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WAVEFORM MATCHING (DWM) 
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Abstract---Most of the local seismicity in the Ruhr Basin can be separated into characteristic clusters of 
similar, mining induced earthquakes. Each cluster can be represented by a strong master event. Therefore, 
it is possible to associate weak events to the corresponding clusters by master event comparison. The 
seismic signal matching is performed by a nonlinear correlation termed DWM for the entire seismogram 
length. DWM permits stretchings and shortenings between the two signals and overcomes the ambiguities 
in phase correlation by a consistent matching path. 

The automatic cluster association searches for the best DWM-correlation between the actual event and 
all master events of the appropriate epicenter region. Knowing the P- and S-onsets of the master event, 
they can be transposed to the actual event by the correlation path with one sample accuracy. The method 
has been applied to all BUG small array recordings 1987 1990 of local events from the Harem-region 
to investigate spatial and temporal clustering. Within the clusters, a high percentage of weak events could 
be located relative to its master event. The temporal clustering resolved seismic activities that lypically 
last a few months per cluster, but single aftershocks occur in the following years. 

Key Words': Master event technique, Cluster analysis, Nonlinear correlation, Automated epicenter 
determination. 

INTRODUCTION master events of  a specific region, a cluster associ- 
ation can be performed which yields strong epicenter 

By the B U G  small array (Joswig, 1993), a location constraints. 
consists of  determining azimuth and distance; 
the hypocentral depths of  the mining induced 
seismicity are within some 500m and cannot be MASTER EVENT CORRELATION OF WEAK 

LOCAL EARTHQUAKES resolved. Azimuths are calculated from time differ- 

ences between coherent P phases in the tripartite Seismograms of small events originating from the 
array, whereas distances are obtained by t s -  tp. same epicenter region being recorded at the same 
Additionally, the location can be refined around station may have the same focal mechanisms and 
the stations H R H  and R P M  by the azimuth of  look similar. Their hypocenters lie within one-quarter 
particle mot ion and a second distance constraint of  the shortest wavelength to which similarity extends 

by t s - t p .  (Geller and Mueller, 1980). This so-called 2/'4- 
Al though for strong events the phase picking is criterion was confirmed by Frankel (1982). Pechman 

simple, the location of  weak events is difficult because and Kanamori  (1982), and Thorbjanardott i r  and 
higher level of  noise causes some ambiguities in the Pechman (1987). For  the seismicity monitored by the 
phase identification. However,  weak events make up B U G  network, a cluster of  similar mining induced 
the significant part of the event distribution, hence events was investigated by Gibowicz, Harjes, and 
an automated location of  weak earthquakes would be Sch/ifer (1990). The occurrence of  earthquake clusters 

attractive, evokes the idea of  locating weak events by matching 
One way is to evaluate weak local earth- them to similar master events from the same region. 

quakes by matching them to a similar master event. By classical master event techniques, an earthquake 
In this paper, we present an automatic location is relocated relative to a strong master event, whose 
procedure based on a nonlinear signal matching hypocenter is  well-known (Spence, 1980). The degree 
scheme termed Dynamic Waveform Matching of similarity between master event and actual event 
(DWM).  Each event cluster is represented by a strong must be estimated by cross-correlation. When investi- 
master event. By correlating a weak event with all gating local seismic data, the number of events 

correctly attached to clusters strongly depends on 

*Present address: Lehrstuhl f/ir Megtachnik, RWTH, an appropriate set of  master events. Correlating all 
Templer Graben 55, D-5100 Aachen, Germany. the data with all available master events yields a 
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cluster association (Israelson, 1990; Harris, 1991). MASTER EVENT CORRELATION BY DYNAMIC 
Instead of cross-correlation in the time domain, WAVEFORM MATCHING 
cross-spectral analysis can be used for master event Nonlinear correlation methods were introduced 
relocalization when the data have sufficient S/N ratio firstly in exploration geophysics to perform auto- 
(Poupinet, Ellsworth, and Frachet, 1984; Scherbaum matic stratigraphic correlation. In literature, two 
and Wendler, 1986). completely different ways of nonlinear matching can 

For  the correlation analysis in the time domain, be distinguished. The first group of procedures per- 
different window lengths are used. Only P-phases forms a feature extraction by converting the geophys- 
may be used for correlation (Harris, 1991) of P- and ical data into strings of primitives. The matching is 
S-phases (Pechman and Kanamori, 1982; Frankel, based exclusively on these waveform descriptions 
1982; Thorbjanardottir  and Pechman, 1987), whereas (Anderson and Gaby, 1983; Le and Nyland, 1990; 
Geller and Mueller (1980) use the whole seismogram Liu and Fu, 1983; Shaw and DeFiguereido, 1990). 
length. Figure 1 is intended to discuss the effect of The second group works on the original data 
different correlation lengths. The events are located with possible prefiltering (Leany and Ulrych, 1987; 
near Hamm in the eastern part of the Ruhr Basin Martinson, Menke, and Stoffa, 1982). These methods 
40 km apart. The upper trace represents the master are extensions of the linear cross-correlation and 
event, whereas the lower one represents a weak event will be designated here as Dynamic Waveform 
with a low S/N ratio. Selecting window lengths of 2, Matching (DWM), a term suggested first by Ander- 
8, and 40 sec, respectively, will result in correlations son and Gaby (1983). In DWM, two seismic signals 
that are performed over the P onset, the P phase are correlated by measuring local similarities between 

short-time windows for different relative time shifts. wavetrain or the entire seismogram. We regard any 
two seismograms as similar, if there is a distinct, DWM admits the correlation of signals which are 
unique maximum in the cross-correlation function, compressed or stretched relative to each other by a 
This maximum exists in the 40 sec correlations, es- nonlinear shifting and warping of the time axis until 
pecially in the low-frequency passband (0.5-4.0 Hz), the corresponding features of both waveforms are 
but not for shorter cross-correlation windows. For correctly matched. In our investigations, we follow 
local events with low S/N ratio, the similarity tends a slightly different approach that is based on the 
to be characteristic more for the entire seismogram Multil~]e Dynamic Matching by Leany and Ulrych 
than for any shorter phase. Unfortunately, the more (1987)! It starts by a piecewise linear approximation 
unequivocal the maximum is, the greater is its timing of the matching function based on sliding time win- 
inaccuracy. This is obvious in Figure 1 for the differ- dows over the initial waveforms. Figure 2 describes 
ent time windows and pathbands. Also the exact the layout of the similarity matrix where local max- 

ima or ridge points are extracted and adjacent ridge 
position of the main maximum differs slightly because points form ridge trends. Connecting all the ridge 
of the different phase velocities. If we use the short- 

trends yields a network of global paths through the 
time windows for cross-correlation of weak events, similarity matrix. Each path represents a possible 
they yield high correlation values and a high-timing 
accuracy but ambiguous phase associations because 
of the periodic maxima. In our application, we look Correlation matrix 
for a correlation with great timing accuracy but with- q(t) 
out ambiguity in phase association. Obviously, the ('- 
common master event correlation for any window 
length does not satisfy our requirements. Instead, we 
have to consider a nonlinear correlation scheme that 
can handle stretchings and shortenings of the signals < 
relative to each other. So we can correlate both 
seismograms over 40 sec with high timing accuracy. 
We then can use the stable low-frequency surface t°+x2 r ~ . .  t l+x 
waves to adjust an unequivocal peak and trough 
mapping. When the seismologist examines the seis- t0+Xl ~ 
mograms interactively, he/she handles this problem < 
of 'time warping' by independent correlation for 
several seismogram parts. A usual procedure is to put ~ r(t) 
paper seismograms one upon another, turn them to 2 sec 
light to see them both and shift the sheets relative to I I J 40 see J 
each other. By this procedure, the existence of phase 
correlations is searched. It was this process being Figure 2. Layout of similarity matrix S: two signals r(t) and 
rather complex which inspired our development and q(t) are matched by correlating local similarities between 

short windows for different relative time shifts 3. Final path 
subsequent implementation of an automatic nonlin- will be searched within maximum time lag Tma x which 
ear correlation method based on DWM. corresponds to greatest expected delay. 
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A of ridge trends in the x direction. V is selected, 
appropriately, so we do not have more than one 
matrix value > 0 in each column of the area. The best 

KLB path is defined as the one which leads to the greatest 
sum of ridge points within its area. 

Similar local events One station The extension to real seismological data differs only 
slightly from our example in the Appendix. We work 
on 100 Hz data and on seismograms with a length of 
40 sec. The traces are bandpass filtered with corner 

B frequencies of 0.5-8.0 Hz for P- and S-waves and 0.5- ~ SHA 3 Hz for surface waves, respectively. The local corre- 
lations are performed on 2 sec windows with center 

KLB time t o (see Fig. 2). These windows are shifted over 

One local event Different array stations the whole seismogram length in steps of 1 sec. The 
maximum time lag Tm, x is determined by the greatest 

Figure 3. Application of DWM to BUG events: in A weak 
shift that must be expected between coherent phases. event is located by matching it to strong master event. Every 

cluster of similar events will be characterized by representa- Because the x-axis is sampled every second only (one° 
tive master event; comparing weak events with all master half of the window length), we get matrix dimensions 
events performs automated cluster association. In B differ- of 40*4000 samples with a sparse distribution around 
ent array traces of same event are correlated to determine the main diagonal. To display on computer screen, the 
travel time differences of coherent P-phases. This gives 

azimuth and slowness for epicenter beam steering, matrix is expanded to quadratic scale by padding 
along the diagonals. The values of cross correlation 
are represented by nine colors. Figure 4A shows the 

correlation for the entire signal length. In a last step, reproduction by gray-scale levels for the Hamm events 
the "best' path has to be selected, already, introduced in Figure 1. The horizontal trace 

Figure 3 introduces the two possible applications is the master event, the vertical one is the weak event. 
of DWM to local seismic data in the BUG network. Figure 4B shows the matrix of ridge trends. The 
In (A) a weak event is evaluated by comparison to its threshold is 0.12 for body versus 0.3 for surface 
stronger master event. Because the Pand S onset time waves; the latter have higher correlation values 
of the master event are known within one, sample, the because of the lower spectral noise. Figure 4D shows 
P and S onset of the weak event can be derived from the final correlation path. We know P and S onset 
the correlation path with the same timing accuracy, time of the master event exactly but must assume an 
Application (3B) correlates different array traces uncertainty of _+2sec for the detected P onset time 
of the same event (Schulte and Joswig, 1990). This of the weak event. Because we cannot predict the 
approach is valuable especially for sparse arrays location of the actual epicenter relative to the master 
where one station has the best S/N ratio and thus can event, the path variance must be taken symmetrically 
act as the master trace, around any straight diagonal in Figure 4C. All 

In the Appendix, we explain the principle of DWM paths that start within the P onset column of the 
in a simple example before applying it to real data. master event and that lay within the appropriately 
On the left side we point out the essential computing shifted variance area must be considered. For body 
steps in C-code. We calculate local cross-correlations and surface waves we select different values for V. 
of length L or the whole signal length I with a 50% For each path, the sum of correlation coefficients is 
overlap. The windows are shifted relative to each normalized with respect to the 'ideal' path, the auto- 
other by _+ T. Applied to the time series r(i) and q(i), correlation of r. The path with the greatest value 
such a correlation yields a two-dimensional similarity is taken as the final correlation and shown in 
matrix S(x,y) where one column represents the simi- Figure 4D. It maps the peaks and troughs of both 
larity of a fixed window in q(i) to a sliding window waveforms with one sample accuracy, so Figure 4E 
in r(i). The next step in DWM is to determine the can display the aligned 2 sec windows of P and S 
ridge trends where ridge points R(x,y) are matrix onsets. For cluster association, a similarity threshold 
values S(x,y) that are above a given threshold and must be defined. Empirically, we determined a value 
that are greater than their three immediate neighbor of 0.35 to work well: any actual event is compared to 
values. Because we expect a correlation path in all the master events of its particular region but is 
parallel to the main diagonal, the left and right associated to the most similar one only if its corre- 
neighbors are taken in respect to the diagonal, lation exceeds the threshold as given. 

Then we must extract one final correlation path 

from the matrix of ridge trends. We expect a path RESULTS OF AUTOMATED MASTER EVENT 
passing approximately parallel to the main diagonal. ASSOCIATION 
For the path, we allow a variation within an area of 
+ V. This area being parallel to the main diagonal, As an example for the claimed robustness in 
the path is calculated by shifting it for the matrix noise, we tried to relocate all the mining induced 
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Figure 4. D W M  for two Hamm events of Figure 1: A--similarity matrix S. Horizonal trace shows master 
event; B--matrix of ridge trends; C--theoretically expected path guides search for final matching path 
that contains greatest sum of single correlation values as in D. In E corresponding time windows are 

shown, matching is exact within one sample of initial time series. 

Figure 5 (overleaf). Epicenter map of region Hamm: A--interactive results of BUG array evaluation do 
not show significant clustering. Aligned structures are result of principal uncertainties in location which 
are + 2  ° for azimuth and 4- 1 km for distance; B--improvement of location by DWM for KLB master 
event association (at 40 km distance). Some events remain unassociated, their epicenter estimate is 
unchanged. In C, results of HRH local station (4 km distance, three-component registration) are shown. 
For better comparison, the epicenters are marked by same symbols as in B although they are not associated 

to master events now. Location of master events in B was determined on base of HRH results. 
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events of the epicenter region Hamm between 1987 epicenter regions that otherwise is obtained only 
and 1990. The master event comparisons of  the 470 by stations close to the epicenter regions. In this 
seismograms are based on the single station KLB. respect, automatic evaluation by D W M  is superior 
The epicenter region Harem is 4 0 k m  NE of KLB. to the interactive evaluation methods of  isolated 
Our master event association can be verified by events, but the results are dependent on a set of  
locating the events individually with the three- master events. A useful improvement in future will 
component  station H R H  which is only 4 km distant be the automated clustering and selection of  master 
from the Harem cluster. The 12 master events were events., 
selected interactively by some visual inspection. 
Matching them by D W M  did not yield a correlation Acknowledgment--This work was supported by Deutsche 
path. When 470 events are correlated with the 12 Forschungsgemeinschaft under grant Ha 842/8-I. 

master events, 5640 comparisons have to be per- 
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A P P E N D I X  

We present a simple example to explain the essential computing steps of DWM. On the right side we calculate the 
similarity matrix, the ridge trends and the path for two short time series. On the left side we sketch the essential parts of  
the program in C-code. For further explanations see text. 

Definitions Example ~ _.~ /". 
r[i], q[i] time series of I samples lengths I = 16 ~.[il.q[il i" ---i'~ 

:'~ ~ "". ". : ~  i L ffi 2*h length of correlation window Lffi4 ~,. ,. , : : .  ~,.. • ~ . : 
+T maximum time shift in correlation Tffi3 ", ...-,, , , ~, 
+V maximum variance of path shifts V = 1 " " " " ': 
thres threshold for ridge trends thres •.25 

Calculate Similarity Matrix S[x][y] o f  r[i], q[i] .0 .0 .0 .96 -.49 -.36 .88 
for (xffiO;x<I-L;x+ffih) {for (yf-T;y<ffiT;y++){ .0 .0 .59 -.50 -.36 .97 .50 

if (x+y>ffiO 8~  x+y<I-L) .0 .27 -.43 -.45 .84-.61 .34 
S [x] [x+y] -ccf(Sgl[X],&r[x+y],L); } } 

-.71 .26 -.42 .65 -.60 -.56 -.10 
Lemma: Define Cross-Correlation o f  r[i], q[i] 

float ecf (int r~,int q[],int len) -.28 .55 -.75 .01 -.58 .77 .0 
{ sfsr=sq=0.; for (j=0;j<lan~j++) .93 -.68 .38 -.83 .75 .0 .0 

{s+fr[j]*q[j]; sr+fr[j]*r[j]; sq+fq[j]*q[j];} 
return s/sqrt(sr*sq); } -.52 -.79 .63 -.84 .0 .0 .0 

.o .o o ~ , . o  .0 ~ 
Calculate RidgeTrends  R[x][y] .o .0 , ~ ' 1 0  .O ~ ' 1 0  

(any point must be greater than 3 of  i~ 4 neighbors) .0 ~ . ~ 0  .0 ~ IO 

for (x,y) {if ((rrffiS[x][y]) <S[x][y+l] II .0 .0 .0 , e ~ 0  .0 .0 
rr<S[x][y-1] II 
tr<S[x+h][y+h] && ff<S[x-h][y-h] ) .0 ~ .0 .0 .0 ~ .0 

R[x][y]-O; else R[x][yl-rr, } ,~?.n~ ~ .0 .0 .~W~.O,~, mO 
for (x,y) {if (R[x][y]<thres) R[x][y]=O; } 

.0 .0 . ~  .0" .0 .0 .0 

.0 .0 .0 .0 .0 .0 
Calculate Path Matrix P[x][y] 

(maximum correlation along diagonale bands) .0 .0 .0 .0 .0 ,'97¢'0~ ~ ° 
smffi0; for (dffi-T;d<fT;d++) I sffi0; .0 .0 .0 .0 .$#~.0 .0 

.0 .0 .0 , ~ , 0  ~ .0 .0 for (x=0;x<I-L;x+=h) for (v--V;v<=V;v++) 
if ((y=d+x+v) >=0 && y<I-L) s+=R[x][y]; 

if (s>sm) {sin=s; din=d;} } .0 , ~ . o  ~**: .0 .0 .0 .0 

for (x=O;x<I-L;x+-h) for (v--V;v<=V;v++) , ~ "  .0 .0 .0 .0 .0 .0 
if ((y=dm+x*v) >ffiO && y<I-L) P[x][y]-R[x][y]; 

.0 .0 .0 .0 .0 .0 .0 

:'.. 

Extract Mapping Function p(i) f rom P[x] Lv] r!p(i)] q[i] :i /~" 
e..~ :: ~ t: ] .: 

q[i]--10,10,-3,-9, 11,-3,0,5, -3, 0,24,-17,-2,13,25,0 ~:! :"~, ,;;'...~ '~ .i " 
r[i]= 2,-6,13, 1,-12, 0,2,3,-12,-4,13, -9,-2,12,14,9 d .~ -, .- t . ' /  , t 
p[i]= 1, 1, 1, 1, 1, 1,0,0, 0 , 0 , 0 ,  0 , 0 , 0 , 0 , 0  " ",~ ',' ~': ~,.. 

Figure A1 
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