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I. Project Overview 

A. Abstract 
In the box below, describe the project objectives, methodology, and results obtained and their signifi-
cance. If this work is a continuation of a multi-year SCEC-funded project, please include major research 
findings for all previous years in the abstract. (Maximum 250 words.) 

 

In this project we identified the relationships that exist between different goodness-of-fit (GOF) metrics 
currently used in the validation of ground motion simulations by conducting a statistical analysis on a 
large dataset of comparisons between synthetics and records from past earthquakes. We identified met-
rics with strong correlations with a previously established GOF scoring scale and in doing so we singled 
out those sets of metrics that show significant independence from other sets of similarly independent 
parameters. This identification is done both through simple correlation analysis and also through a prin-
cipal components analysis. The main result of this project is that the described analysis allowed us to 
narrow the number of metrics from eleven to three, without a significant impact on the final scoring scale 
if compared against a reference GOF method. The new approach, which consists mainly of a new com-
bination GOF expression with weights used to compute the final score, uses metrics based on measures 
of a signal’s amplitude, time evolution, and frequency content. This composition is consistent, in princi-
ple, with other proposed methods by different authors which also measure these characteristics, but it 
advances such previously proposed methods in that our new GOF combination formula also offers con-
sistency with a widely used GOF method, thus allowing future results to be compatible with previous 
ones. 

B. SCEC Annual Science Highlights 
Each year, the Science Planning Committee reviews and summarizes SCEC research accomplishments, 
and presents the results to the SCEC community and funding agencies. Rank (in order of preference) the 
sections in which you would like your project results to appear. Choose up to 3 working groups from be-
low and re-order them according to your preference ranking. 

 

1. Ground Motion Simulation Validation (GMSV) 

2. Earthquake Engineering Implementation Interface (EEII) 

3. Ground Motion Prediction (GMP) 
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C. Exemplary Figure 
Select one figure from your project report that best exemplifies the significance of the results. The figure 
may be used in the SCEC Annual Science Highlights and chosen for the cover of the Annual Meeting 
Proceedings Volume. In the box below, enter the figure number from the project report, figure caption and 
figure credits. 

 

 
Exemplary Figure: Analysis of correlations amongst different goodness-of-fit metrics and results com-
paring GOF results using the modified Anderson’s GOF method (after Anderson, 2004; and Taborda 
and Bielak, 2013) and the newly proposed GOF formula. (a) Correlation between GOF scores for peak 
ground velocity (C6) and response spectra (C8). (b) Correlation matrix for all metrics C1 through C11. 
(c) GOF results obtained by Taborda and Bielak (2013) for 4 Hz a simulation of the 2008 Chino Hills 
earthquake. (d) GOF results for the same case shown in (c) but now obtained using the new GOF for-
mula proposed as a result of this study, using only three metrics as opposed to eleven. 
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D. SCEC Science Priorities 
In the box below, please list (in rank order) the SCEC priorities this project has achieved. See 
https://www.scec.org/research/priorities for list of SCEC research priorities. For example: 6a, 6b, 6c 

 

6e, 6c, 6a 
 

E. Intellectual Merit 
How does the project contribute to the overall intellectual merit of SCEC? For example: How does the 
research contribute to advancing knowledge and understanding in the field and, more specifically, SCEC 
research objectives? To what extent has the activity developed creative and original concepts?  

 

Prior efforts in evaluation of ground motion simulations through comparisons with data have evidenced 
that validation methods were highly subjective to the user’s preferences and—arguably—to the applica-
tion intended for the simulation. We argued that this limited our capacity to bring about a broader recog-
nition of physics-based simulation, and therefore, the intellectual merit of the project rested on the idea 
of reducing such subjectivity by identifying which goodness-of-fit metrics were the most relevant and 
constituted a sufficient set of metrics necessary to determine the validity of synthetics if measured with 
respect to prior results from a larger set of metrics and simulations. In this regard, we conducted a data-
driven analysis that allowed us to investigate the correlations that exist within a wide range of validation 
metrics, and arrived to an informed decision about the weight carried by a narrower set of metrics. With 
this research we have contributed to identify the level of independence or correlation that exist between 
different metrics used for validation; the sensitivity of GOF metrics to specific earthquakes and simula-
tion parameters such as maximum frequency ranges and velocity models; and proposed a new GOF 
method that uses only three metrics as opposed to ten or eleven, as used before. By narrowing the 
spectrum of parameters used for validation we expect to be able to transfer knowledge to engineers in-
terested in validation of ground motion simulations and use this knowledge to advance the broader 
recognition of physics based ground motion simulation methods. 

In reference to SCEC, this project contributed to Proposal Category B: Theory and integration; it ad-
dressed Fundamental Problem 6: Seismic wave generation and scattering – Prediction of strong ground 
motions; and contributed to Research Priority 6e. In this regard, the outcome of the project contribute 
more directly to collaborations with the engineering community in the area of validation and utilization of 
ground motion simulations, and the activities of the interdisciplinary focus areas in Ground Motion Pre-
diction and Earthquake Engineering Implementation Interface, namely the Technical Activity Group on 
Ground Motion Simulation Validation, the activities of the Broadband Platform, High-F, and CyberShake 
special projects; and in passing, to the objectives of the Committee for Utilization of Ground Motion Sim-
ulations. 
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F. Broader Impacts 
How does the project contribute to the broader impacts of SCEC as a whole? For example: How well has 
the activity promoted or supported teaching, training, and learning at your institution or across SCEC? If 
your project included a SCEC intern, what was his/her contribution? How has your project broadened the 
participation of underrepresented groups? To what extent has the project enhanced the infrastructure for 
research and education (e.g., facilities, instrumentation, networks, and partnerships)? What are some 
possible benefits of the activity to society? 

 

This project contributed to advancing efforts in validation that will ultimately help broaden the impact of 
physics-based ground motion simulation and use of ground motion synthetics in engineering and other 
related fields. This has been accomplished by simplifying a validation method and by showing that only a 
few validation metrics are necessary to capture the most relevant characteristics in comparisons be-
tween synthetics and records. 

This project provided funding to support the work of PhD student and an Assistant Professor from un-
derrepresented groups (women and Latino, respectively). 

G. Project Publications 
All publications and presentations of the work funded must be entered in the SCEC Publications data-
base. Log in at http://www.scec.org/user/login and select the Publications button to enter the SCEC Pubi-
cations System. Please either (a) update a publication record you previously submitted or (b) add new 
publication record(s) as needed. If you have any problems, please email web@scec.org for assistance. 

 

This project has not yet been directly linked to any particular publication but we are currently working 
on a manuscript to be submitted to either the Seismological Research Letters or the Bulletin of the 
Seismological Society of America. Once submitted, we will include such publication into the SCEC pub-
lications database. 
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II. Technical Report 

A. Summary 
In this report we describe work done to identify the relationships that exist between different goodness-of-
fit (GOF) metrics currently used in the validation of ground motion simulations by conducting a statistical 
analysis on a large dataset of comparisons between synthetics and records from past earthquakes. In 
particular, we identified metrics with strong correlations with a previously established GOF scoring meth-
od and in doing so we singled out those sets of metrics that show significant independence from other 
sets of similarly independent parameters. This identification is done both through simple correlation anal-
ysis and through a principal components analysis. These analyses allowed us to narrow down the initial 
number of metrics from eleven to as few as three metrics, without incurring in a significant impact on the 
final scoring scale, if compared against a reference GOF method. The new approach, which consists 
mainly of a new GOF expression combining metrics with specific weights properly adjusted to compute a 
final score, uses measures of a signal’s amplitude, time evolution or total energy, and frequency content. 
Our new GOF expression is consistent, in principle, with other ideas proposed by different authors which 
also quantify similar properties through alternative means, but it differentiates itself from such alternatives 
validation methods in that it yields results that are consistent with a previously proposed and widely used 
GOF method. This allows our method to ensure that future results will be compatible with previous ones. 

B. Background and Objectives 
Over the course of the last two decades, SCEC has played a leading role in promoting and adopting sys-
tematic approaches for verification and validation. In recent years, validation in particular, has become a 
subject of mutual interest to both seismologists and engineers affiliated to SCEC. The main goal in these 
efforts has been to determine how we can best identify whether synthetic seismograms have the charac-
teristics that are most important for engineering applications. 

Several methods have been proposed to evaluate the similarity between seismograms in general (e.g., 
Kristekova et al., 2006, 2009), the fit of synthetics with respect to data (e.g., Anderson, 2004; Olsen and 
Mayhew, 2010), and the response of buildings and earth structures when subjected to both synthetics 
and recordings (e.g., Baker, 2014; Stewart, 2012; Zareian et al., 2014). While methods such as those in-
troduced by Kristekova et al. (2006, 2009) are better suited for verification purposes, we have found that 
approaches similar to that initially proposed by Anderson (2004) are more appropriate for validation pur-
poses, especially when involving high frequency deterministic or broadband simulations (fmax ≥ 0.5 Hz). 
These methods validate synthetics using metrics (or proxies) that account for similarities in maximum re-
sponse (peak acceleration, velocity, and displacement), time evolution (energy, Arias intensity, strong-
phase duration), frequency content (Fourier and response spectra), inelastic response (drifts, nonlinear 
response, collapse), and statistical characteristics (cross correlation). Other examples of methods with a 
similar approach include Baker (2012, 2014), Deierlein and Lin (2013, 2014), Rathje (2013), Stewart 
(2012), Zareian and Zhong (2012) and Zareian et al. (2014). 

While previous efforts in validation using methods such as that proposed by Anderson (2004) and its 
modified versions as used by Taborda and Bielak (2013, 2014) helped identify the strengths and weak-
nesses of physics-based simulations and associated models (see also Taborda et al., 2016), we came to 
recognize that these and other available validation approaches were highly subjective to the user’s pref-
erences and—arguably—to the intended application.  

This project was conceived with the idea that validation should be approached as a more robust process 
through which synthetics can be vetted regardless of preference in terms of metrics. With this in mind, the 
main goal of this project was to narrow the selection of validation metrics through a data-driven analysis 
that investigated the correlations that exist within a wide range of validation metrics, and propose a new 
combination of the selected parameters properly weighted to ensure an adequate agreement with previ-
ous results.  
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C. Framework 

1. Datasets 
We used different datasets from synthetics and 
records in order to analyze previous validations 
and to test the results of our analysis.  

Initially, we based the statistical inspection on a 
subset from the validation results obtained by 
Taborda et al. (2016). In particular, we used re-
sults from their 1-Hz simulations of 30 moderate-
magnitude earthquakes (3.59 > Mw > 5.39) in the 
vicinity of the Los Angeles metropolitan region, 
and selected 12 of them (see Figure 1). These  
events were selected based on the highest num-
ber of stations with available records for compar-
isons with synthetics to provide for a significant 
sample of validation results, and the simulations 
included results obtained with four different ve-
locity models (CVM-H, CVM-H+GTL, CVM-S4, 
and CVM-S4.26.M01). 

The recorded data for validation of these simulations of selected events was obtained from the Center for 
Engineering Strong Motion Data (CESMD). In addition, we also used the 4-Hz simulations results from 
Taborda and Bielak (2013, 2014) for the 2008 Chino Hills earthquake for three different velocity models 
(CVM-H, CVM-H+GTL, and CVM-S4), and 20-Hz strong motion data from this same earthquake and from 
the 2014 Napa Valley earthquake for testing the results of the initial analysis directly on data through a 
self-similarity analysis of comparisons between horizontal recordings. 

2. Reference Goodness of Fit Method 
We base our study on the reference goodness-of-fit (GOF) method proposed by Anderson (2004) as 
modified by Taborda and Bielak (2013). In this method, GOF scores are calculated for 11 different pa-
rameters, namely: Arias intensity integral (C1), energy integral (C2), Arias intensity value (C3), total ener-
gy (C4), peak acceleration (C5), peak velocity (C6), peak displacement (C7), response spectrum (C8), 
Fourier amplitude spectrum (C9), cross correlation (C10), and strong-phase duration (C11). Each score is 
scaled on a 0 to 10 range (with 10 being a perfect score, see Anderson, 2004) and then combined on a 
final score following Taborda and Bielak (2013) as: 

  . (1) 

This GOF scores are computed for different frequency bands and then combined to obtain a final score 
(FS), define as: 

  . (2) 

We use signals band-pass filtered between 0.1 and a maximum frequency depending on the analysis, 
with a semi-logarithmic growth (0.1, 0.25, 0.5, 1, 2, 5, 10 and 20 Hz, depending on the simulation or the 
records). 

D. Data Analysis 
We started the process simply by looking into the plots of pairs of different scores for earthquakes with 
high number of stations to see if any kind of relationship could be captured. Our initial focus was on the 
validation results for the 1-Hz simulations of the 12 selected events using the velocity model CVM-

 
Figure 1. Region of interest and selected events from 
simulations done by Taborda et al. (2016). 
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S4.26.M01. Figure 2 shows scatter plots of 10 different GOF scores versus score C8 (response spectra), 
including the obtained correlation coefficient for a linear regression. 

 

Figure 2. Sample pairs of scores calculated for La Habra earthquake. The numbers accompanying each plot corre-
spond to the correlation coefficients calculated for each case. 

In Figure 2, the correlation coefficient for each plot are a measure of the linear interdependence between 
the two given metrics, where a value close to 1.0 indicates a strong linear relationship. This figure, how-
ever, shows only the correlations with respect to a single metric, and our analysis included results from all 
events and all metrics. In such analysis we were able to establish that some correlations improve as we 
increased the datasets by considering the results from additional events. Furthermore, considering differ-
ent datasets by classifying the analysis into different frequency bands and different directions, also im-
proved the linear correlations between the different GOF scores. To have a better understanding of the 
correlations between the different metrics, we summarized the calculated correlation coefficients for all 
the pairs from C1 through C11 in Figure 3, for different groups (broadband analysis, total score, and the 
scores of individual components). The tables in this figure are color-coded corresponding to the range of 
the amount of correlation coefficients. Tables are presented for the combined data from all of the 12 
events and separate tables are presented for total score, broad band results and results of different direc-
tion (North-South and East-West), which all look similar overall. 

This analysis and other correlation results not shown here for brevity provided a good insight into the met-
rics with better correlations and those with poorer ones. From Figure 3, for instance, it is clear that C8 is a 
good reference parameter for most other metrics, or in other words, a strong GOF metric, that is, one that 
captures the overall message of most other metrics. C10, on the other hand, is not. This can be either 
because the measure is a poor GOF metric, or because it is in itself a strongly independent measure of 
the GOF. In summary, we came to the conclusion that there were various sets of metrics that shared 
some special correlations: C1 and C2, C3 and C4, C5 thru C7, and C8 and C9; with C10 and C11 being 
the less correlated to other metrics.  

Then, to help better interpret these results, we also conducted a principal component analysis (PCA), by 
means of which it is possible to identify patterns in sets of apparently uncorrelated data. The method is 
based on calculating the eigenvalues of the covariance matrix built with pair of scores for all observation 
points. The results of the PCA confirmed that C8 was the strongest predictor of the final GOF and C11 
the poorest contributor. We also computed a multiplier factor indicative of the closeness of the correlation 
of each metric to an optimal 1-to-1 relationship with the final score from Anderson (2004). The results of 
such a multiplier, the resultant correlation coefficient, and the eigenvalues of the PCA are shown in Table 
1, from which we concluded that the key metrics in defining the final GOF score were C4 as representa-
tive of measure of a comparison of energy content and time evolution comparison (with the lowest eigen-
value from C1 thru C4, and the highest correlation coefficient), C6 as a measure of peak ground response 
(with a significantly low eigenvalue and the highest correlation coefficient), and C8 as a measure of fre-
quency distribution (with the lowest eigenvalue and a high correlation coefficient). All these three metrics 
had comparable multiplier factors. We discarded C1, C2, C10 and C11 because they all showed poor 
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correlation coefficients, large multipliers, and/or large eigenvalues. C10 in particular required a much 
larger multiplier in order to come close to an ideal 1-to-1 relationship with the final score, and C11 had a 
large eigenvalue. Both these parameters are indicative of the weak contribution of these metrics to the 
final GOF score, which in combination with a weak correlation coefficient lead to conclude that they are 
not strong independent metrics that still needed to be included separately. 

Table 1. Multiplier factor (M) and correlation coefficient (R) for the relationships between all metrics and the final 
score, and the associated eigenvalues (E) from the principal component analysis. The highlighted cells indicate pre-
ferred values in each category; bold font is used to indicate the selected metrics with the best combinations in the 
different sets; and red-colored font is used to show values indicative of poor correlation or weak influence on the final 
score. 

Metric C1 C2 C3 C4 C5 C6 C7 C8 C9 C10 C11 
M 3.06 2.58 0.82 0.78 0.67 0.65 0.75 0.74 1.14 68.5 1.24 
R 0.51 0.56 0.88 0.89 0.96 0.97 0.89 0.97 0.91 0.02 0.54 
E 4.53 3.65 3.41 3.11 2.44 0.97 0.57 0.07 1.22 1.99 26.4 

  

 

Figure 3. Color-coded table of correlation coefficients for the combined scores of all 12 events considered in this 
study for the broadband analysis, the total score of all bands and all components, and the individual results in the EW 
and NS directions. Brighter color corresponds to higher values, and darker ones otherwise, in a scale from 0 to 1. 

E. New Combination for a Simplified GOF Method 
Based on the previous analysis we proposed a combination of the selected metrics and adjusted the mul-
tipliers by averaging the three metrics, and then adding a constant to bring the new combination close to 
a 1-to-1 relationship with respect to the original final score from Equation (2). The resulting expression is: 

 FSnew = 0.259·C4 + 0.218·C6 + 0.246·C8 + 1.941 (3) 

BB Total

EW NS
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Again, the coefficients in front of the selected parameters are obtained using multiplying factors that bring 
each metric’s value close to a 1-to-1 relationship with the final score (i.e., 45° line) which is later further 
adjusted using the constant at the right end of Equation (3). 

Other combinations involving substitute metrics (e.g., C1, C2, C3, and C7) were also tried but in the end, 
the one obtained with metrics C4, C6 and C8 proved to yield the best correlation coefficient with the ref-
erence method. In addition to identify which were the metrics strongest influence on the result (done 
through the PCA), the reason it was important to us to obtain a new FS formulation compatible with that 
of Anderson (2004) as modified by Taborda and Bielak (2013) was because of traceability to prior results. 
We argue that any GOF metric proposed should be able to provide a clear connection to previously used 
GOF methods because this facilitate assess progress in validation, and build consensus on what consti-
tutes a good or not-good fit of synthetics with respect to observations. 

F. Test Results 
We now present initial test results of the behavior of the new final score combination. Figure 4a shows the 
correlation between the new and the old GOF combination formulas for the cumulative analysis of the 12-
event 1-Hz validation dataset. We observe here there is a small deviation in the scattered plot and good 
proximity to the perfect 1-to-1 relationship. Figure 4b shows equivalent results, measured in terms of de-
viation in the new scores with respect to the old scores, discretized by components of motion. Again, the 
values differ, on average, by no more than 1-point in the GOF scale and the variation is evenly distributed 
throughout the 0-to-10 scoring scale and above and below the zero deviation line. 

The results in Figure 4, however, are the aggregate of all 1-Hz events validation results used in the anal-
ysis. Figure 5 test the new formula for an additional simulation done at a maximum frequency of 4 Hz for 
the case of the 2008 Chino Hills earthquake (after Taborda and Bielak, 2014). In this figure we compare 
the final GOF maps obtained by both methods. The similarities confirm the new formula yields equivalent 
results that would lead to similar conclusions but without the need of using 11 metrics, but only 3. This is 
important because it facilitates the interpretation of results and may also open the way to additional ways 
of accounting for the GOF metrics, perhaps considering polarity of the comparisons. 

(a) 

 

(b) 

 
Figure 4. (a) Correlation between the new and old GOF combination formula for the cumulative analysis of the 12-
event 1-Hz validation analysis. The black line indicates a perfect 1-o-1 correlation, used for reference. (b) Measure of 
the deviation of the new GOF combination formula with respect to the old method, if differentiated by directional com-
ponents. Here, a perfect correlation would yield no deviation, that is, a flat line at zero. Blue lines indicate the overall 
fit with the perfect 1-to-1 relationship. 
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Figure 5. Comparison of the final GOF maps computed for a simulation of the 2008 Chino Hills earthquake with (a) 
the original combination formula, and (b) the new combination formula proposed here. 

G. Final Remarks and Future Work 
The work funded by this project allowed us to perform a statistical analysis on a large validation dataset to 
identify which goodness-of-fit metrics are more relevant within a traditional method used in ground motion 
simulation validation. After identifying such metrics we proposed a new combination formula compatible 
with the previous one but using only three as opposed to eleven parameters. Tests of the new method 
show consistency with the previous one and a fair independence from frequency and other modeling pa-
rameters. We are currently working on a manuscript to share these results with the broader community 
and expect to publish a refined version of this report soon. 
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