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Signal Processing



Where is the Gravitational Wave (GW) signal?
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Matched filter
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Matched filter
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Matched filter & Spectral whitening
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Spectral whitening
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Matched filter & Spectral whitening

Shortcomings:

® Computational efforts to generate waveforms
® Even those waveforms can not cover all possible kinds of GW signal
® The order of magnitude in amplitude is lost during spectral whitening

® | ess flexibility to optimize whitening the data



Auto-regressive Approach



Auto-regressive (AR)



Auto-regressive (AR)

Autoregressive = self-regressive
"Predict a future value based on past values”
Linear regression

Stochastic process
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Auto-regressive (AR)

Autoregressive = self-regressive
"Predict a future value based on past values”
Linear regression

Stochastic process

P

X, = Z ax,;+ € +C
=1
< AR model with the order of p >
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ARIMA

Autoregressive Integrated Moving Average (ARIMA) model
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ARIMA

Autoregressive Integrated Moving Average (ARIMA) model

P

q
(1 — B)x, = Z ax,_; + Z b, ;i + €,

i=1 =1

Difference Auto-regression  Moving Average
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Customized Sequential ARIMA

1) Difference with d

2) AR with p and get residual

4) Band-pass filter (Butterworth filter)
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Customized Sequential ARIMA
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Customized Sequential ARIMA

1) Difference with d
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Customized Sequential ARIMA

2) AR with p

o Difference
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Customized Sequential ARIMA

2) AR with p
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Customized Sequential ARIMA

p=/931
minimum AIC

2) AR with p

o Difference
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Customized Sequential ARIMA

p=/931
minimum AIC

2) AR with p

2-1) Fitted model
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Customized Sequential ARIMA

p=/931
minimum AIC

\

2_1) Fitted model 2000 4000 6000 8000

2) AR with p

p
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Customized Sequential ARIMA

p=/931

2) AR with p : o 2-2) Residuals
minimum AIC
2_1) Fitted model > 2000 4000 6000 8000 yr€Sid I y i y
p (Residuals) = (Data) - (Fitted model)
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Customized Sequential ARIMA

p=/931
minimum AIC

2) AR with p 2-2) Residuals
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Customized Sequential ARIMA

3) MA with g

_| AR residuals
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Customized Sequential ARIMA

3) MA with g
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Customized Sequential ARIMA

3) MA with ¢ 4) Band-pass filter
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Customized Sequential ARIMA
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Customized Sequential ARIMA
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Customized Sequential ARIMA
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Customized Sequential ARIMA
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Advantages of ARIMA

1) More degree of freedom in modeling noise

2) Preserving scale of signals

3) Flexibility to use in low-latency search (lower p)
4) Flat PSD as well as noise reduction

5) Higher cross-correlation between two detectors



GWTC-1 Results

Power Spectral Density

)
2)  Spectro- & Oscillogram
3) Cross-correlation & Data Combination
4)  Cross-correlation comparison



Experiment control
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1) Power Spectral Density
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GW151226 GW170104 GW170608
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GW170729 GW170809 GW170814
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GW170729 GW170809
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GW170817 GW170818 GW170823
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2) Spectro- & Oscillogram
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GW151012
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GW151226
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GW170104

Hanford Livingston
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GW170608
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GW170729
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GW170809

Hanford Livingston

(p, q. d) = (5446, 7, 2) (», g, d)= (3512, 7, 2)
/1, fu) = (32, 512) (/1 fu) = (32, 512)

33



GW170814
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GW170817
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GW170818
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GW170823
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3) Cross-correlation & Combination
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GW151012 (ARIMA) before correction
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GW170104 (ARIMA) before correction
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GW170608 (ARIMA) before correction
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GW170729 (ARIMA) before correction
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GW170809 (ARIMA) before correction
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GW170817 (ARIMA) before correction
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GW170818 (ARIMA) before correction
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GW170823 (ARIMA) before correction
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4) Cross-correlation comparison



Cross-correlation comparison table

62

No | source name whiten Tyhiten (MS) TorRMA (S) Takhshi (MS) T 1Go (mS)
( GW150914 strongest 0.716] 7.32 L-first 7.57 L-first 7.3%03 L-first 6.9103 L-first
2 GW151012 weakest 0.356| 11.0 L-first 0.24 H-first 0.5193 L-first n/a
3 GW151226 0.279| 1.22 L-first 1.46 L-first 1.2791 T-first 1.1793 L-first
4 GW170104 0.525| 3.17 H-first 3.42 H-first|  3.2203 H-first|  3.0705 H-first
5 GW170608 0.398| 6.35 H-first 6.84 H-first 6.8702 H-first 7 /A H-first
6 | GWwW170729 0.431) 1.46 L-first 0.98 L-first|  1.8743 L-first n/a
7 GW170809 0.423| 9.28 L-first 9.03 L-first 9.5%6:2 L-first n/a
8 | Gw170814 0.486| 7.57 L-first 7.32 L-first|  7-8%55 L-first 8 ha L-first
9 GW170817 BNS 0.335 9.28 L-first 20.5 L-first n/a n/a
10 GW170818 0.188| 64.2 H-first 3.42 H-first 4.8792 L-first n/a
11| GW170823 0.311] 0.98 H-first 3.42 H-first|  1.52G5 H-first n/a
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Summary & Future Works



Summary

® ARIMA model is adopted for noise reduction process
® \\Ne have achieved higher CC coefticients than spectral whitening.
® Time delay and combined signals were suggested by CC

® ARIMA cleaned spectrogram and H+L combined spectrogram
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Future Works

1. Optimal metric for noise reduction performance
. Automatic parameter search for g & d

. Additional filters

2

3

4. Low-latency pipeline construction

5. Low-uncertainty parameter estimation
6

. Noise reduction in CCSN signal
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