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Introduction.

The advanced robust algorithm for determination of the initial displacement at tsunami source has been developed. This “Brute Force” algorithm was adopted for effective processing of the real-time tsunami data. That allows to achieve better capabilities for the forecasting and assessing the risk of tsunami inundation. The corresponding software module was completed and implemented into the FACTS system, which is in use by Pacific Marine Environmental Laboratory, NOAA USA. This module is able to construct the possible tsunami source from few basis sources using one-period (or less) wave records from one or several DART stations. Algorithm was then optimized in terms of performance.

Objective is to develop new SW realization of Brute Force algorithm with at least 10-15 times better performance. Performance gain is obtained by better design of the existing algorithm, low level software optimization, improvement in choice of better approximations, and by using of modern progress in multithread calculations on new Intel processors. Last direction assumes SSE and SSE2 technologies exploitation along with high level tools for their installation (Microsoft and Intel C++ translators).

DARTS system and FACTS database.

Pacific Marine Environmental Laboratory (PMEL) has developed the Deep-ocean Assessment and Reporting Tsunami (DART) system and has deployed it at several locations around the Pacific, Fig. 1. DART systems obtain high-quality data of tsunami amplitudes in the open ocean. This data can be used to reconstruct the true tsunami source parameters. To achieve that goal, PMEL has created a database of pre-calculated time series of tsunami waves from (unit) sources at subduction zones around Pacific, Fig. 2. The solutions from the database can be combined using developed Web interface (called FACTS – Facility for the Analysis and Comparison of Tsunami Simulation), to reconstruct tsunami sources recorded by DART.
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Fig.1. DART buoys (right) and their locations at Pacific (left).

The unit sources are bottom displacements typical to the subduction zone earthquakes. Numerical solutions of tsunami propagation over North Pacific have been calculated from each of the unit source. Collection of these calculated time series has been arranged as the FACTS database. In particular, synthetic marigrams can be obtained at positions of all DART stations. A model source of the Andreanov tsunami can be obtained by combination of the unit source solutions. A variant of the model source, obtained by manual adjustment of the unit source coefficient is displayed at Fig. 2. Four unit sources have been used for the estimate based on the arrival time analysis. Combination of waves from the unit sources with adjusted amplitudes generate the signals at the registering points (see Fig. 2) similar to the measured marigrams.
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Fig.2. System of Unit Sources (left) and comparison between measured and simulated marigrams (right).

Automated system for source parameters determination using FACTS Database.

The FACTS database contains time series (synthetic marigrams) from 132 unit sources at all grid-points of the computational area covering the North Pacific, including the location points of existing DARTS system. To operate the database in automatic mode a special algorithm (Brute Force Algorithm) and the corresponding software application (Modulo 1) for data inversion has been developed. This application is designed to determine tsunami source parameters by processing DART marigrams. 

The Module M1 effectively determines the amplification coefficients for unit sources. A combination of unit sources weighted with the determined coefficients approximates the shape of the vertical displacement of the sea surface at the tsunami source. Brute Force Algorithm has been designed for nonlinear optimization problem “tsunami source identification” problem. Tsunami wave, registered at Deep Ocean Buoys (DART station in our case), is approximated as linear combination of waves, generated by a system of normalized unit sources. These unit sources, rectangles of 50*100 km, cover the entire Alaska-Aleutan Subduction zone (Fig. 2). Normalized initial displacement at each unit source is presented in Fig. 3. The determination algorithm is based on minimization of the calculated difference between the measured marigram(s) and the linear combination of synthetic marigrams, taken from the FACTS database. The algorithm can use data for only one complete wave period (or even less) to determine the source parameters in the real time mode. Therefore, algorithm consists of selection of geometrically connected set of unit sources and then calculation of amplification coefficients for each unit source. Amplification coefficients are search by trying all their value with the given step size within certain interval of variation. 
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Fig. 3. Normilized initial displacement at unit source (left) and comparison between

the simulated (solid line) and reconstructed (dashed line) marigrams at measurement buoys (right).
Algorithm description. 

Let us describe the proposed scheme and its implementation as a software module M1. Suppose that we have the measured records of the sea levels from several, say N, DARTS stations. This means, that the operator receive digital values of the sea levels at all the stations within a specified time interval (for example, every 15 seconds). Then the operator can process N numerical sequences. The FACTS database contains synthetic marigrams at all locations of the DARTS stations with the same time discretization. Varying the amplitude coefficients, the algorithm minimizes the difference between measured marigram and linear combination of synthetic marigrams from unit sources. Minimization is arranged at all measurement points. The difference is minimized in L1 and L2 norms. This means that in the first case we sum the modules of differences between measured values of the sea level and linear combination of calculated marigrams from the unit sources on the selected time interval (for example, during the first period of the recorded wave at each station). In the second case, the squared differences are summarized and then the square root is minimized. Mathematically, the norms used in the process are expressed as follows: 
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Here T is the number of time counts (that is the length of comparison time period), h(i), hj(i) represent the values of waves heights in measured and synthetic marigrams, respectively, while j indicate the number of the unit source. The quantities 
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 are subject of minimization with respect to the values of coefficients  
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 (j=1,…50) for each record station number k,  or, alternatively, for a selection of such stations. In this case the arithmetic mean of all the norms 
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 is minimized. During the numerical tests, it was supposed that the determined coefficients 
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 (j=1,…50) in linear combination of the unit sources are bounded from below by zero and from above +6.0 m, which covers the range of typical slip values for strong subduction earthquakes. Besides, such a restriction is not necessary and has been used only in order to accelerate processing the data of Andreanov tsunami of 1996. When optimizing the set of coefficients 
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 it is important to have a rather small discretization step. For the considered case, the optimal step value happens is in the range of 0.1-0.2 m.

Testing the Module M1 against historical data of Andreanov tsunami of 1996.

The algorithm has been numerically tested to determine the source parameters for the 1996 Andreanov tsunami. The measured marigrams were available for our analysis along with the synthetic ones from the FACTS database. The measured time series of Andreanov tsunami are presented in the form of numerical sequences of the ocean level, recorded at all five stations with the time step of 15 sec. Before the minimization procedure, these data have been de-tided and interpolated to the resolution of the model data, which is stored with 60 seconds intervals. 

In order to determine the optimal length of the time series for the inversion, three series of optimization have been carried out. First, a full wave period (both first positive and negative phases) was used for all the records. Then, the amplitude coefficients have been obtained using only part of the marigrams before the first maximums. Finally the 3/8 parts of marigrams have been taken into account (which includes the first positive wave phase, approximately from the beginning through the maximum and until the moment, when the height decreases to the half of the maximum). Table 1 summarizes the results of inversion tests. 

As was already mentioned, the discretization step for coefficients 
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 (j=1,…50) has been chosen as 0,2. Zero values of coefficients have been obtained for all the unit sources, except of A4, A5, B4, and B5. Therefore, only these unit sources are mentioned in Table 1. 

Table 1.

	Stations in process
	Amplitudes at unit sources 
	Length of time interval, min
	Norms values

	
	A4
	A5
	B4
	B5
	
	

	AK70                       L2

                                 L1
	0

0
	0,6

0,6
	3,6

3,6
	0

0
	One period

90-126
	L2=0.061 L1=0.046

	AK71                       L2

                                L1
	0,2

0,2
	0,2

0,2
	4,4

4,8
	0,2

0
	95-159
	L2=0.121 L1=0.104

	AK72                      L2

                                L1
	0,4

0,4
	0,2

0
	4,6

5,2
	0

0
	86-143
	L2=0.109 L1=0.087

	AK73                      L2

                                L1
	1

0,8
	0,2

0
	2,6

3,4
	0,2

0
	101-154
	L2=0.193 L1=0.147

	WC67                     L2

                                L1
	2,4

2
	0

0
	0

0
	0,8

0,6
	265-297
	L2=0.268 L1=0.204

	AK (70+71)            L2

                                L1
	0,2

0,2
	0,4

0,6
	3,4

3
	0,4

0,2
	One period


	L2=0.108 L1=0.084

	AK (70+71+72)      L2

                                L1
	0,2

0,2
	0,4

0,6
	4,2

3,2
	0

0
	One period


	L2=0.116 L1=0.096

	AK (70+71+72+73) L2

                                 L1
	0,4

0,2
	0,4

0
	3,6

4,4
	0

0,8
	One period


	L2=0.145 L1=0.116

	AK70                       L2

                                 L1
	0

0
	0

0
	5,2

5,8
	0,8

0,4
	Before the first maximum
	

	AK (70+71+72+73) L2

                                 
	1,4
	0
	2,8
	0
	Before the first maximum
	

	AK (70+71+72+73) L2

                                 L1
	0,8

1
	0

0
	3,6

3,6
	0,2

0
	3/8 of period (70:90-110, 71:95-112, 72: 86-100, 73:101-115)   
	L2=0.116 L1=0.084

	AK70                       L2

                                 L1
	0

0
	0.4

0.6
	3.8

3.6
	0.4

0
	Signal start up to 115 min from the earthq.
	

	AK (70+71+72)      L2

                                L1
	0.2

0.2
	0.2

0
	4.6

5.0
	0.2

0.4
	Signal start up to 115 min from the earthq.
	

	AK (70+71+72+73) L2

                                 L1
	0.2

0.4
	0

0
	4.8

4.6
	0.6

0.2
	Signal start up to 115 min from the earthq.
	



Table 1 contains the values of amplitude coefficients for A4, A5, B4, B5 unit sources, by processing the data from one, two, three, or four DART stations, which is indicated in the left column along with the norm of comparison. Right column shows numerical values of the norms of the differences between the measured time series and linear combinations of synthetic ones, calculated with the amplification coefficients given in columns 2, 3, 4, and 5. The last four table rows shows the values of amplification coefficients in the case, when data processing has been started 115 minutes after the earthquake. It means, that the segment of each marigram included in the analysis starts at the wave arrival and ends 115 minutes after seismic event.
Note that the software application works in real time. The definition process takes 10-25 sec using 1000 Mhz CPU even in the case of 4 unit sources and 5 stations. Screenshot of the stand-alone user interface for Module M1 is presented in Fig. 4.
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Fig. 4. Graphic interface of automated source definition system Module M1 (left) and comparison examples (right).

Special technique for code acceleration (partial calculation in advance) 

The misfit functional F, subject of minimization, depend on the norm considered, namely С, L2 or L1. This functional has one of the following forms, respectively: 

F = min(F1, F2,…,FN),

F = F1*F1+F2*F2+…+FN*FN,

F = F1+F2+…+FN,

where F1, F2,…, FN – stand for misfit functionals for each measurement station – Deep Ocean Buoy (DOB), for example at DART. Therefore, major computational cost is nothing but multiple calculations of functional value. Here we propose the way to reduce computational costs accounting repeating operations within the algorithm.

Consider optimization of calculation of any functional. For convenience we omit we indexes. In uniform norm such functional is nothing but:
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 EMBED Equation.3  [image: image14.wmf]


(1)

Here N – represents the number of DOB measurements accounted (points of time series), K – number of unit sources, 
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 - measurement values, obtained at DOB, 
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 - computed values of wave heights at DOB caused by normalized disturbance at к-th unit source, 
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- unknown amplification coefficients at unit sources. 


To calculate the quantity above we need NK multiplications and summations, as well as N times calculation of minimum. Let us rewrite expression (1) as follows:
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 EMBED Equation.3  [image: image19.wmf]


(2)

A part of the implemented method consists of fixing the values of all coefficients, except of one, which value runs the selected interval with certain discretization. So, only the summand 
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 remains unchanged. Number of multiplications could be reduced with a factor K. Computational cost is reduced practically at K times. 

Results.

The existing version, Modulo 1, has been developed in C++ Builder environment as Windows and Linux Libraries along with the Interactive User Interface (Windows). New realization is developed under Microsoft Visual C++ 2005. This makes it possible to use SSE and SSE2 commands, build in C++ Microsoft. Version of optimized code will be under Windows.

By optimization of calculation algorithms (preliminary calculations of certain quantities) the obtained performance gain is from 2 to 20 times on Pentium 1.7gGz (2Mb). Numerical tests with 4 unit sources, all 5 DOBs and accounting the entire wave length take from 0,5-2 sec (depending on acceleration version), compared to 11 sec in original version.

PAGE  
1

_1222087532.unknown

_1222087596.unknown

_1222087858.unknown

_1222088464.unknown

_1222088521.unknown

_1222088119.unknown

_1222087701.unknown

_1118570607.unknown

_1118570668.unknown

_1222086008.unknown

_1118064622.unknown

_1118064654.unknown

_1118064602.unknown

