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Abstract

The problem solved in our article is connected with the investigation of the possi-
bility of using the Atkin’s connectivity theory for coming to a decision of three principal
elements of an earthquake: the place, time and power.
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1. Introduction

There are two aspects of the problem: physical and informational. The
physical aspect means a creation of detailed and sufficiently adequate mod-
els of physical process that generates and accompanies an earthquake. This
is a problem of great importance. Today the situation becomes complicated
by accumulated enormous information regulated hard and lack of its nature
analyses, which is so necessary for development of effective and fast meth-
ods of processing the information. This is the second aspect of the problem
and its main content. Our approach is determined by the following factors:
1) Our vision of the modern state of the problem of earthquake prognoses;
2) The type of precursors typical for the region and available for measure-
ment in real conditions; 3) Nature of information and its analysis; 4)
The suitable selection of information processing methods.

At the initial period of gathering and processing the accessible informa-
tion it is estimated that this information embodies combined probability-
possibility nature. Detailed analysis of this information was carried out
and its probability-possibility nature was motivated.
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Based on these findings, the so-called fuzzy discrimination analysis [1],
along with the supplementary connectivity analysis [2],[3], was chosen as
the most effective method for processing primary data.

19, Primary data, as in discrimination analysis, is presented in the form
of frequency matrix [1]
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where My, (k=1,n) are the values of earthquake power, 4; (I =1,m) -
activities (earthquake precursors and also constant characteristics such as
seismic regional data or all exactly forecastable , triggering” effects etc.),
fij (’L =1,m;j= L_n) is a relative frequency of activity A; when power
of earthquake is M;. Analysis of information we speak about is necessary
at first for determination of precursors image (the horizontal entries of
frequency matrix). As vertical entries we suggest the following intervals of
power:

[< 3], [3:4], [4:9], [56], [6:7], [>7] (1.2)

These intervals we consider as the values of fuzzy variable the linguistic
description of which is

,,earthquake” =,  earthquake([< 3]) also

,,earthquake of moderate power” (|3 — 5])also
,, strong earthquake” ([> 5])

So-called anomalies (precursors) in behaviour of some two-dimensional
time (t1, t2) functions have been considered as activities (for example, anoma-
lies in behaviour of the electrical field strain, vertical current, pressure gra-
dient and so on). The structure of the first component ¢; is: the component
presents itself as separate moments of measurement of the function values
during a ten-day period before an earthquake, with an interval of an hour.
Component t5 is years when the earthquake occurred. Such structure corre-
sponds to available data. Naturally, other data determines other structure.

Details of determination of the ,,anomaly image” by fuzzy set-theoretic
methods are cited in [4].

Thus for fixed value of ¢; the frequency matrix (1.1) has the form:
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Tablel
earthquake weak mod erade strong
group earthguake (1) earthgquake () earthgquake (3)
et
[=3] [G-4] [4-5] [5-6] [B-7] [>7}
1
anomaly of [ﬂlﬁnm:ﬂg] Fu Ju S S S
. [ae' 4] T Fu |[Fs | Fu S T
electrical ;. N
field I;‘lﬂig ’ﬂg ] fr+11 j?‘+12 f?’+13 f?’+14 fr+15 fr+16
anomaly of [ﬁﬂm:ﬁﬂl] T Sovzz | Semm [P Frzs Pz
pressure [153?1 2 ﬂr;rg ] fr+31 fr+32 fr+33 fr+34 fr+35 fr+3|5
At A
changing [ S ] Frenz Frenzz Pz s Fas Frvas
group of Al fkl Sz S T Jes s
constant ,4(2) f.t+11 jk+12 fk+13 f.t+14 f!c.+15 fs;+15
factors A | Fo | Frewsz | Frwsz |fk+54 Teess  Trass

In this table the precursors (anomalies) are naturally divided into groups:
the group of electrical field, pressure group and etc. The whole amplitude of
anomaly changing is divided by intervals so that each of them is considered
as an activity.

Along with the aforementioned values indicating the strain of electric
field, vertical current, pressure, gradient of pressure, magnetic field anoma-
lies, the characteristics of slow motion of the Earth crust, changes in the dis-
tribution of resilient wave velocities, data received from observing mineral
waters, changes in the concentration of various chemical elements contained
in underground waters and very noticeable precursors like the abnormal be-
haviour of animals (especially fish) are also considered lightning, changes
of the level of water in drill holes and ,,constant” characteristics such as
seismological zoning and exactly forecastable "triggering” effects.

20 Instead of a frequency matrix F of discrimination analysis consider a
,,Submatrix” corresponding to some interval of power and certain geofield,
for example,
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and replace it by ,linguistic” variant, where matrix elements are values
of linguistic variable. Here we consider a classical (non-fuzzy) case when
this variable takes only two values: 1 (the given type of earthquake is
accompanied by a certain activity) and 0 (earthquake is not accompanied
by this activity).

For example we receive the following matrix:

A VI VI VAN VA

10 0 0 0\ A
A,
Ay
A,

TRy = (1.4)

O ==
= = O

1 1 1
1 0 1
1 1 1

By Atcin’s terminology this matrix is called an incidence matrix; it
determines some relation (called ,,connectivity”) on the Decarte product
{M x {A}}. Thus vertical entries of this matrix correspond to certain cases
of earthquakes and horizontal ones - to relevant activities.

Applying to such incidence matrix the connectivity theory one can pick
out representative chains of activities for given earthquake. Consider the

procedure in details for the matrix (1.4) where we suppose k = 2. Let
besides:
1 1 01 1 0101
= 0 011 = 11100
+5 +5.
B=l1110 Bs=110001 (1.5)
11 01 11110

Consideration of these incidence matrices does not remove uncertainty
but as we can see it enables to receive the distribution of representative
chains by connectivity levels and consequently to design the generalized so-
lution in the form of possibility distribution on the set of possible types of
earthquakes. Atkin’s method permits to calculate the quantity of connec-
tivity corresponding to any pair of columns or rows of the incidence matrix.
This notion of connectivity is derived by viewing the rows or columns of
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incidence matrix as polyhedra in multi-dimensional space. The connectiv-
ity between two polyhedra is given by the number of shared faces. Two
points are equivalent to a single face, three points to two faces and so on.

Thus earthquakes ]\45(11 ) and Ms(i)share a single face via activities A; and
As. Activities A3 and A4 share two faces via earthquakes Mg), MS) and

MS(?, one face via MQSP and Mq%) and have no shared faces in the third
group of earthquakes.

The connectivities between earthquakes i@(x’}), and activities i@ﬁlk), are
given by

SOM BT R, 0y tCW S RERT 0, (16)

‘(7](;) =" ﬁgfﬁk — QM, _é\i‘k) = ﬁ;ﬁg — QA, (1.7)

where +§£ is the transposed of matrix ﬁk; Q »m and Q 4 are simply matrices
with all elements unity and their dimensionality coincides correspondingly
with dimensions R} Ry, and RiR]. Thus

331 2 1111
+6(k):3312_1111
M 1121 1111
2 213 1111
My Ml g Ml (18)
2 2 0 1 My
B 2 2 0 1 My
- 1
oty )
My
312 3 1111
e _ |12 1) 111
A 2 1 3 2 1111
312 3 1111
A1 A2 A3A4 (19)
2 0 1 2 A
B 0o 1 0 0 Ay
B 1 0 2 1 As (1.10)
2 0 1 2 Ay
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Analogously,
21010 31 20 1
N 121 21 R 11 1 -1 -1
C@=lo11 10|, *¢¥W=l21 20 o0 (1.11)
1 21 21 o0 00 -1
01 011 1 -1 0 -1 1
2 01 2 0 00 -1
a2 0100 +Aa3 | 0 3 2 2
2 01 2 -1 2 2 3

—1 above indicates that earthquakes Mﬁ? and Mﬁ?, ngi) and ng?) are
totally disconnected. A key feature of our classification of earthquakes and
activities is that there is considered evidence for each hypothesis as well as
against it. This was the motivation for the positive and negative aspects of
connectivity. Essentially positive connectivity examines the connectedness
of the unit elements in the incidence matrix, whilst negative connectivity
examines zeros. Formulas (1.8)-(1.12) are for positive connectivity. Adduce
corresponding expressions for negative connectivity:

0 0 -1 -1 0 -1 -1 0
s _ |00 -1 -1 | _~»_ |0 1 -1 -1
Cu =121 211 %=1 210 4
-1 -1 =1 0 0 -1 -1 0
(1.13)
0 -1 -1 -1 -1 5 0 0 1
A(2) Lo v ~(2) 0o 0 -1 -1
Cy=(-10 1 0 0 » Ca = 0o -1 0 -1
-10 0 0 O 1 -1 -1 0
-1 0 0 0 1
(1.14)
-1 -1 -1 -1 -1 I 00 -1
-1 1 0 1 —1
*A(3) _ -1 0 0 0 -1 — A(S) o -1 1 -1 O
Mo A T 1T 002 —1
-11 0 2 0 10 -1 0
-1 -1 -1 0 1
(1.15)
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Atkin’s theory permits to establish the connectivity not only between
two polyhedra but also chains of polyhedra connected with at least some
given number of faces, i.e. chains of certain earthquakes or activities. This

. . . . . ~
chains of connection can be determined directly from matrices iC’](V[

i@ﬁl’f)

Table2

positive-connectivity

)

and

. Results for our example are cited in tables:

negative-connectivity

g — representative g — representative
.-\. 1)
connectivity + Cz%r) - chains connectivity |~ ¢~ chains
i K i1
o 3 B ae A g =2
g =1 ar® ar® ar™i {ar®] g =1 e W}
£
= (i) [} [i}
q O {ME}’ME}’ Mﬂ}! M.E:}} g = 0 {ME| ’M&q }{qu }
positive-connectivity negative-cannectivity
g — ; F — ;
representative representative
A1 D,
connactivity A chains connectivity i chains
g =2 A, A LA ] g =2
g =1 {A1=A3,A4}s{ﬂz} g =1 {4‘13}
g= 0 A A4 A g= 0 R R
Table3

positive-connectivity

negative-connectivity

g - representative g — representative
X e8]
connectivity TSy — chains connectivity T A chains
[E3] I [
i = 2 {Mm Hﬂ{ig ’Mu4 g = 2
S 2 2 7] 2 2 121 2]
4= MPMP MBI MP | g=1 Wl LD |
= 2 2 2 2 2 i 2} El 2] 2} 21
g=0 |M2MB MDD MEMP] | g=0 [WMIT MMM
positive-connectivity negative-connectivity
g — ; g — :
representative representative
53 periEr 5 i g :
connectivity A chains connectivity A chains
g=3 4] g =3 {41
=2 {4, 4, 0{4) g =2 4l
g=1 {4, 4.4} g =1 Al
g =10 {A]_sﬂg,ﬂzsiﬂ.;} i {AI,AQ,A3},{A4}
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Table4
ositive-connectivity negative-connectivity
g — represent ative g — representative
S [
connectivity + CS} - chains connectivity i chains
&= i3]
g=73 [M“ } g =3
k3 E 127
g=2 {arf 22 g=2 s,
=i 1% [E3] 3] LEd) & (e} LED]
g {2 a2 prP ] g=1 T2 ari®]

g = 0 {M::f:',Mij:',M‘Ej?,vafJ,MEJ} g = 0 {M::.I3:'HM‘E?,M‘Ej:l,MifJ,M‘Ejl}

ositive-connectivity negative-connectivity

= : q — ;

representative representative

(3} 2

connectivity +Ca — chains connectivity _ C_Ef}_ chains

23 {4, {4 1.{4,] =3
g =12 {A;A3A4} g=12 {Az}
g=1 {4,.4,. 4,} g=1 {4}.i4) 04}
4= {4, 4, 4;,4,) Gl Ty Ay A A}

Here ¢ indicates the level of connectivity (number of faces). Brackets
enclose the polyhedra connected at that level. Thus earthquake of first

group M&) is selfconnected at level 2; at that level Mép and Mq%) are
connected. At level 2 Mzﬁ) and {Mqﬂ) ,Mq%)} are isolated and they are

joined at level 1.

C m -chains describe how well the set of earthquake is representative of
a single group in terms of their exhibited activities. This analysis may be
useful to discover whether different earthquakes tended to indicate ”syn-
dromes” of some earthquake group. The corresponding C 4— chains de-
scribe how well particular subsets of activities are representative of earth-
quakes as whole and hence could be used to identify patterns of activities
which are strongly indicative of the earthquake. Speaking about connec-
tivity we imply informational connection, which also may be physical.

3%, Now consider measure of connectivity. Preliminarily adduce neces-
sary definitions:

Definition 1. Consider a pair of n-dimensional vectors @ and D . The
set of ordered pair

{(a;,b;) = at least a; or b; > 0}

is called the support of {(ai, b)) :i= L_n} i

Definition 2. Two vectors @ and b are said to be ”equivalent” if all
pairs (a;, b;) of support are such that a; = b;. Two equivalent vectors have
a unit connectivity.

72



Theory of connectivity ... AMI Vol.6 No.2, 2001

Definition 3. Two vectors @ and b are said to have "absolute dis-
parity” if in all pairs in the support of {(ai,bi) 1= 1,_n} exactly one of
component a; or b; is zero. In addition two vectors are absolutely disparate
if they have null support. Two absolutely disparate vectors have a zero
connectivity.

Definition 4. For two vectors having elements a;,b; € [0,1] for all 4
which are neither equivalent nor absolutely disparate the connectivity is
given by proportion of pairs (a;,b;) in the support such that a; = b; = 1.

Let identify the measure of connectivity with the scalar product of vec-
tors @ and 7, a; * b;, which can be introduced proceeding from above
definitions and commutativity of product. Notice that, all saying is re-
lated with both fuzzy and non-fuzzy vectors, but for non-fuzzy vectors one

receive the unique expression:

n n
C= <Z (ai A bi)) / (Z (ai V bi)) , (1.16)
i=1 i=1

whilst for fuzzy vectors the expression of scalar product is no longer unique.
Let give a simple rule of apportionment of representative chains: in

tables(2-6) such chains are fairly large and highly connected (excluding

chains with one component). To each selected chain is attached the level

of connectivity by definition 4 1. We receive the following table:

Tabled
positive-connectivity negative-connectivity
value of representative walue of representative
connectivity + Eg%j B chains connectivity |~ C.:%!) ~ chains
1 1 no
0,75 {ME.}’MEE}} (= representative
0.5 {ME:"ME:I JMAE::I} 05 chains
0 a0, 022, 42, 23} 0
positive-connectivity negative-connectivity
value of representative value of representative
connectivity E-E‘ln_ chains connectivity _Cf‘fl)_ chains
1 1 no
.75 {Al >y } a.75 representative
0.5 4,44, 0.5 chains
5 (4.4, 4.4, ) 5

'In the case of non-fuzzy data this rule gives a number of connected vertex divided
by whole number.
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Table6
positive-connectivity negative-connectivity
wvalue of representative value of representative
connectivity + E}E:') - chains connectivity - C}lld; - chains
1 1
(W= [H=] no
06 {Mif:l: Mﬁj} 06 representative
0,4 {Mi?:’ Mif:’Mifj’ Mf:’Mif:} u] chains
o [MEMITMPMPMI[
positive-connectivity negative-connectivity
value of representative value of representative
connectivity + Cf} ~ chains connectivity - éf} —  chains
1 1 na
.75 {Al -y } a75 representative
a5 {Al’ﬁ3’ﬂ“} 05 chains
D (4.4, 4, A4,) "
Table7
positive-connectivity negative-connectivity
wvalue of representative value of representative
connectivity + éﬁ) - chains connectivity _ Cﬁ} - chains
1 1
ag 03 na
06 {Mi,BjMEle 06 representative
0.4 {M?)’Mﬁ:’Mﬁ:’M‘f? 0 chains
o |7 MDY o
positive-connectivity negative-connectivity
wvalue of representative value of representative
connectivity Es C-Elz) ~_Ichains connectivity — éf} — chains
1 1 no
075 {Ag ’A3’A"'} 0,75 representative
05 4, 4, Ay} 05 chains
o {Al’AQ:Az "q\t} o

Tables 4-7 establish the distribution of connectivities by representative
chains. We especially were interested in uncertainty distribution by repre-
sentative chains of activities. For any certain image of activities possibility
distribution by earthquake powers is resulting:

1

> CiP (Qi | {AW})
=i

6 (M(j)) = X Large

74



Theory of connectivity ... AMI Vol.6 No.2, 2001

S>dpP (R | {AY)})
+ XSmall b )
> di
k

(1.17)

where M) indicates the group of earthquake, C; is the measure of connec-
tivity corresponding to the chain Qi, P (Qz | {A(j)}) denotes the propor-
tion of activities in ()¢ which are presented in {A(j)} , P (Rk | {A(j)}) is
corresponding proportion in the case of negative connectivity, ,,Large” and
,,Small” are fuzzy subsets of the interval [0;1].

Let for example{A(j)} = {A, A3, A4} . Using tables 4-7 and (1.17) after

simple calculations one receive:

5 (M(l)) = % (XLarge (0.7) +1),6 <M<2>) = % (XLarge (1) +1),8 (M<3>)

1 N,
=3 X Large 3

Independently of concrete form of X rqrge it is evident that the decision
is M@, But in more general case the form of rargeand Xsman is very
important.
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