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The goal of our paper (Mulargia & Gasperini 1992, which 
will be from now on referred as (I)) was to derive a solution 
to the following problem: given a set of predictions based on 
some hypothesized precursor, could a similar success have 
been obtained by issuing an equal number of predictions at 
chance, i.e. observing no precursor at all? A crucial point is 
how to define these ‘chance’ predictions. The definition is 
not easy since in general the analysis must be made in 
retrospect on a limited set and with laws of the game which 
are provided by the same proponent of the precursor. 
According to statistical decision theory, the ‘chance’ set 
must be statistically identical to the real set. In other words, 
the real and the ‘chance’ sets must have the same size and 
the same distribution in: (a) magnitude, (b) time and (c) 
space. It is infeasible to fully satisfy this constraint. In fact, 
if predictions are to be effective, their distribution should 
mimic that of seismic events, which is joint in magnitude, 
time and space, i.e. each of the three distributions cannot be 
fitted separately. Unfortunately, the joint magnitude, time 
and space distribution of seismic events is very complex (cf. 
Gasperini & Mulargia 1989), and appears inipractical to 
translate into a significance test on precursors. In (I) we, 
therefore, adopted an approximate solution aimed at 
preserving this joint character, which has a particularly 
important effect on precursor validation: in a finite set some 
phenomenon might appear as a seismic precursor, but in 
fact have a post-seismic nature of whatever, known or 
unknown, origin. Note how this would be particularly 
evident for aftershocks, since a post-seismic phenomenon 
relative to the principal event would appear as a precursor 
to its aftershocks. 

The solution we adopted in (I) was based on: (a) using for 
the ‘chance’ set the same magnitude distribution as the real 
one; (b) using for each prediction of the ‘chance’ set the 
global spatial distribution of the real one, at the same time 
allowing for alternative (double) predictions; this is 
equivalent to assuming that the right epicentre could have 
been predicted ‘by chance’, i.e. that predictions were mostly 
originated by a post-seismic effect; (c) using a totally 
random distribution in time, i.e. Poisson; (d) checking the 
validity of hypothesis (b) by verifying that the significance 
level of the time association in reverse time is much lower 
than in forward, i.e. that earthquakes lead to predictions 
rather than vice versa. As a main result of (I), hypothesis 
(b) was found to be entirely consistent. 

In his Comment, Takayama transcribes our reasoning 
with three crucial differences: (i) the main variables 
entering the significance level equation, i.e. the number of 

predictions and of the earthquakes that should have been 
predicted, have been reversed; (ii) ‘chance’ predictions are 
assumed to be distributed uniformly at random in space 
within the area S on which precursors are operational; this 
leads to weight the number of predictions with a factor 
As/S,  where As = n Ar2 is the epicentral indetermination 
area of each prediction, (iii) no study of reverse-time 
association is performed. Two notes are in order. First, the 
number of predictions cannot be weighted, since the 
‘chance’ predictions set must have the same size and 
distribution of the real one. It is only the number of events 
that should have been predicted that can be weighted to 
account for the fact that each prediction covers a subset of 
the global region on which predictions are operational. 
Fortunately, this interchange has little practical consequence 
on the significance level of time association, as can be 
immediately seen from the symmetry with respect to the 
number of predictions m and events n of the Poisson 
equation 

where mcorrccr is the number of correct predictions, At is the 
allowed time indetermination, and T the total interval of 
analysis. This equation is equivalent (see (I) and Mulargia 
1992) to the binomial equation 

sl= 2 (:)(n AtlT)I[l - n  AtlT]‘”-”’ (2) 
x = ~ ~ ~ c o , ‘ c c 1  

since the product m A t f T  is <<l and n >> 1. Second, (ii) and 
(iii) imply to exclude a priori that ‘VAN’ predictions might 
be due to a post-seismic rather than precursory phenome- 
non. This has the more serious consequence of leading to 
inconsistency. In fact, if one applies Takayama’s assump- 
tions to calculate the ‘chance’ association in reverse time, 
much lower significance levels than in forward are obtained 
(see Table 1). This means that excluding for ‘VAN’ 
predictions a post-seismic origin yields exactly the contrary. 

This is only part of the story. The ratio As/S is in fact 
intrinsically unsuitable to account for the fact that each 
prediction covers a subset of the global operational area. 
There are three reasons for this. 

First, the distribution of epicentres is spatially strongly 
non-uniform in all the seismic regions of the world (e.g. 
Barazangi & Dorman 1969), and Greece makes no 
exception (e.g. Papazachos 1990). 

Second, consider the ‘homogeneous’ region in which 
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Table 1. Significance level for association in reverse time according 
to Takayama’s assumptions. The meaning of symbols is the same as 
in Takayama’s Comment. Values below the 0.05 significance level 
are indicated in boldface. 
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Rule of the game: Magnitude of Predictions f 0.7 

Backward 

Homogeneous Non-homogeneous 
Prediction 

range 

All 
M 2 5.0 
M 2 5.3 
M 2 5.5 
M 2 5.8 

All 
M 2 5.0 
M 2 5.3 
M 2 5.5 
M 2 5.8 

All 
M 2 5.0 
M 2 5.3 
M 2 5.5 
M 2 5.8 

All 
M 2 5.0 
M 2 5.3 
M 2 5.5 
M 2 5.8 

% 

48 
43 
17 
10 
5 

48 
43 
17 
10 
5 

48 
43 
17 
10 
5 

48 
43 
17 
10 

5 

Ncp N ,  Sign. N ,  
lev. 

At  5 11 days, Ar  5 30 km 

9 547 0.003 93 
9 204 <0.001 71 
3 80 < 0.001 18 
2 4 4  0.001 15 
2 19 <0.001 5 

At 5 22 days, Ar  5 30 km 

12 547 0.013 93 
12 204 <0.001 71 
3 80 0.003 18 
2 4 4  0.004 15 
2 19 <0.001 5 

At 5 11 days, A r  5 120 km 

23 547 1.OOO 417 
21 204 0.083 190 
6 80 0.031 51  
2 4 4  0.184 33 
2 19 0.012 14 

At 5 22 days, Ar 5 120 km 

26 547 1.OOO 417 
22 204 0.967 190 
6 80 0.335 51 
2 44 0.469 33 
2 19 0.041 14 

Sign. 
lev. 

< 0.001 
< 0.001 
< 0.001 

0.002 
< 0.001 

< 0.001 
< 0.001 

0.002 
0.007 

< 0.001 

1 .OOO 
0.21 1 
0.010 
0.161 
0.010 

1 .OOO 
0.998 
0.162 
0.427 
0.036 

predictions are operational. This one is just subjectively 
declared by the proponent of precursors, without any 
possibility of control in the analysis phase. It might be 
purposely extended to include an aseismic area (for 
example, imagine to include part of the Southern Adriatic 
sea): the number of earthquakes that should have been 
predicted n would not increase, while S would, with the 
result of decreasing at will the significance level. 

Third, a situation similar to the latter potentially arises 
also in the ‘non-homogeneous’ operational region: some 
prediction might be purposely issued in aseismic areas, 
forcing the significance level to decrease, since, provided 
that Ar is sufficiently large, S would increase more than the 
number of predictions. Therefore, the AsJS weighting 
cannot be used on the ‘non-homogeneous’ region. 

In conclusion, the proposed AsJS weighting is: ( a )  
generally inapplicable, and ( b )  specifically inconsistent with 
‘ V A N  predictions. 

Yet, one may still get the impression that the lack in (I) of 
an explicit weight for the limited spatial extension of a 

single prediction leaves open, to some extent, the question 
of the validity of ‘VAN’ precursors. This is not the case, as 
can be seen when considering the problem in some further 
detail. 

Let us study the case which a priori excludes a 
post-seismic origin for ‘VAN’ predictions by using the 
weakest possible assumptions compatible with them. To this 
extent let us adopt, rather than spatial uniformity, exactly 
the same spatial  distribution^ of ‘VAN’ predictions, and at 
the same time explictily account for the limited extension of 
each prediction with respect to the global region on which 
predictions are operational. This is simply achieved by 
setting the number of events that should have been 
predicted n equal to the number of events fi which are 
expected to be covered on average by each single prediction 

Table 2. Significance level for association in forward and reverse 
time appropriately accounting (see text) for the limited extension of 
each prediction with the respect to the total region on which 
precursors are operational, using exactly the same spatial distribu- 
tion of ‘VAN’ predictions, but excluding a priori a post-seismic 
origin for the precursors. Magnitude threshold is on predictions. 
Eq. (2) is used. C y n ,  is the sum on all ‘VAN’ predictions of the 
number of events ni entering the Ar circle of the ith prediction. 
Values below the 0.05 significance level are indicated in boldface. 

Rule of the game: Magnitude of Predictions f C.7 

Non- homogeneous 
Prediction 

range 

All 
M 2 5.0 
M 2 5.3 
M 2 5.5 
M 2 5.8 

All 
M 2 5.0 
M 2 5.3 
M 2 5.5 
M 2 5.8 

All 
M 2 5.G 
M 2 5.3 
M 2 5.5 
M 2 5.8 

All 
M 2 5.0 
M 2 5.3 
M 2 5.5 
M 2 5.8 

Total  Correct Global n. 
pred. Pred .  of events 

At 5 11 days,  Ar 5 30 km 

29 1 204 
29 1 171 
14 0 43 
9 0 27 
5 0 9 

At 5 22 days,  Ar 5 30 km 

29 4 204 
29 4 171 
14 2 43 
9 1 27 
5 1 9 

At 5 11 days,  Ar 5 120 km 

29 20 2083 
29 18 1597 
14 6 266 

9 2 117 
5 1 38 

A t  5 22 days,  Ar 5 120 km 

29 28 2083 
29 25 1597 
14 7 266 
9 3 117 
5 2 38 

Sign. 
lev. 

0.888 
0.839 
1.000 
1 .ooo 
1 .ooo 

0.626 
0.479 
0.222 
0.438 
0.173 

0.806 
0.356 
0.041 
0.346 
0.335 

1 .ooo 
1.000 
0.288 
0.452 
0.178 
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Table 2.  (Continued.) within a Ar epicentral indetermination. The value of f i  is 
defined as the sum on all ‘VAN’ predictions of the number 
of events ni entering the Ar circle of the ith prediction Rule of t h e  game: Magni tude  of Predictions * C.7 

Prediction 
range 

All 
M 2 5.0 
M 2 5.3 
M 2 5.5 
M 2 5.8 

All 
M 2 5.0 
M 2 5.3 
M 2 5.5 
M 2 9.8 

All 
M 2 5.0 
M 2 5.3 
M 2 5.5 
M 2 ri.8 

All 
M 2 5.0 
M 2 5.3 
M 2 5.5 
M 2 5.8 

Backward 

Non- horiiogeneous 
Total Correct Global n. Sign. 
pred. Pred. of events lev. 

A t  5 11 days, Ar 5 30 km 

29 9 204 < 0.001 
29 9 171 < 0.001 
14 3 43 0.009 
9 2 27 0.030 
5 2 9 0.003 

At  5 22 days, Ar  5 30 km 

29 12 204 < 0.001 
29 12 171 < 0.001 
14 3 43 0.055 
9 2 27 0.103 
5 2 9 0.013 

At 5 11 days, Ar  5 120 km 

29 23 2083 0.349 
29 21 1597 0.064 
14 6 266 0.041 
9 2 117 0.346 
5 2 38 0.053 

At  5 22 days, Ar 5 120 km 

29 26 2083 1.000 
29 22 1597 1 .ooo 
14 6 266 0.492 
9 2 117 0.743 
5 2 38 0.178 

divided by the number of predictions m, i.e. f i  = CTnJm.  
Obviously, from the very definition of probability, i.e. 
number of favourable versus possible cases, double 
predictions do not alter m ,  while events covered by both 
alternative epicentres enter the sum of the n,. The 
significance level of time association, calculated by using the 
values of f i  and m in eqs (1) or (2) above, is reported in 
Table 2. 

The results coincide with those obtained in (I): the 
forward-time association is not significant, with just the 
M 25.3 case slightly below the 0.05 level, while the 
association in reverse time is highly significant. This stands 
for a post-seismic origin of ‘VAN’ predictions. In other 
words, even using the weakest possible assumptions to 
exclude a priori a post-seismic origin, one finds it. 
Therefore, the hypothesis of excluding it a priori is 
inconsistent with the data and the significance level values so 
obtained are unacceptably low. Yet, they lead to the same 
conclusions of (I), which uses consistently the contrary 
hypothesis: (1) the success of ‘VAN’ predictions can be 
comfortably ascribed to chance, and ( 2 )  ‘ V A N  predictions 
have an unknown post-seismic origin. 
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