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Abstract 
In recent decades, various scales of seismic hazard have been analyzed. One typical output is the seismic hazard map that 
draws a spatial distribution of the hazard potentials for the sake of emphasizing the spatial differences. However, the map 
often causes a bias that people living in low potential area do not take any actions for disaster reduction. We suppose that 
the reason is uncertainty involved in mapped spatial data as well as the cognitive bias. Chakraborty and Goto (2018) 
proposed to vary map resolution with degree of the data uncertainty, namely Uncertainty Projected Mapping (UPM). 
Here, we introduce the principal concept of UPM, and several applications to regional seismic hazard analysis. In one 
example, nonlinear site amplifications in Osaka area are numerically simulated with a variety of input waves. The 
simulated samples of amplification factor, i.e. PGA amplification, are projected on the spatial map using the UPM. The 
map clearly shows where to highlight the amplification in terms of statistical significance.  
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1. Introduction 
In recent decades, various scales of seismic hazard have been analyzed. One typical output is the seismic 
hazard map that draws a spatial distribution of the hazard potentials for the sake of emphasizing the spatial 
difference; i.e. landslide potentials, inundation area due to flood and/or tsunami, expected ground motion over 
decades, etc. However, the map often causes a bias that people living in low potential area do not take any 
actions for disaster reduction. This means that the hazard map may not only contribute to the disaster mitigation, 
but may also enhance the disaster. 

 We suppose that the reason is uncertainty involved in mapped spatial data as well as the cognitive bias. 
A smoother image or an image composed of large bins (pixels) are preferred if the hazard data contains less 
information. It means that the amount of information controls the resolution of images. However, the data 
uncertainty, which means amount of containing information, is not always spatially uniform.  

Chakraborty and Goto [1] proposed to vary map resolution with degree of the data uncertainty, namely 
uncertainty projected mapping (UPM). As shown in Fig.1, UPM aims to draw a map so that a sharp color 
transition reflects a low uncertainty, and smooth transition reflects high uncertainty. UPM can show both the 
model and its uncertainty in a single plot.   

In this article, we introduce the principal concept of UPM, and several applications to regional seismic 
hazard analysis. In one example, nonlinear site amplifications in Osaka area are numerically simulated with a 
variety of input waves. The simulated samples of amplification factor, i.e. PGA amplification, are projected 
on the spatial map using the UPM. The map clearly shows where to highlight the amplification in terms of 
statistical significance. 

 

 
Fig. 1 – Principal concept of UPM 

 

2. Uncertainty Projected Mapping (UPM) 
Uncertainty projected mapping (UPM) [1] assumes the mapped variable to be a stochastic variable Yl at spatial 
location l. Observation data yil (i = 1, ⋯, nl ) is a set of samples from the stochastic variable, which obeys the 
following hierarchal Bayesian model. 
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𝑌#	~	𝑁'𝜇#, 𝜎#+,	 (1) 

𝜇#	~	𝑁'∑ 𝑤#2𝜇22 , 𝑠#+,	 (2)  

𝑐 = 	𝜎#	𝑠#	 (3) 

where μl, σl are model parameters that describe normal stochastic variable Yl. Eq.(2) represents intrinsic 
conditional autoregressive model (CAR) [2,3,4] that can introduce the spatial structure of μl. wlj is a normalized 
adjacency matrix (Σj wlj = 1), whose all diagonal terms are zero (wll = 0). sl is another model parameter that 
controls a spatial variation; i.e. smaller value of sl provides smoother μl distribution. Chakraborty and Goto [1] 
proposed Eq.(3) that constrains the observation variance and the spatial variation. This aims to resolve fine 
images in an area with small sample variations in contrast to the large variations. c is a hyperparameter of the 
hierarchal Bayesian model. 

Posterior probability of model parameters is analyzed on the basis of Bayes’ theorem.  

𝑝(𝜇#, 𝜎#|	𝑦;#) ∝ 𝑝(𝑦;#|	𝜇#, 𝜎#)	𝑝(𝜇#=	∑ 𝑤#2𝜇#2 , 𝑠#, (4)  

The right hand side are likelihood function and probability density function defined from Eqs.(1) and (2), 
respectively. Original UPM [1] evaluates both the posterior probabilities μl and σl, which are numerically 
simulated from Markov chain Monte Carlo (MCMC) [5,6,7], and plots expectation value of the marginal 
posterior probability, 𝐸[𝑝(𝜇#|	𝑦;#)].   

Model hyperparameter c controls the total smoothness of the spatial distribution. The value is selected 
from the balance between a goodness of fit and a prediction error in a framework of information criterion.  
Akaike’s Bayesian Information Criterion (ABIC) (Akaike, 1980) has been widely adopted in the model 
selection. Recently, more general criteria have been proposed, namely widely applicable information criterion 
(WAIC) (Watanabe, 2009; Watanabe, 2010), and widely applicable Bayesian information criterion (WBIC) 
(Watanabe, 2013), whose computations are much compatible with MCMC simulation.  The former WAIC is 
suitable for data prediction, and the latter WBIC is for model selection. In this study, we adopt WAIC in 
selecting c because the hazard maps aim to predict the values.  

3. Application – Nonlinear site amplifications in Osaka area 
Site amplification during strong earthquakes varies highly depending on the input waves because of 
nonlinearity of the soil deposit. If an earthquake scenario at the target area is unconditionally accepted, the 
scenario waves are allowed to be input motions, and the results are simply evaluated. However, in reality, 
various types of earthquakes can occur. It is important to evaluate the map of site amplification in considering 
the input wave sensitivity. We then comprehensively input records from all the available ones obtained in 
Japan, and use this variation in plotting a site amplification map in Osaka area.  

3.1 Input motions  
From the past studies in Osaka area, a stiff sand layer, namely Dg2, is selected as the engineering basement 
excepting the area of Uemachi plateau and the bay area. Since the Dg2 is approximately 400m/s of S-wave 
velocity, we select the K-NET and KiK-net stations on stiff soil with about 400m/s of S-wave velocity that is 
defined in a range of 400-700m/s of the average S-wave velocities up to 5m depth (Vs5). The selected stations 
are 60 for K-NET and 70 for KiK-net.  

 We select records obtained at these stations with a seismic intensity in JMA scale of 4.5 to 5.0. Finally, 
14 records from K-NET and 12 records from KiK-net are selected. Although the records satisfy a criteria, 
aftershocks immediately after the main shock of the 2011 Tohoku earthquake are eliminated because the long 
coda of the main shock was included in these records. Fig.2 shows the histogram of PGA and acceleration 
response spectrum (Sa; h=0.05) in horizontal components of the 26 selected records. PGA is mostly distributed 
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in a range of 100-500cm/s2,  and two exceptional records exceeding 600cm/s2. Acceleration response is close 
to the value of PGA up to 0.5s, and gradually decreases in the similar slopes.  

 

 
Fig. 2 – Histograms of PGA (left) and Sa (right) of the 26 selected records.  

 
3.2 Simulating nonlinear response  
Nonlinear site response for the 26 input waves is simulated using surface soil model in Osaka area evaluated 
in each 250m area. 1560 meshes, where the model up to the Dg2 layer has been modeled, are the selected in 
this study (Fig.3). The meshes almost cover the center of Osaka area excepting the Uemachi plateau and the 
bay area. Each model consists of layers classifying soil types, ages, density, N values, and estimated S-wave 
velocity in every 1m depth. As following the past study [12], the soil layers are classified into Ma13, Dg1, and 
Ma12 layers, and the representative H-D model studied in the laboratory experiments in this area is given as 
the nonlinear models. A half-space engineering basement with 400m/s of S-wave velocity is assumed at the 
bottom of the models.  

 

 
Fig. 3 – Target meshes (solid square) simulating the nonlinear site responses. 
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 The 26 selected waves are simultaneously input to each two horizontal components. The nonlinear 
response is evaluated from equivalent linear analysis using SHAKE. We study 4 site factors; (1) amplification 
of maximum acceleration (PGA), (2) amplification of maximum velocity (PGV), (3) average of transfer 
function in 1.0-2.0Hz (F12), and (4) average of transfer function in 2.0-4.0Hz (F24). Fig.4 shows the average 
value over the simulated results from the 26 input waves obtained at each target mesh. Different spatial patterns 
are shown for each site factor, whereas the variation is particularly large in the PGA amplification. However, 
this spatial distribution shows only the average values. The large spatial variation does not mean large 
uncertainty. Fig.4 also shows the simulated variations along an east-west profile. Each sample corresponds to 
each result from the 26 input motions. Site factors of F12 and F24 are the smaller variations than the PGA and 
PGV ones. It suggests the map for F12 and F24 must be well resolved in this mesh scales. On the other hand, 
the PGA and PGV amplifications may not be discussed well in statistical point of view. 

 

 
Fig. 4 – Average and variation of the simulated site factors.  

(top left: PGA, top right: PGV, bottom left: F24, bottom right F12) 
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3.3 UPM of nonlinear site amplification 

We apply UPM to the simulated samples of nonlinear site response. The adjacency matrix is established so 
that adjacent mesh structure can be introduced. The hyperparameter c is searched to minimize the WAIC. Fig.5 
shows an example of map given different values of c. The smaller c value results smoother spatial distribution 
than the simple mean of samples, whereas it almost converges to the simple means as increasing the c value. 

 Fig.6 shows distribution of each site factor evaluated from UPM. Each panel shows amplification factor 
of PGA, PGV, F12, and F24, respectively. The spatial images by UPM are relatively smooth comparable to 
the simple mean (Fig.4), especially for PGA and PGV. This reflects the sample variation, as shown in Fig.4.  

 

 
Fig. 5 – Effect of the hyperparameter c in UPM solution.  

 

4. Discussion and conclusion 
In this article, we explain some of the details of UPM and show an application to nonlinear site amplification 
in Osaka area. The evaluated map shows relatively smooth image by reflecting the sample variations. The map 
guarantees image resolution that a sharp color transition means a low uncertainty, and smooth transition means 
high uncertainty. This can avoid for human to underestimate the hazard potential in case of the lack of 
information.  

 Notice that results in this article represent only the amplification from the engineering basement. Actual 
ground motion in Osaka area is amplified by the 3D deep basin structure. The lower frequency components 
and some related index, e.g. PGV will be underestimated in this analysis. In this article, we aim to demonstrate 
the effectiveness of UPM in simulating the nonlinear site amplification, and it can be utilized to the precise 
analysis in considering the deep basin structures.  
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Fig. 6 – UPM of each site factor.  

(top left: PGA, top right: PGV, bottom left: F24, bottom right F12) 
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