap-
pears to show color palettes. This software pack-
age includes the three palette files,rainbow0.pal,
rainbow1.pal, andgrayscale.pal, in which dif-
ferent color schemes are recorded. The default color
scheme is stored in the filerainbow0.pal. The user
can load a palette file by clicking theLoad Palette
button.

The colors are indicated by their RGB values be-
tween 0 and 255 in the dialog shown in Fig. 21. There
are two color columns in the dialog box. The left and
right ones show the old and new color palettes, re-
spectively. Click on a color box in the right column to
change the color. The user can save his or her favorite
color scheme in a text file with the extensionpal by
clicking the Save Palette button. The RGB values of
the colors are expressed by hexadecimal values in the
file.

5.3.5 Window menu

This menu item prompts the user to select which win-
dow is activated. When the main window is hidden
by the data window or other windows of MI Viewer,
the main and data windows can be activated typing
Alt + W on the keyboard.

5.3.6 Help menu

There are three items in theHelp menu. Choosing the
first one opens this PDF file. The second one opens
the user’s manual in Japanese. The third item is to
show the version number of the post processor.

5.4 Numerical experiments

The post processor has functions for simple numeri-
cal experiments needed to detect significant stress(es)
from fault-slip data and to infer the correspondence
between stress(es) and data. Once the post processor
loads a datafile, the simulation is started by clicking
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239.0    0.0

149.0    87.9
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Figure 22: Tangent-lineation diagram showing the
theoretical slip directions (thin gray arrows) for the
state of stress whose parameters are shown at the
lower left of this stereogram. The symbols and

denote theσ1- andσ3-axes, respectively. Thick
arrows correspond to the fault-slip data in Fig. 11.

the menu itemMisfit Angles. Fig. 11 shows one of
the results of the simulation.

The experiments show the responses of the faults,
the attitudes of which are shown in the data window, to
various stress states. If the user specify a state of stress
by the procedure explained in§5.3.3, MI Viewer cal-
culates

• the theoretical slip direction

• misfit angle

• normal and shear stresses

of each fault (Appendix B.1).
The results are shown in the data window and in a

Mohr diagram. Green dots in Fig. 11 indicate the the-
oretical slip directions for the state of stress with the
parameters shown at the lower left of the stereogram
in the window. At the same time values of misfit an-
gles are shown in the rightmost column of the data list
in the window. The background colors of this column
indicate the ranges of misfit angles:0–10◦ , 10–20◦ ,
20–30◦ and > 30◦ . Fault-slip data are also plotted
with these colors (Figs. 11 and 22). The misfit angles
show which data are explained by the specified stress
state.

Figure 23: As soon as a state of stress is specified on
the main window, the normal and shear stresses on the
faults that are listed on the data window are calculated
and plotted on a Mohr diagram.

The data in Fig. 11 are replotted as thick arrows in
tangent-lineation diagram in Fig. 22. Colors of the
arrows are the same wit the color scheme for misfit
angles explained above. Thin gray arrows in the di-
agram denote the theoretical slip directions of faults
with various attitudes. If the thick arrows are paral-
lel to nearby thin arrows, the data represented by the
thick arrows are explained by the specified stress.

The histogram of misfit angles is also shown un-
der the stereogram. The 24 data in Fig. 11 are so
nearly homogeneous that their optimal state of stress
results in small misfit angles: 19 faults had misfit an-
gles smaller than 20◦. If there are a significant num-
ber faults with large misfit angles, at least a part of the
data are incompatible with the specified stress.

Normal and shear stresses on the faults, the data
of which MI Viewer has loaded, are calculated with
the misfit angles, and plotted on a Mohr diagram (Fig.
23). Those quantities are normalized by the differen-
tial stressσ1 − σ3. If a row of the data list in the
data window is clicked, the corresponding data point
on the Mohr diagram is highlighted. The normal and
shear stresses of the highlighted data are indicated on
the right-hand side ofSwitch off Highlighting button
(Fig. 11)．

The results of the experiments can be stored in files
through the pup-up window (Fig. 9). The contents
plotted on the diagram can be stored by right-clicking
on the diagram as well: the plot is saved as an en-
hanced metafile, and the normal and shear stresses are
written in a text file (Fig. 24). Each row in the file has
two items, i.e., normal and shear stresses.
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Figure 24: The normal and shear stresses,σN andσS,
plotted on the Mohr diagram (Fig. 23) are stored in a
text file by right-clicking on the diagram. Those are
normalized by the differential stress. Therefore, the
normal stresses have values between 0 and 1; and the
shear stresses between 0 and 1/2.

6 Preparing data files

The stress tensor inversion makes use of the attitudes
of fault planes and the slip directions of hanging-walls
to determine the stresses that can explain those pieces
of information. The main processor reads two classes
of data, geological fault-slip data and seismological
focal mechanism data. Data of both classes are con-
tained in text files with the file extensionfdt. Orien-
tations and directions are measured in degrees. Make
a data file with a text editor, word processor, spread-
sheet or other programs.

6.1 Fault-slip data

In a data file that contains fault-slip data from faults
found at outcrops and borehole cores, etc., the param-
eters of one datum occupies a line (Fig. 25). And, the
parameters must be written in the “FDT” format as
follows. We refer data files with this format as FDT
files.

The parameters of a fault-slip datum consists of the
orientation of the fault plane and the slip direction of
the hanging-wall block. We use the dip direction and
the dip of the plane,faz and fpl, to denote this ori-
entation (Fig. 26). The slip direction is denoted by
the orientation of slickenside striation and the sense
of movement. The former is indicated by the azimuth
of plunge of the striation,saz and spl. The latter is
represented by the first letter of “Normal,” “Reverse,”
“Dextral” and ”Sinistral.” The lower-case letters of
the initials are acceptable. Fig. 25 shows fault-slip
data in the FDT format. Blank lines are not accept-
able. The angles are thought to be in the ranges,
0◦ ≤ faz, saz < 360◦ and 0◦ ≤ fpl, spl < 00◦.

The main processor neglects any words or charac-

Figure 25: (a) Example of a data file. (b) Fault-slip
data listed in (a). Lower-hemisphere, equal-angle pro-
jection. Numbers in open circles indicate the line
numbers in the list.

ters after the fifth item in a line (Fig. 25), so that the
columns the character indicating the shear sense can
be used for remarks.

It is recommended to check your data file with the
stereonet software “SFSA.” The SFSA is available
from the software archive that includes this software
package. SFSA loads data files with the FDT format,
and visualizes their contents with a stereonet. The
stereoplot can be exported to a metafile, which can be
processed or decorated with drawing software such as
Illustrator and Canvas. Fig. 25(b) was made through
the procedure.
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Figure 26: Schematic illustration showing the angles
for indicating the orientation of a fault plane and the
slip direction of the fault. The FDT format uses the
four angles,faz, fpl, saz and spl, where faz is the dip
direction, fpl equals the dip of the plane, andsaz and
spl denote the azimuth and plunge of the striation. The
strikesand dipd of the plane and the raker of the slip
direction of the hanging wall are cataloged in focal
mechanism data. The strike direction is defined by
the “right-hand rule” [6]. Ther value of this example
is in the range from 270◦ to 360◦, because the fault
has normal and sinistral senses.

6.2 Focal mechanism data

The difficulty of dealing with focal mechanism data
for the stress tensor inversion is that it is not straight-
forward which of the nodal planes represents the fault
surface that gave rise to the earthquake event (Fig.
27). First, we hypothesize that both the nodal planes
acted as fault planes [30]. Then, we distinguish the
nodal plane on which faulting occurred more proba-
bly than another for each mechanism using the post
processor using the procedure in§7.

In a data file, parameters of a mechanism occupies
two successive lines, each of which denotes the pa-
rameters of possible faulting on a nodal plane in the
FDT format. For example, the mechanism illustrated
in Fig. 27 has the hypothetical fault-slip data:

224.0 34.7 257.9 29.9 R

77.9 60.1 44.0 55.3 R

The first and second lines correspond to the south-
westward and eastward dipping nodal planes, respec-
tively.

However, the FDT format is not used in the catalogs
of focal mechanisms that are provided by seismologi-
cal institutes. Instead, the raker of the hanging-wall’s
slip direction is usually recorded along with the strike

nodal plane 2nodal plane 1

347.9

134.0

77.9

224.0

257.9

44.0

34.7

29.9

60.1

55.3

Figure 27: Lower-hemisphere, equal-angle projection
showing a focal mechanism with nodal planes have
the strikes, 134.0◦ and 347.9◦, which are measured
with the right-hand rule (Fig. 26).

s and dipd of each nodal plane (Fig. 26). Given such
data, those angles should be transformed to the equiv-
alent parameters in the FDT format for our stress in-
version software.

For this purpose, the program,rake2fdt.exe, is
included in this software package (Fig. 28). To do
so, prepare a text file containing focal mechanisms ex-
pressed in terms of the angles such that

134.0 34.7 61.1

347.9 60.1 108.5

These successive lines represent the mechanism in
Fig. 27. Entries in each line are separated by one or
more spaces, and “” denotes the newline code. The
program,rake2fdt.exe, reads a data file in thes-d-
r format, and output a corresponding FDT file (Fig.
28). The filesample R2FDT.txt in this package is a
sample file of this program.

In conclusion, follow the procedure:

1. Make a text file containing focal mechanisms.
Each mechanism is described in successive two
lines with the data format as the list in the blue
box above. Each line has thes, d, andr values of
a nodal plane.

2. Convert this data format to the FDT format
throughrake2fdt.exe. The resultant FDT file
must have the file extensionfdt.

The main processor input this file, and apply an algo-
rithm for focal mechanisms.
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Figure 28: The software tool,rake2fdt.exe, for for-
mat conversion．

7 Worked problems

7.1 Homogeneous data

The present method was made for dealing with het-
erogeneous datasets, but can determine the optimal
stresses from homogeneous ones as well.

The 24 fault-slip data in Fig. 29a are used to illus-
trate the processing of homogeneous data with noises.
This dataset is composed of NE and SW dipping thrust
faults with a few exceptions. So, the faults seem to be
a mixture of a conjugate set and a few faults with other
origin, meaning that the dataset is somewhat heteroge-
neous. We regard the exceptional as noises added to
a homogeneous dataset. The problem we are solving,
here, is the procedure of how the optimal stress is ob-
tained from such a dataset and how the precision of
the solution is estimated.

Fig. 29b shows the result of the present method ap-
plied to the 24 data. Since the data are not literally ho-
mogeneous, tadpole symbols with various colors from
violet to yellow make clusters with the radii of∼20◦.

The optimal stress for the dataset is obtained from
the dialog window opened by clickingGlobal Aver-
age and Spread underMeasurement menu of MI
Viewer. The dialog says the principal orientations and
stress ratio of the optimal state of stress of the dataset.
The orientations are illustrated in Fig. 29b. In addi-
tion, the dialog says thatΘ = 20.6◦, similar to the
radii of the clusters in the figure.Θ is a measure for
indicating the precision of the solution [49]. Fig. 44
illustrates relationship between the spread of clusters
in the main window and noise levels of data.

Green dots in Fig. 30a show the theoretical slip di-
rections of the faults. Let us regard a fault-slip datum
with the misfit< 20◦ as being compatible with the

N = 24

(a)

(b)

Figure 29: (a) Nearly homogeneous fault-slip data.
Lower-hemisphere, equal-angle projection. (b) Result
of the multiple inverse method (ver. 6) applied to the
data in (a) with the parameters,k = 5 ande = 8.
Crosses indicate the principal orientations of the opti-
mal stress for the data. The optimal solution has the
stress ratio at 0.26.

state of stress from which the misfit angle was cal-
culated. Fig. 30a shows that nineteen faults are ex-
plained by the optimal stress but five faults are not.
This classification of faults may be a clue to under-
stand the spatial and/or temporal variations of stress in
the study area. If the five data are not noises but have
geological significance, the optimal stress for those
should be further determined. Fig. 30b shows the op-
timal stress for the five data.

There is a cluster of blue tadpoles encircled in Fig.
29b. Mohr diagrams for the 24 data drawn with the
stresses indicated by the crosses and those tadpoles
are shown in Fig. 31a. Almost all data points are plot-
ted along the inner Mohr circle that has the diameter
betweenσ2 andσ1 along the abscissa, indicating that
the stress was unfavorable for the faults but they were
activated by small shear stresses. Theσ3 axis is sub-
parallel to many fault planes (Fig. 29), resulting in the
small shear stresses. In contrast, the Mohr diagram
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Figure 30: (a) Faults shown in Fig. 29a and their the-
oretical slip directions (green dots) under the optimal
stress in Fig. 29b. Thick blue and gray lines show
the attitudes of the faults with the misfit angles in the
ranges 20–30◦ and> 30◦, respectively. (b) The opti-
mal stress for the five data which are depicted by thick
lines in (a). This diagram was captured with the dis-
persion factor at zero.

drawn with the optimal stress indicated by crosses in
29b has data points almost along the outer Mohr cir-
cle connectingσ3 andσ1 (Fig. 31b). Therefore, it
is natural that the optimal stress activated most of the
faults, but it is not for the stress suggested by the small
cluster. The encircled cluster improbably indicate the
second significant stress. Instead, it is probably a part
of the girdle made by blue tadpoles in the right stere-
ogram in Fig. 29b: the color indicates so low a stress
ratio thatσ3-axis is much more unstable thanσ1-axis
of the optimal solution.

7.2 Heterogeneous data

The stress states compatible with data are represented
by clusters in our method. It is important to consider
the significance of the clusters. And, once they are de-
termined to be significant, the sorting of faults or fo-

(b)

(a)

Figure 31: (a) Mohr diagram for the data drawn with
the stress indicated by the cluster encircled in Fig.
29b. (b) Mohr diagram for the data in Fig. 29a drawn
with the optimal solution indicated by the crosses in
Fig. 29b. Colors of data points correspond to the
ranges of misfit angles (p. 15).

cal mechanisms, e.g., the correspondence between the
stresses and data, is important as well. Both the iden-
tification of significant stresses and the grouping of
faults according to those stresses use the misfit angles
of faults. The angles are evaluated by the Wallace-
Bott hypothesis (p. 23).

However, both results of those tasks include fuzzi-
ness to some extent, because the hypothesis is a week
constraint for them. Specifically, different stress states
can activate a fault in the same direction. Admitting
this fuzziness, the tasks are done as follows.

Misfit angles, which can be obtained by MI Viewer,
are the keys for the tasks. Letd be this angle. The
smaller the angle is, the higher the probability is for
the fault to be activated by the stress that is assumed
to calculate the misfit angle. For this purpose we use
a threshold angledT. Fault-slip data with theird val-
ues smaller than this threshold, the data are said to
be compatible with the stress, or to be explained by
the stress. Traditionally, the values from 15◦ to 30◦

were assigned to this threshold, so the misfit angles
smaller than 30◦ is highlighted by colors in the data
window (Fig. 5). We prefer 20◦ for the threshold
value. For the case of the misfit angles in Fig. 5, the
state of stress with theσ1- andσ3-axes in the orienta-
tions 110.7◦/75.7◦ and 225.0◦/6.0◦, respectively, and
Φ = 0.3, 9 faults satisfy the conditiond < 20◦. Those
faults are determined to have been activated probably
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σ1-axis

σ3-axis

σ2-axis

Figure 32: Tangent-lineation diagram showing the or-
thorhombic symmetry of the theoretical slip directions
(gray arrows) for the state of stress withΦ = 0.5 and
the stress axes shown in this picture. Note that the
directions rapidly changes around the principal orien-
tations.

by this state of stress. Other faults were not.
However, it must be noted that the theoretical slip

direction is unstable when the fault plane in question
is approximately parallel to one of the stress axes.
That is, the Wallace-Bott hypothesis predicts that both
small perturbations in the fault attitude and/or the
principal orientations of the stress give rise to a large
change in the theoretical slip direction on the plane
(Fig. 32). Every datum including the attitude of fault
has measurement errors. Therefore, the misfit angles
for those faults nearly parallel to one of the assumed
stress axes have uncertainty. In addition, such a fault
is difficult to be activated by the stress from which the
unstable misfit angle is evaluated, because the shear
stress acting on the fault plane is small. However,
such a fault can be activated by the stress, provided
that pore pressure is very large. To see whether a fault
normal is nearly parallel to a stress axis, the tangent-
lineation diagram on the data window is useful (Figs.
11 and 32).

7.3 Examples

Two examples are used in this subsection to explain
how significant stresses are identified from hetero-
geneous data and how faults are classified using the
identified stresses.

7.3.1 Example 1

The first example is the problem of identifying signif-
icant stresses from heterogeneous 40 fault-slip data.
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     40

Stress C

Stress AStress B

Figure 33: Venn diagram showing the compatibility
of 40 fault-slip data with Stresses A, B, and C.

Suppose that there clusters appear in the paired stere-
ograms corresponding to the Stresses A, B, and C.
The Venn diagram in Fig. 33 schematically shows the
compatibility of the 40 data with the three stresses.
The diagram denotes, for example, that the 24th da-
tum is compatible with Stress A and B but is not with
Stress C; and that the 20th, 28th, and 40th data are
compatible with none of the three stresses. Conse-
quently, the three data are neglected in the argument
below. The faults corresponding to them were nor ac-
tivated by the stresses, or their misfit angles have little
confidence levels.

First, the 36th datum is compatible only with Stress
C, but Stresses A has many data that are explained
only by Stress A. The same is true for Stress B. Con-
sequently, Stress C is neglected byÓccam’s ŕazor as
an insignificant solution for the 40 data.

Next, we arrive at the problem of classifying data.
As Stress C has been ignored, the data in the colored
areas in Fig. 33 are examined. The data in the light
blue area are thought to be activated by Stress A, and
those in the pink area by Stress B. Those data have
clear belongings. In contrast, those in the light violet
area are fuzzy. Stresses A and B can explain the data.

7.3.2 Example 2

The separation of stresses from heterogeneous data is
difficult if the numbers of data corresponding to the
stresses have large differences. Example 2 is devoted
to explain the way to deal with those data.
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e = 1
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Stress A

Stress B

Figure 34: (a) Result of the multiple inverse method
applied to 60 fault-slip data: Both Stresses A and B
are assumed to activated 30 faults. (b) Result for the
case of the numbers of faults were 30 and 10, respec-
tively. (c) Same with (b) but a different value of en-
hance factore.

Suppose that Stress states A and B activatedNA and
NB faults. Fig. 34(a) shows that the multiple inverse
method can easily separate the stresses ifNA ≈ NB,
though the difficulty comes also from the similarity
of the stresses. Both the stresses are assumed to have
theΦ values at 0.5; Stress A is of the normal fault-
ing regime with N–S extension, and Stress B is of
the strike-slip faulting regime with E–W extension10.
The two clusters corresponding to the stresses have
roughly the same number of tadpole symbols in the
paired stereogram (Fig. 34(a)).

The problem we are tackling here is the case that
NA is a few times larger thanNB. Fig. 34(b) shows
the caseNA = 30 andNB = 10. Only Stress A makes
a cluster in the paired stereogram when the enhance

10The normal, strike-slip, and reverse faulting regimes of stress
have nearly verticalσ1-, σ2-, andσ3-axes, respectively.
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Figure 35: Tangent-lineation diagrams showing the
theoretical slip directions for Stress A (a) and Stress
(b) in Fig. 34. Values of the angles are listed in Ta-
ble 2. Thick arrows indicate those of the 40 faults in
Table 2. Theσ1 andσ3 orientations indicated by the
symbols and , respectively. Note that Faults num-
bered 6, 23, and 36 move nearly the same directions
under the stresses.

factor is at the default value of 8. However, when the
enhance factor is 1, the cluster corresponding to Stress
B appears as well (Fig. 34(c)). The small number of
tadpole symbols in this cluster seems to suggest that
this is a insignificant stress for the data, but this is
decided to be incorrect as follows.

For this judge, we use the list of misfit angles such
as Table 2.The items with brown backgrounds in this
list have misfit angles smaller thandT = 20◦. It is ob-
vious from this table that Stress A does not explain the
data number from 30 through 40 with one exception
(the 36th datum). Although Stress B was depicted by
a thin cluster in Fig. 34(c), the stress explains 12 data,
30% of the total number of data. Accordingly, Stress
B is found to be essential and significant for the data.
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Table 2: The misfit angles of 40 data for Stresses A
and B in Fig. 34. The angles smaller thandT < 20◦

have brown backgrounds. Items in gray columns de-
note datum numbers of fault-slip data.

A B A B

1 0.0 171.3 21 0.1 151.7
2 0.0 157.5 22 0.0 142.0
3 0.1 62.6 23 0.1 7.5
4 0.1 112.7 24 0.0 127.8
5 0.1 126.0 25 0.0 138.3
6 0.1 3.2 26 0.1 152.2
7 0.0 105.8 27 0.0 139.7
8 0.0 146.9 28 0.1 146.9
9 0.0 146.5 29 0.1 143.9

10 0.1 115.2 30 0.1 178.4
11 0.0 36.1 31 171.3 0.1
12 0.1 89.2 32 152.4 0.0
13 0.0 135.4 33 31.3 0.1
14 0.0 158.6 34 134.1 0.1
15 0.0 117.1 35 123.0 0.1
16 0.0 61.2 36 11.0 0.1
17 0.1 86.6 37 142.6 0.1
18 0.1 135.4 38 144.2 0.2
19 0.0 141.1 39 174.3 0.0
20 0.2 143.5 40 138.5 0.1

In this list, the data number 6, 23, and 26 are com-
patible with the both stresses. The faults correspond-
ing to the data are activated almost the same directions
by Stresses A and B. Therefore, they are explained by
the both stresses.

It should be also noted that 7 fault planes among the
40 ones have the poles nearly perpendicular to one of
the assumed stress axes. The green letters in Fig. 35
shows the datum numbers in Table 2 with the fault
planes and its poles making angles less than 20◦ with
the axes. The misfit angles themselves of those faults
are less confident than others.

Without those data of which datum numbers are de-
noted by green or red letters in Fig. 35, the fault classi-
fication according to the detected stresses is complete.
The belongings of those data are fuzzy.

(a)

(b)

Figure 36: Two methods for visualizing fault-slip
data. Lower-hemisphere, equal-angle projections. At-
titudes of the faults A and B are denoted by great-
circles (a) and poles (b). The latter method is called a
tangent-lineation diagram [38].

Appendices

A Plotting methods of fault-slip data

Two plotting methods are used in this software pack-
age. Stereograms in Fig. 36 illustrate them with the
same data. The first one exhibits the attitudes of faults
by great-circles (Fig. 36a). And, the slip directions of
hangingwall blocks are indicated by arrows attached
to the great-circles. That is, reverse and normal faults
are denoted by arrows pointing at the center of stere-
ogram and by those with opposite directions, respec-
tively. Strike-slip faults are exhibited by paired ar-
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Figure 37: Tangent-lineation diagrams for three stress states that have the same principal orientations but
different stress ratios. Lower-hemisphere, equal-angle projections. Note the symmetry of the patterns made
by arrows.

rows attached on the great-circles. If the arrows are
drawn in a clockwise manner as those of the fault B
in Fig. 36a, the fault has a dextral sense of movement.
Those in a counterclockwise manner indicate a sinis-
tral sense of movement.

The plotting method illustrated in Fig. 36a straight-
forwardly shows fault-slip data, but is inconvenient
for theoretical considerations. Tangent-lineation di-
agrams (Fig. 36b) are convenient for this purpose. In
this diagram, a fault-slip datum is depicted by a small
arrow in a stereogram. The arrow is plotted at the
point indicating the pole to the fault plane. The ar-
row indicates the slip direction of the footwall block
with respect to the hanging wall block. If the arrow is
drawn adjacent to the great-circle that the horizontal
plane, the fault has nearly vertical surface. And, if its
arrow is subparallel to this great-circle, the arrow rep-
resents a strike-slip fault. Such an arrow with a clock-
wise sense with respect to the center of the stereogram
indicates a dextral-sense of movement. Dip-slip faults
are indicated by arrows pointing at the center of the
stereogram or by those with opposite directions. The
faults A and B in Fig. 36b are accordingly dextral
strike-slip and normal faults, respectively.

The advantage of tangent-lineation diagrams is
demonstrated in Fig. 37, which shows fault move-
ments predicted by the Wallace-Bott hypothesis (Ap-
pendix B.1). If the patterns made by arrows in this
figure are compared to those of streams,σ1- andσ3-
orientations in the diagram denote the source-sink
pair. Triaxial stresses (0< Φ < 1) have a saddle-point
at theσ2-orientation. The patterns reflect the symme-
try of stress states. Triaxial stresses have orthorhom-
bic symmetry, whereas stress states withΦ = 0 or 1

have axial symmetry.
Therefore, if a homogeneous dataset is plotted on

a tangent-lineation diagram, arrows make one of such
patterns. And, the source an sink of the stream pat-
tern indicate theσ1- andσ3-orientations. In other
words, the determination of stress from a homoge-
neous dataset is equivalent with a problem of fitting
such a pattern on the diagram.

B Theories

The basics of stress tensor inversion, the basic idea
and algorithms of the multiple inverse method are
briefly explained in this appendix. The method is fully
explained in the articles [29, 30, 46]. For the separa-
tion of stresses from heterogeneous data, we have de-
veloped not only software but also the basic theories
of stress tensor inversion, which are explained in the
articles [33, 34, 49]. We use the rectangular coordi-
nates in Fig. 38. The knowledge on thie coordinates
is needed only when the user reads the stress compo-
nents downloaded from the post processor through the
menu itemSave Coordinates (p. 10).

B.1 Wallace-Bott Hypothesis

The multiple inverse method evolved from the classi-
cal stress tensor inversion. These methods are based
on the Wallace-Bott hypothesis, which relates stress
with slip directions of faults [7, 43]. The stress de-
noted by the tensorσ results in the tractiont = σn on
the fault plane that has the unit vectorn perpendicular
to the plane. In other words, the attitude of the fault is
represented by this unit vector. The normal and shear
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Figure 38: Rectangular Cartesian coordinates used in
this software package．

stresses acting on the plane are written as

σN = t · n (2)

σS =
∣∣∣ t − σNn

∣∣∣ (3)

When the post processor draws Mohr diagrams, nor-
mal and shear stresses are normalized by the differ-
ential stress. As a result, their values have the ranges
0–1 and 0–0.5, respectively.

The Wallace-Bott hypothesis says that faulting oc-
curs in the direction parallel to the shear stress on the
fault plane. Eq. (3) denotes magnitude of the shear
stress, whereas the vector

s= t − σNn (4)

denotes its magnitude and direction. Faulting occurs
to relieve this shear stress. Therefore, the fault move-
ment is indicated by−s rather thans (Fig. 39).

Onceσ is assumed, the slip direction of faults with
any orientations can be calculated through Eq. (4).
And, we can calculate the misfit angles,d, between
observed fault slip directions and the theoretical ones
predicted by the hypothesis with an assumedσ. If the
observed and theoretical slip directions of a fault is
denoted by the unit vectorss (obs)ands (theory), respec-
tively, the equation,

d = cos−1
[
s (obs) · s (theory)

]
,

gives the misfit angle of this fault, where

s (theory)= −s/|s|. (5)

Note that the denominator in Eq. (5) vanishes if
the fault plane is perpendicular to one of the stress
axes. In that case, the slip direction is indeterminable.

s

– s

Fault plane

Figure 39: Schematic picture showing the senses of
shear and fault movement. Thin arrow denotes the
shear stresss acting on the hangingwall block by the
footwall. Thick arrows indicate the sense of fault
movement resulting from the shear stress. The move-
ment of the hangingwall block is in the direction op-
posite tos.

This is depicted as three types of singular points, i.e.,
source, sink and saddle point, in tangent-lineation di-
agrams (Fig. 37). It is natural that the pattern made
by s (theory) inherits symmetry from the stress tensor.
This is reflected by the symmetry in the diagrams.

B.2 Stress states

A stress state is defined by aΦ value and principal ori-
entations. Stresses with different principal stress val-
ues can be the same stress state, providing that they
have a commonΦ value and common principal ori-
entations. Such stresses are collectively called the
state of stress as well. For example, suppose the state
of stress characterized by the E–W trendingσ1-axis
and N–S trendingσ3-axis andΦ = 0.5. This stress
state includes the stresses with the combinations of
the principal stresses not only{1 MPa, 2 MPa, 3 MPa}
but also{30 MPa, 35 MPa, 40 MP}.

We use the above definition of stress states, because
the Wallace-Bott hypothesis indicates that stresses in-
cluded by a stress state result in the same slip direc-
tions. Stress tensor inversion methods including ours
are based on the hypothesis to determine stresses from
the observed slip directions of many faults. Therefore,
the methods cannot determine the absolute values of
principal stresses.

The fact that the absolute values cannot be deter-
mined by the methods has good and bad points. The
indeterminacy itself is, of course, the bad point. How-
ever, thanks to the indeterminacy, we can estimate
stress states from faults without worrying the paleo-
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Figure 40: Stress ellipsoids for the stresses with theΦ
values at 0 and 1. The ellipsoids have axial symmetry
about theσ1- andσ3-axes, respectively.

depths of the faults nor the paleo-pore pressures of
the times they moved. The paleo-depth and paleo pore
pressures are difficult quantities for geological obser-
vations. Pore pressure is important for fault activity,
but the pressurep does not affect theΦ values. So,
data from different portion of a rock mass with differ-
ent pore pressures can be used to determine the state
of stress in the mass. If linear elasticity is assumed
for the crust, the principal stresses are proportional
to depth, and the stress ration in the crust is inde-
pendent from depth. Therefore, a stress state can be
determined from data from different depths. If this
proportionality is disturbed, and if depth zones have
different stress states, the states can be estimated by
the multiple inverse method using data from different
depth zones.

An ellipsoid gives geometrical interpretation of a
stress state. The ellipsoid representing the state of
stress has the principal axes parallel to the principal
stress axes and the principal radii,a, b, andc, satisfy-
ing that (b− c)/(a− c) equals theΦ value of the stress
state, where the inequality 0< c ≤ b ≤ a is assumed.
This figure coincides with the stress ellipsoid corre-
sponding to the state of stress (Fig. 40), provided that
all the principal stresses are positive in sign.

B.3 Reduced stress tensors

Stresses are generally represented by 3× 3 symmetrc
matrices. A reduced stress tensor represents the stress
tensors that have common principal orientations and
the commonΦ value.

We use the reduced stress tensors with defined by
the equation [33],

σ =
1
Λ

R⊤

2− Φ 0 0
0 2Φ − 1 0
0 0 −Φ − 1

 R, (6)

because this type of reduced stress tensors have ad-
vantages. Λ =

√
3Φ2 − 3Φ + 3 is the normalizing

Figure 41: Schematic illustration showing the param-
eter space for representing stress states. The unit hy-
persphere in a five-dimensional Euclidean space is
used as this space. Dots on the blue sphere indicate
computational grid points on the hypersphere. Dis-
tance between stress states is defined by the angular
distance,Θ, between the points on the hypersphere
that represent the stress states.

factor, andR is the orthogonal tensor representing
the principal orientations. The advantages include
not only the reduction of the stress inversion prob-
lems to geometrical problems [48] in the parameter
space explained in Appendix B.4 but also the facil-
ity of defining distance between reduced stress ten-
sors (Appendix B.5) and of evaluating the mean and
its confidence level for a given set of reduced stress
tensors (Appendix B.6). Reduced stress tensors of the
type of Eq. (6) satisfy the conditions,

σ1 + σ2 + σ3 = 0 (7)

1
2

(
σ2

1 + σ
2
2 + σ

2
3

)
= 1. (8)

the left-hand sides of which are the first and second
basic invariants ofσ. Components of a tensor change
their values with coordinate rotations. That is, if the
coordinate system different from that in Fig. 38 is cho-
sen, the components ofσ has different components
from those defined by the coordinate system in the
figure. Invariants of a tensor are the quantities char-
acterizing the physical entity of the tensor, and are not
affected by coordinate rotations.

B.4 Parameter space

Stress states are represented by points in a parameter
space in stress tensor inversion. The multiple inverse
method replaced the naive parameter space, which
was defined when the method was invented11, with an
advanced parameter space in 2005. The replacement

11The naive parameter space is the four-dimensional Euclidean
space that is span by the rectangular Cartesian coordinates,O-
θϕψΦ, where 90◦ − θ is the plunge of theσ3-axis,ϕ the strike of
theσ1σ2-principal stress plane, andψ the rake ofσ1-axis [46].
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Figure 42: The angular stress distance,Θ, from two reference stress states. Principal orientations are depicted
by stereonets, the background colors of which indicateΦ values.

corresponded to the version-up of the main processor
from version 3 to 4.

Today, the multiple inverse method uses the unit hy-
persphere in a five-dimensional Euclidean space as the
parameter space [33]. It is important for our problem
that points in the space have one-to-one correspon-
dence with different stress states. The states have one-
to-one correspondence with the reduced stress tensors
defined by Eq. (6). Let us use a unit vectorx with the
initial point at the center of the hypersphere to denote
a point on this hypersphere (Fig. 42). That is, the end-
point of this vector indicates the point. Then, the one-
to-one correspondence between reduced stress tensors
and points on the hypersphere is expressed by the

equation12,

x =



−
( √

2
4 +

√
6

12

)
σ11+

( √
2
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√
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σ22+

1√
6
σ33( √

2
4 −

√
6
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)
σ11−

( √
2

4 +
√

6
12

)
σ22+

1√
6
σ33

σ23

σ31

σ12


,

(9)
whereσi j (i, j = 1,2 or 3) are the components of the
reduced stress tensor defined by Eq. (6). Therefore,
points on the unit hypersphere have one-to-one corre-
spondence with different stress states.

12Not only the components ofx but also Eq. (7) guarantee
the have one-to-one correspondence betweenx andσ. Eq. (8)
guarantees that|x| = 1.
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B.5 Distance between stress states

Since stress states are represented by points on the hy-
persphere, it is straightforward to define distance be-
tween stress states by the angular distance between the
points. That is,

Θ = arccos
(
x(1) · x(2)

)
.

We call it angular stress distance, and use the symbol
Θ to denote the distance [49]. As the name suggests,
Θ values range from 0◦ to 180◦ (Fig. 42).

AlthoughΘ is defined in an abstract space, it is use-
ful for statistics of data and of reduced stress tensors
(Appendix B.6). Given two equivalent stress states,
theΘ value between them equals 0◦, and result in fault
movements in the same direction. WhenΘ = 180◦,
two stresses activate a fault in the opposite directions
regardless of the fault attitude. A in-between value of
Θ has an useful quantity corresponding to fault move-
ments as well. That is, if two stress states are sepa-
rated by the distanceΘ, the mean of the angles made
by the slip directions on fault planes by those stresses
is approximated very well byΘ.

The rotation angle of principal stresses in the phys-
ical space is not equal with the angleΘ in the param-
eter space (Fig. 42). If the axial stress withΦ = 0
is rotated by 90◦ about the line perpendicular to the
symmetry axis,Θ between the stress states before and
after the rotation equals 120◦. If axial stresses with
Φ = 0 and 1 have the common stress axes, the dis-
tance between the stresses is 60◦. The rotation by 30◦,
60◦, 90◦ of the triaxial stress withΦ = 0.5 about the
σ2 axis correspond to theΘ values at 60◦, 120◦, and
180◦, respectively, from the stress before the rotation.

Coordinate rotations in the physical space affects
the values ofx through the change in the components
of σ. However, since the parameter space is defined
based on the invariants (Eqs. (7) and (8)), angular
stress distance between any couples of stress states are
invariant against the coordinate rotations. This means
that the distance is independent from the directions of
coordinate axes. Therefore, the choice of the princi-
pal orientations of the reference stress states in Fig.
42 are not responsible for the distances illustrated in
this figure, although the references has E–W and N–S
trending principal axes. The relative orientations of
stress axes and the difference inΦ values are impor-
tant.

Other thanΘ, stress differenceD [25] can be used
to measure the distance between stress states.D has
values beteen 0 and 1, and has the one-to-one corre-

A 

B 

O 

D 

cos 

C 

Θ

Θ

Θ

0° 90° 180°

−1

0

1

2

D cos Θ

Figure 43: Distance measures between the points A
and B on a unit hypersphere in a five-dimensional Eu-
clidean space.

spondence withΘ as

D
2
= sin

Θ

2
.

Instead of difference or distance, the similarity be-
tween stresses,M, defined by A.J. Michael [22] is
sometimes used in seismology.M ranges from−1
to 1, and is converted fromΘ by the equation,M =
cosΘ．Fig. 43 shows the relationships between those
distance measures.

B.6 Average and spread

The post processor calculate the average and spread of
all the stress states plotted on the main window (Fig.
18). Those statistics are explained in [49].

The average is defined as follows. GivenM stress
states, letx(1), . . . , x(M) be the points on the hyper-
sphere corresponding to the stress states. Then, their
mean on the hypersphere is defined by the equation,

x =
x(1) + · · · + x(M)∣∣∣ x(1) + · · · + x(M)

∣∣∣ .
The post processor shows the principal axes and stress
ratio of the reduced stress tensorσ corresponding to
this mean vector (Fig. 18). The fact is thatσ is ob-
tained directly by the component-wise mean of the
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Figure 44: Dispersion of tadpole symbols and correspondingΘ values. Enhance factor= 2.

reduced stress tensors corresponding to the givenM
stress states, provided that the stress tensors are of the
form in Eq. (6).

The spread of theM stress states around the average
is defined as follows. LetΘ(i) be the angular stress dis-
tance of between the average and theith stress states.
Then, the spread is defined by the equation,

Θ =
1
M

[
Θ(1) + · · · + Θ(M)

]
.

Θ ranges from 0◦ to 90◦. The former value indicates
that all theM stress states are identical. The latter
indicates that the points corresponding to the stress
states are uniformly distributed on the hypersphere
[49]. This quantity is referred to asmean angular
stress distanceas well [49]. If a cluster of points on
the hypersphere is dense and compact,Θ has a small
value, and indicates that all the stress states are similar
to each other. If the stress states have a large variation,
Θ has a large value (Fig. 44).

Likewise, the mean stress difference of theM stress
states is defined by the equation,

D =
1
M

[
D(1) + · · · + D(M)

]
,

whereD(i) is the stress difference between the average
and theith stress state.D ranges from 0 to 1. The post
processor shows not onlyΘ but alsoD (Fig. 18).

It is known that if fault-slip data are homogeneous,
the noise level of the data is evaluated byΘ [49]. That
is, if observed slip directions have the errors or noises

that obey a normal distribution, the standard deviation
of this distribution is approximated byΘ. This is the
strong point ofΘ to measure the spread of stress states
for stress tensor inversion.

Although the valuesΘ = 0 andD = 0 indicate that
data have no noise and are explained by a single stress
state. However, this software package rarely shows
the values, because it uses discrete computational grid
points to represent different stresses. For the disper-
sion to have the valueΘ = 0◦, data should have no
noise, and be explained by a single state of stress. In
addition, this stress should exactly correspond to one
of the grid points.

It was demonstrated that a bedding tilt test like that
of paleomagnetism can be conducted for paleostress
studies by means of the multiple inverse method [51].
BothΘ andD can be used for this purpose.

B.7 Classical stress inversion

The classical stress inversion determines the optimal
stress for homogeneous fault-slip data in the least-
square sense, i.e., by searching the stress state that
minimize misfit angles [8]. A misfit angle is evalu-
ated by comparing the observed and theoretical slip
directions of a fault, the latter of which is evaluated
from Eq. (4) using a trial stress tensor. The optimal
stress is determined also by maximizing

S = f
(
d(1)
)
+ · · · + f

(
d(N)
)
, (10)
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Figure 45: The functionf (d) used by the main proces-
sor decreases linearly fromd = 0◦ to 20◦ and keeps
the constant value at 0.

whered(i) is the misfit angle of theith fault, N the
number of fault, andf ( ) is a decreasing function. The
main processor uses the function shown in Fig. 45.

C Multiple inverse method

C.1 Computational grid points

This software package uses 60,000 stress states,
which represent any stresses calculated from data.
The stress states corresponds to the same number of
points on the unit hypersphere in five-dimensional Eu-
clidean space through Eq. (9). We call them the com-
putational grid points. To optimize the resolution and
efficiency of the method, the points were distributed
on the hypersphere with uniform intervals using the
supercomputer of Kyoto University by Sato and Ya-
maji [34] (Fig. 41). As as result, the 60,000 stress
states were defined with “uniform intervals.”

Density of the points on the hypersphere determines
the precision of the method. Our points were dis-
tributed with intervals of about 10◦. This corresponds
to a stress difference of 0.17. The nearest neigh-
bor distances between the points range from 7.94◦ to
9.51◦ with the average of 8.97±0.18◦ (one standard
deviation) [50]. The precision depends not only the
method but also data. If data include large noises from
measurement errors, etc., the precision of the optimal
stress for the data is worse than those without noises.
Given homogeneous and noiseless data, the solutions
of the method have the precision that is represented
by the uncertainty of principal stress orientations at
∼10◦ and that ofΦ values at∼0.1. Solution is bet-
ter than this precision, if the optimal stress state cal-
culated from a given data set has the corresponding
point on the hypersphere close to one of the 60,000

Screening0Screening0

Focal
mechanism 

data

Geological
fault-slip

data

Screening1

Voting process

Screening1

Voting process

Generation of subsetsGeneration of subsets

Figure 46: Data processing in the main processor.

grid point.

C.2 Subsets from geological fault-slip data

The multiple inverse method separates stresses from
heterogeneous data by applying the classical stress in-
version to the subsets of the data. All the subsets have
k elements, where the fault-combination numberk is
an arbitrarily chosen by the user. The number of such
subsets is, of course,

NCk =
N!

k!(N − k)!
.

Four or five are usually assigned to this parameter, and
N is of the order of 10 or greater. As a result, a great
number of subsets are generated.

C.3 Subsets from focal mechanism data

The problem for stress tensor inversion to deal with
focal mechanism data is that it is not straightforward
to distinguish which of nodal planes of a focal mech-
anism represent the fault plane. If the correct one is
chosen from each datum,N focal mechanism data are
regarded asN geological fault-slip data and are pro-
cessed just the same way as the latter. Wrong choices
lead to meaningless solutions.

The algorithm of Otsubo et al. [30] regards both
the nodal planes of each focal mechanism as faults at
the beginning of the processing (Fig. 27), instead of
the attempt of choosing correct fault planes. And, fi-
nally, the plausibility of the hypothesis that a specific
nodal plane corresponds the fault plane on which the
seismic event occurred is estimated by the post pro-
cessor. Therefore,2NCk subsets are generated fromN
mechanisms.
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(a) (b)

Figure 47: Paired stereograms showing the effect of Screening1 when the multiple inverse method is applied to
an artificial data which were generated with assumed three stress states [47]. Results of the method (a) without
and (b) with Screening1. The assumed stress states had theΦ values at 0.0, 0.5, and 1.0. Reddish and bluish
tadpole symbols are distributed on great circles, because they indicate stress states with nearly axial symmetry.

C.3.1 Screening of subsets

A part of the subsets generated by the above proce-
dures were, then, screened out. The purpose the the
screening is to reduce not only the time of computa-
tion but also noise level, and to enhance significant
stresses. Subsets with unreasonable combinations of
data are discarded. Subsets from focal mechanism
data are filtered twice, Screening0 and Screening1,
whereas the latter is applied to those from geological
fault-slip data.

Screening0 Screening0 is used only when focal
mechanisms are processed (Fig. 46).N focal mech-
anism data provides 2N assumed fault-slip data, from
which the main processor generates2NCk subsets.
However, many of those have unreasonable combina-
tions of data in that such a subset includes both the
nodal planes from an identical focal mechanism. In-
version must be applied to such data that are indepen-
dent from each other. This criterion results in the 70–
80% of 2NCk subsets weeded out from next process-
ing, Screening1 [30].

Screening1 Subsets of the both data types, geologi-
cal fault-slip data and focal mechanism data, are tested
using the compatibility criterion of stress states and
data, which is judged with misfit thresholddT = 20◦.
If the misfit angle of a fault is greater than this, the
fault datum is said to be incompatible or unexplained
by the stress state used to calculate the misfit angle.
If any stress state cannot explain all thek data in a
subset, the subset is said to be incompatible with the
stress state. Such subsets are discarded.

Figs. 1 and 47 show the effect of Screening1. When
a data set is processed without this filtering, the re-

sult of the multiple inverse method is noisy compared
with the result with the filtering. Screening1 has been
adopted in the main processor version 5 and later.
Since the version 4 does not have this filtering, it is
suitable for the bedding tilt test of paleo-stress analy-
sis [51]. The test utilizes the heterogeneity of data.

C.4 Voting

The subsets that have passed the screening vote for
the computational grid points in the parameter space.
Blue and red cards in Fig. 48 represent data from
faults or focal mechanisms resulting from Stresses A
and B, respectively, but we do not know the colors.
All the cards are laid down on the table. In this ex-
ample, we assumek = 4: four-element subsets of the
cards are generated. If a subset passes the screening
procedure, the 4 data corresponding to the 4 cards are
inverted to determine the optimal state of stress for
them by the classical inverse method. And, the op-
timal solution is represented by a computational grid
point in the parameter space. Accordingly, we com-
pare this procedure to the voting of a subset for one of
the 60000 grid points, which are uniformly distributed
on the unit hypersphere.

The subsets faults corresponding to blue cards vote
for grid points in the vicinity of the point on the hyper-
sphere to represent Stress A. Those corresponding to
red cards vote for grid points near the point represent-
ing Stress B. However, the subsets including blue and
red cards are mostly filtered out before voting. If those
subsets pass the screening, they vote for variety of grid
points scattered over the hypersphere. As a result, we
expect that the grid points near the correct stress states
get great number of votes—this is the basic idea of the
multiple inverse method [46]. The post processor vi-
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Stress A 

Stress B 

Screening 

Figure 48: Schematic illustration showing the screening and voting processes of the multiple inverse method.
In this figure, four-element subsets (k = 4) are assumed. The row of gray cards represent data. Each subset
of data that has passed the screening votes for computational grid points (black dots) on the unit hypersphere
(blue surface). Green boxes represent votes. Subsets of focal mechanism data are tested by Screening0 and
Screening1, whereas those of geological fault-slip data only by Screening1 (Fig. 46)．

sualizes the number of votes the grid points obtained.
Needless to say, the multiple inverse method can

separate not only two but more stress states, if the
number and qualities of data are preferable (Fig. 47).
The separation is easy, if the fault planes from which
the heterogeneous data were obtained have a large va-
riety of orientations, and if the stresses have equally
large numbers of data.

C.5 Fault combination number

The main processor accepts a fault combination num-
bers, k, between 3 and 8. Which is the appropri-
ate number? It depends on data, but we recommend
k = 5. Fig. 49 shows the convergence of clusters
made by tadpole symbols with increasingk value. The
figure was made with the defaulte value. The clus-
ters changes significantly fork = 3–5, but show little
change fork > 5. Therefore, we recommendk = 5.

Although the stress inversion does not have a solu-
tion for k = 3. That is, in this case, the inversion is an
under-determined problem: the number of unknown
parameters, that is 4, is greater than the number of
data13.

However, the result of the present method with
k = 3 is noisy but similar to those withk = 4 and
greater. Why does it happen? The object function
of this inversion has a maximum fork ≥ 4, even if
the function has multiple peaks [47]. The maximal
point indicate the optimal solution (stress) fork fault-
slip data. In contrast, the function has at least one flat

13A state of stress has four degrees of freedom, three for the
attitude of stress ellipsoid and one forΦ.

top for k = 3. Therefore, the inversion has no opti-
mal solution. However, our main processor randomly
chooses a point on the plateau. Iterating this selec-
tion many times, the method “depicts” the plateau; the
plateau is visualized by scattered tadpole symbols on
the paired stereograms fork = 3.

C.6 Noise level of data

The multiple inverse method yields a cluster of tad-
pole symbols if it is applied to a homogeneous dataset
with noise. From the numerical experiments, below,
it is empirically known that the scatter of the cluster
has a simple relationship with the noise level of the
data. That is, the mean angular stress distance,Θ, of
the cluster is equal to the noise level14.

Fig. 51 shows the results of the experiments. It was
assumed that misfit angles obey a normal distribution
with the zero mean and the standard deviationSd.
Then, the noise level was defined as the expectation
of the angle:

p̄ =
∫ ∞
−∞

|x|
√

2πSd

exp

− x2

2S2
d

dx ≈ 0.80Sd.

The experiments started from the generation of ran-
domly oriented 50 faults, and the calculation of their
theoretical slip directions to make a homogeneous
dataset without noise. To this end, a reverse fault-
ing regime of stress with E–W compression and with
Φ = 0.5 was assumed. Various levels of noise was

14The bootstrap solutions from noisy homogeneous data have
such a simple relationship [49].
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Figure 49: Results of the multiple inverse method ap-
plied to the same artificial dataset but with differentk
values.

S

various stress states
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Figure 50: Schematic illustration for the object func-
tion S(σ) of the stress inversion fork = 3. In this
case, the function does not have a sharp peak but a flat
top. Open circles represent the stress states indicated
by tadpole symbols.

0 10 20 30 40 50

0

10

20

30

40

50

p

Θ

Figure 51: Mean angular stress distances for the re-
sults of the present method applied to the same homo-
geneous data with various noise levels. The level is
denoted by ¯p. The distances were measured with the
default enhanced factor.

added to the data to make artificial datasets (Fig. 52).
The mean angular stress distance,Θ was calculated
for the cluster obtained by the multiple inverse method
from each dataset. Fig. 51 demonstrates that if the
noise level is greater than 15–20◦, Θ is roughly equal
to the noise level. However, this relationship does not
hold for smaller noise levels. As the level become
smaller,Θ does not vanish but approaches∼10◦. This
deviation results from the use of computational grid
points, the intervals of which are∼10◦ [50]. When
the grid points were not used but bootstrap solutions
were evaluated, the cluster of the solutions vanished
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Figure 52: Results of the present method applied to
homogeneous data with three noise levels. Paired
stereograms were drawn with the default enhance fac-
tor (e= 8).

with p̄ [49].

In conclusion, the mean angular stress distance of
the cluster obtained through the present method from
a homogeneous dataset indicates the noise level of the
data15, if Θ is greater than 15–20◦. If Θ is smaller than
that, the noise level is smaller thanΘ.

D Default colors for stress ratios

Colors of tadpole symbols denote stress ratios in the
main window of MI Viewer. Their default color
palette was changed when the post processor was up-
graded from version 4.15 to 4.16 (Table 3). The dif-
ference can cause a problem if figures maded by the
old and new versions are combined.

15The numerical experiments assumed that misfit angles
obeyed a normal distribution, but it is not clear what kind of sta-
tistical distribution they really obey.

Table 3: The RGB values of the default colors of tad-
pole symbols in the Main Window to denote stress
ratios. The RGB values with gray background were
changed when the main processor was upgraded from
ver. 4.15 to 4.16.

Φ
Old New

R G B R G B
0.0 120 0 255 120 0 255
0.1 70 66 247 70 66 247
0.2 46 110 245 46 110 245
0.3 76 173 204 76 173 204
0.4 18 204 123 18 204 123
0.5 20 213 20 118 208 28
0.6 143 216 27 194 214 27
0.7 255 217 1 237 225 10
0.8 242 181 16 242 181 16
0.9 245 102 15 245 102 15
1.0 237 0 18 237 0 18

E List of mathematical symbols

D stress difference
D mean stress difference
d misfit angle
dT misfit threshold
k fault combination number
N number of data
NG number of computational grid points
Np number of plotted stress states
x unit vector in 5-dimensional Euclidean space

representing a state of stress
x unit vector corresponding to the average

stress states
Θ angular stress distance
Θ mean angular stress distance
σ reduced stress tensor
σ average stress state
σ1 maximum principal stress
σ2 intermediate principal stress
σ3 minimum principal stress
Φ stress ratio
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