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Progress in Signal-Based Bayesian Monitoring 

Introduc4on	  
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Signal	  Envelope	  Model	  
•  Global seismic monitoring for the Comprehensive Nuclear-Test-Ban 
Treaty (CTBT) aims to recover the time, location, depth, and magnitude 
for all seismic events in the magnitude range of interest. 
•  Data from the International Monitoring System (IMS) are processed in real 
time at the International Data Centre (IDC) in Vienna. Our goal is to 
improve the sensitivity and accuracy of automated processing at IDC. 

 

Signal-‐Based	  vs.	  Detec4on-‐Based	  Monitoring	  

Signal-‐based	  Bayesian	  monitoring	   CONCLUSIONS	  
•  Bayesian methods are a powerful and promising approach to monitoring 
problems. In particular, signal-based monitoring improves on traditional 
methods by making full use of the available data, with potential for 
significant performance improvements. 
•  The SIG-VISA prototype system includes an empirically-calibrated, 
physics-based model of observed waveform envelopes. 
•  Gaussian Process regression enables learning of flexible, data-driven 
probabilistic models of spatial parameters.  
•  Waveform matching / correlation effects can be recovered from Bayesian 
inference in a spatially conditioned model, enabling localization from a 
single detection in some cases. 
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SIG-VISA is a probabilistic generative model of seismic event origins, 
propagation, and observed waveform envelopes, including event 
signals along with station background noise: 

•  NET-VISA is a detection-based Bayesian monitoring system whose 
performance is limited by the classical, bottom-up, threshold-based 
detections algorithms used in station processing. It misses about 2-3 times 
fewer events than SEL3. 
•  SIG-VISA, a signal-based system, uses generative models that span the 
range from events to waveform traces. This approach has several 
qualitative advantages over NET-VISA, with the potential for significantly 
improved sensitivity and localization performance. 
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Bayesian monitoring with a generative approach 
     Pθ(world) describes prior probability for what is (events) 
     Pφ(signal | world) describes forward model  
     (propagation, measurement, etc.) 
Detection-based Bayesian monitoring: 
    P(world | f (signal)) ∝ Pφ(f (signal) | world) Pθ(world) 
      where  f (signal) = set of all detections 
Signal-based Bayesian monitoring: 
    P(world | signal) ∝ Pφ(signal | world) Pθ(world)  

•  The signal model encodes a distribution over waveform envelopes 
at each station given parameters for all hypothesized events.  

•  Each observed envelope is modeled with a shaped template 
combined with a stochastic modulation signal for each arriving 
phase, and a background noise process at each station: 

•  SIG-VISA uses a paired-exponential envelope template whose arrival 
time, amplitude, and decay rate depend on event magnitude and 
the event->station path. Template fits to historical signals are used 
to train predictive models for new observations. 

LeJ:	  An	  observed	  envelope	  showing	  the	  P	  
and	  S	  arrivals	  and	  subsequent	  coda	  decays.	  
The	  red	  line	  indicates	  the	  template	  fit.	   

•  Waveform shape is known to be highly repeatable across events 
with the same location and source mechanism (Thorbjarnardottir 
and Pechmann, 1987; Harris, 1991). 

•  SIG-VISA captures this effect by replacing the independently 
sampled modulation signal with a signal conditioned on the 
event location, causing nearby events to generate correlated 
waveforms: 

observedEnvelope	  =	  template	  x	  exp(modula.on)	  +	  sta.onNoise	  

•  This causes a statistical “waveform matching” effect to 
emerge from inference in the probabilistic model.  

•  Signals are represented parametrically as a sum of basis 
functions (e.g. Fourier basis), with coefficients modeled by a 
spatial Gaussian process.  

•  The current automated system (SEL3) detects 69% of real events and 
creates twice as many spurious events. 
•  16 human analysts find more events, correct existing ones, throw out 
spurious events, and generate LEB (“ground truth”). 
•  Unreliable below magnitude 4 (about 1 kiloton). 
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Observed envelope amplitudes and decay rates vary with the 
event source location, with effects from distance and depth as 
well as local variation in seismic structure. 

We model these effects empirically using a nonparametric 
spatial Gaussian Process regression (kriging) model, which 
learns for each seismic station a probability distribution over 
template parameters for events at every point on the Earth: 
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The nonparametric model captures local variation, yielding 
improved predictions relative to a distance-dependent linear 
model: 

Spatial model of coda decay rates observed by Charter Towers station. (red = sharper 
decay). 

The spatial model enables inference from signal characteristics 
to possible event locations: 

 Prior location 
density 

Synthe.c	  reference	  envelope	  (red)	  and	  a	  
sampled	  envelope	  (blue)	  from	  a	  Gaussian-‐
process	  genera.ve	  model	  for	  a	  nearby	  event	  
loca.on.	  	  

The	  same	  reference	  envelope	  (red)	  and	  a	  sampled	  
envelope	  (blue)	  from	  a	  distant	  event	  loca.on.	  	  
 

Fourier	  features	  for	  two	  nearby	  
and	  correlated	  events	  (red,	  blue)	  
vs.	  a	  distant	  event	  (green).	  

Posterior	  loca.on	  density	  of	  IMS	  event	  
4689462	  from	  a	  single	  sta.on	  observa.on	  
(MKAR)	  using	  a	  waveform	  matching	  model	  
trained	  on	  data	  from	  99	  other	  events,	  shown	  
in	  red.	  The	  posterior	  peak	  is	  8.4km	  from	  the	  
true	  event	  loca.on,	  marked	  by	  a	  green	  star.	  

•  Station noise is modeled by an autoregressive process, retrained 
hourly at each station to capture regional and temporal variation in 
noise properties. 

•  Observed signals are modeled independently across a range of 
narrow frequency bands, automatically learning spectral 
characteristics and frequency-specific decay rates. 

•  Amplitude for each phase within each frequency band is predicted 
from event magnitude using a physics-based source model (Brune, 
1971; Mueller and Murphy, 1971) and a path-specific learned 
transfer function (next column).  

 

FUTURE	  WORK	  
•  Computationally efficient algorithms for training and probabilistic 
inference at global scale. 
•  Model refinement based on geophysical expertise. 
•  Dependent modeling of array station elements.  
•  Putting it all together: a practical, effective global monitoring system. 

Correlated	  event	  waveforms	  
(IMS	  events	  4686108,	  4689462,	  
correla.on	  .60).	  

Par.al	  posterior	  densi.es	  
condi.oned	  on	  one	  (leb)	  and	  
five	  (right)	  Fourier	  coefficients.	  	  

Posterior location density 
given coda decay rate 

 

Coda decay rate 
likelihood 

Right:	  A	  synthe.c	  envelope	  
generated	  from	  the	  template	  with	  
an	  autoregressive	  modula.on	  
process.	  	  
 


