]|

il

Ml

PN

i

L
ar

ng

T

M Wk —>h
[l T
e H R

T 5

Pt

Bz

1 S
i

UEENES

= TAE0

AN ZIERS

TINT

=380
E2FT

72

j}LD



Earthquake: Major Threat to Us
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Ground Motion Attenuation

Mw=6.8,Rake=113
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Data Collection: Strong Motion Stations
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Peak Ground Acceleration
(PGA) attenuation model

yi :g(MiaRi;H)_l_gei +8Si +8ri

Vi :log,, PGA
M . : local magnitude

R, : hypocentral distance (source-to-
site distance)

¢ :regression parameter
& :known scalar function



« £ .. event-specific term, representing the
¢ earthquake-to-earthquake variation

* & . site-specific term, representing the
S|te to-site varlatlon

« & . - record-specific term, representing the
residual variation



— (gD ... gB)y i
B, = (&, g, ') :collection of E values of ¢,

®ei :Ziﬁe
% :(le’ ”’ZEz)
where
‘1 , if recordi comes from earthquake ;
i o otherwise

(j:l,...,E)



B.=(",---,e>)) :collection of S values of ¢,

“si Wiﬁs
W =Wy W)
where
1 , if recordi comes from site /
0, otherwise

(I=1,--,5)




Random Effects

/86 N%(O,O’?IE)

B, ~Ne(0,021)
iid
gri N W(Oa O-f)



Alternative representation of
the model — Mixed effect
model

Vi=8M,R;0)+z,[, +wp +&,

=G(x;p)+¢,
x,=(M,R ., z,w)
p=,5.,0)



Estimation Procedure &
Computation Algorithm

MLR estimation (Dempster et al., 1981 JASA)--
treating fixed effects as random, but with infinite covariance matrix,
and then finding MLE for the variance components7 = (¢,0.,0)
EM algorithm (Dempster et al., 1977)--

treating (Y, £) as the 'complete’ (augmented) data, the MLE
of 77 based on the actual data Y can be obtained via EM.

Dempster et al., (1981 JASA) have proposed EM for
MLR estimates in linear variance components models



 For linear random effects model:

[

Y = X v Bura T Enn

B~ 34 (0,%) BIY ~ N, (B.2)
g~Ny(0,0°1,) N B=P'XY
ple Q=0’P"

) :diag{aflnl,,,oyilm} P=XX+0o%"

K
2. =M
k=1



E-Step--
compute the conditional expectations of
complete-data sufficient statistics given actual

data at current parameter values :

E(BB.|Y;%,6%) = BB, +1r(Q,)

E(es|Y:2,62) =YY =2Y' XB + BXXB + tr( X XQ)



* M-Step--
update parameter values by obtaining the complete-
data MLEs with the involved sufficient statistics
replacing by their conditional expectations :

52 :E(8'8|I7,E,O'2)

N
' v 2
6‘2 _ E(/Bkﬁk 1Y,2,0¢)
k ny

 lterate between E- and M- steps until convergence.



Proposed Algorithm for General Mixed (Variance
Components) Models of PGA Attenuation
Relationship

yi =G(x;:8) e, Y= yN)
G(X;B) ={G(x1;:B), -+, G(xp; B)Y

p=00,8,.0;) ~Ny0,2), M=F+E+S

2 = diag(Z‘%;,aglE,o"gIS)

where X 00 IS Infinite so that

2 2

2_1 :diag(OF,O'e_ IE,O'S_ Ig)

Op =F x FFmatrix of 0's



Start with initial values for 77 =(0;,0;,0;) and f;
call them current parameter values.

Generate the working design matrix
¥ 0G(X;p)
op
and the working outcome vector

Y =XB+{Y -G(X;p)};

both are evaluated at current parameter
values.



3. Compuete conditional expectation and
covariance of 3 at current parameter values :

~

B=P'XY
___2p-l
where =o.P
P=XX+o%"

> =diag{0,,0.%1,,0.°1}

call 3 the current value of /3



4. Get the updated value of 7=(o;,0;,0,)
by

o YTV -2V'XB+ B XXB+tr(XXQ)}

r N

2 _ PeBet1r Q)
e~ E

2 BB +1r( Q)

O¢ = S

where 3, and 3, are conditional means of 3, and .,

obtained directly from subvertors of £,
and Q,, and Q_ are corresponding submatrices of Q



5. Call the updated value of n the current
value of n.
Repeat steps 2 - 4 until n attains
convergence.

( Newn —Oldn < 10_5\




When reaching convergence,
e variance components estimates 77 = (&%,&g,&g)
e 0, obtained from subvector of S=(6",.., BS')',
gives the MLE of 6; its covariance 1s given by €2 90
e predicted valueof Y, log10 PGA, at given M and R:

Y =g(MR;6)

¢ 95%ClLofY: A
Y +1.96(var Y)"

5 Vo, 22, a2 A2
VarY—XQQQQX9+O',,. +0; +0g

X 0= the first F elements of X



» explicit formula for the covariance
(standard errors) of 77 (variance
components estimates)

can be obtained (Chen and Tsai 2002
BSSA)



Taiwan Seismic Data

« Database consists of 7123 PGA
records from 204 rock-site stations
operated by CWB and |IES for 744
earthquakes in the Taiwan region during
1976-2000.

(only sites with more than one event
and events with more than one record
are included)
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The Regression Model

g(M,R;0)=
) 6’6M
6’0+¢91M+¢92M +93R+9410g10(R+9510 )

(Fukushima & Tanaka, 1990
Bull.Seism.Soc.Am.; Sharma, 1998

Bull. Seism.Soc.Am.)



Analysis Results
Estimates of Fixed Effects:

6 | 6 | 6 | 6 | 6 | 6 | b
0.0004 |0.4067 [0.7936 |[-0.0215 |-1.7059 |5.7848 |-0.0565
0.0003 |0.4163 [0.1622 [0.0153 |0.8975 |5.1533 |0.0923




Analysis Results
Estimates of Variance Components:

2 2 2
O O O

e S r

eg-eq variation | site-site variation | residual variation

0.0308 0.0291 0.0397

0.006 0.010 0.002




Predicted Values of /.

site B,
ILAOS7 -0.60735
HWAOQ026 -0.029552
TAPO34 0.056854
KAU049 0.081148
ILAOS50 0.430644




Predicted Values of g,

1994/07/11 (M=4.0) -0.54727
(121.8548, 24.4392)
1999/09/20 (M=7.3) 0.056999
(120.8155, 23.8525)
1986/11/14 (M=5.3) 0.408006

(121.8120, 23.9630)

1993/07/25 (M=4.53)  |0.411229
(122.1052, 24.8825)
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Proposed Algorithm Allowing for
Covariate-Dependent Inter-Event Variance
Components

v, =Gl p)+e s Y=y
GX; P)={G(x;; )y, Gx 3 B)}
B=0.5y. ) ~N, (05), M=F+E+S
L=diag(X %, 021 )

where 2 00 1s infinite so that

s-1= =diag(O,, > lo 2]S)

6’6”

OF = F'x F matrix of O's

31



General Inter-Event Variance
Components

 Now, for a set of covariates V' , we model

Zee =diag(/(v;7), . (V7))

f 1s some specified function and 7 is the
associated set of parameters (coefficients)

E 1s the number of events

32



Modified Algorithm

» Steps 1-3 (see pages 13-14) are unchanged,
except that now 1n step 3,

l=diag(0,,2;).051)

ee’

33



 In Step 4,
(YY-2Y'XB+ B XXB+tr(XXQ)}

O'},. N
2 _ BB +1rQyy))
s S

~ N
7=[V'WV] V'WB,

17=ag—y) FO)Y={f 07 f o))

Wzdiag[ 1 1 ]
sy fvgy)

B, =Vy+( B+ vecdiag(@.)~F () |, B2 (5 i)

Vecdlag(Qee) is the vector of diagonal elements of ()

ee

34



* Step 5 is the same as before (page 17); that
1s, the algorithm 1s iterated between Steps 2-
4 until convergence

35



Further Decomposition

» Extract the path-to-path component from
the residual error:

vi=g(x;p)+e, te, +é,
:g(xi;ﬁ)_l_gei +8si +gpi +8:i
:G(xi;ﬁ)_l_gpi +gri
2y .
¢, L1 N(0,0,): path-to-path error

¢ [1 N(0,0.%): refined residual error



Bivariate Normal Formula

(¢,,Y) U BivariateNormal
Cov(e,,Y)=Cov(s,,&,+¢,)=0,

2

E(e,|Y)=——2 [V —~G(X: )]

o, +0,

o,
(e, +¢€ )——28,,
0' +0 o



e We see that

E(e, |V)+E@E |Y)=E(s, |Y)=¢,

SO WC Can usc
2

O-p
E(e,|Y) =36

r

to estimate the path-to-path error component

. 2 . .
* Information on O, 1s required



Taiwan PGA Data

» 7123 records collected from 744 earthquake
events and 204 sites in Taiwan

e Ground motion model :

loglo PGA = 90 + 91M T 92M2 + 93R + 94 10g10 (R + 951096M)

+e teE +e,



 Predicted value of event-to-event error
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» Earthquake-to-earthquake component of error
seems to be unrelated to magnitude (M)
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» Paths of earthquake-to-site pairs

Shallow Earthquake (depth <=30 km)
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» Choose the path-to-path variance
component O i about the same magnitude

of o7 and o7 (o) ~0.03)

* The refined residual variance component 1s

o2 ~0.0097



Errors of Path Comp. and Refined Residual Total Errors
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Conclusions

 Since the 1999 Chi-Chi earthquake, strong-
motion recordings in Taiwan have increased

tremendously

» Database for Taiwan strong-motion records
1s available



 Statistical regression models have been

widely applied to prediction of ground
motion attenuation for risk assessments of

seismic hazards



* More complex models, such as mixed
(random effects) models can be applied to
repeated measurements of ground motion
data for dissection of various sources of
ground motion variability

* More accurate prediction can be achieved
by accounting for known sources of
variance components



 Statistical algorithms such as the EM
algorithm can be applied to analysis of
ground motion attenuation models for stable
and efficient computation

 The EM algorithm together with the MLR
procedure 1s especially convenient for
generalization to different ground motion
attenuation models with different
random/fixed effects and models for the
variance components



* Spatial correlation may be further
incorporated into the variance-covariance
matrix of the random effects

 Statistical theory 1s also usetul for
evaluating uncertainty
(estimation/prediction error) of ground
motion prediction



Thank You for Your Attention !!

Questions ??
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